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Preface

This is a supplementary note based on the note of Keenan Crane, Discrete Differential Ge-
ometry, and the note of Albert Chern and Peter Schroder. The figures of this supplementary
note are copied from their notes.

Discrete differential geometry (DDG) is a relatively new subject in mathematical com-
munity and is becoming a basic language in computer graphics and computer-aided design.
It is also used in elasticity and fluid mechanics, structure chemistry and condensate mat-
ter physics. The objects to be studied are those discrete surfaces, which are triangulated
surfaces. People study topology, geometry and physics on these objects. The applications
include curve and surface smoothing, surface parametrization, vector field design, computa-
tion of geodesic distance. DDG short course was introduced in ACM SIGGRAPH in 2013
and Annual meeting of American Math Society in 2018.

The main resources of this course come from

Keenan Crane, Discrete Differential Geometry: An Applied Introduction, CMU (2020),
https://www.cs.cmu.edu/~kmcrane/Projects/DDG/

Albert Chern, Discrete Differential Geometry, UCSD (2020).

Albert Chern and Peter Schroder, Discrete Differential Geometry, Caltech, 2017.

Shizuo Kaji, NCTS Course on Image and Shape Manipulation 2018. https://goo.
gl/Joxorp

For topics of differential geometry, I refer to

e Chern, Chen, Lam, Lectures on Differential Geometry (1998).

Topics: Combinatorial surfaces, curves and surfaces, curvature, connections and parallel
transport, exterior algebra, exterior calculus, Stokes theorem, simplicial homology, de Rham
cohomology, Helmholtz-Hodge decomposition, conformal mapping, finite element methods,
and numerical linear algebra.

Applications: approximation of curvature, curve and surface smoothing, surface param-
eterization, vector field design, and computation of geodesic distance.


https://www.cs.cmu.edu/~kmcrane/Projects/DDG/paper.pdf
https://www.cs.cmu.edu/~kmcrane/Projects/DDG/paper.pdf
https://en.wikipedia.org/wiki/Computer_graphics
http://s2013.siggraph.org/attendees/courses/events/geometry-processing-discrete-exterior-calculus
http://www.ams.org/meetings/short-courses/scnotes-2018
https://www.cs.cmu.edu/~kmcrane/Projects/DDG/
https://goo.gl/Joxorp
https://goo.gl/Joxorp

Coding exercises refer to a supplementary C++ framework, available from https://
github.com/dgpdec/course. Java code is also available, provided by Crane. Matlab code
will also be acceptable, Mei-Heng Yueh will provide code training lecture.

— I-Liang Chern 2019
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https://github.com/dgpdec/course
https://github.com/dgpdec/course
 https://geometrycollective.github.io/geometry-processing-js/?fbclid=IwAR3ijreu4VujJBJiGjIBu_nnJhUU6IvBV0scSDv2xeGrehOFDfMT40dlFe8
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Chapter 1

Curves

This chapter is based on A. Chern and P. Schréder’s note.

1.1 Plane curves

1.1.1 Regular curves

e Planar curve A planar curve is a Lipschitz continuous function v : I — R? with
I = [a,b] called the parameter space.

e Regular curve: A regular curve is a Cl-curve with 7/(¢) # 0 for all ¢ in parameter
interval. Note that a regular curve cannot have cusps, for example, the cycloid is not
a regular curve. But a regular curve allows to have self intersections.

e Re-parameterization of v: if ¢ : I — I is strictly increasing, then 5 = vyopt: I—
R? is a re-parameterization of .

The arclength of a curve 7 is
t
s = [ 17l

This defines a re-parameterization on 4. Namely, s : [a,b] — [0, L] is monotonic increas-
ing. We can take its inverse, called ¢ : [0, L] — [a,b]. Then 7 := 4 o ¢ is the arclength
parameterized.

Lemma 1.1. A regular curve 7 : [a,b] — R? can be re-parameterized by arclength.

Below, we consider v to be arclength parameterized.

Remark There is a gap between Lipschitz continuous curve and C! curve. See the refer-
ence: Simmon Blatt, “Curves Between Lipschitz and C' and Their Relation to Geometric
Knot Theory” (2018).



Examples

1. Cycloid:

r=1—asint .
Cy = { y=1— acost a > 0 is a parameter. (1.1)
2. Heart curve: r =1 —sin6.

3. Spiral curve: x = r(p)cos(y), y = r(p)sin(p), with

(a) r(¢) = agp (Archimedean spiral),
(b) r(¢) = ae*? (logarithmic spiral),
(c) ... see Spiral on wiki.
4. Folium of Descartes: z3 + y® — 3azy = 0.
We may see more examples from list of curves and gallery of curves on wiki.

Homework A circular cycloid is the trajectory of a point on a disk which rolls around
another disk. Write down the equation of such circular cycloid.

1.1.2 Geometric quantities
e A geometric quantity is a quantity that is independent of re-parameterization.

e Tangent vector: T'(t) := ~'(t)/|/(t)| is a geometric quantity. (Prove it.) For ar-
clength parametrized curve v, we have |7/| = 1]] Thus, T(s) = +/(s). In Cartesian
coordinate, we express Y(s) = (z(s),y(s)), then T(s) :=+'(s) = (2'(s),y'(s)). We can
also express the curve in complex plane as y(s) = z(s)+iy(s), then T'(s) = z'(s)+iy'(s).

e Normal: N(s):= (—v/(s),2'(s)). In the complex plane, N(s) =iT"(s).

e Curvature: s := (T, N) = —(N',T). The last equality is due to (I, N) = 0. The
term (N',T) measures how N varies along 7. You can showm

N'(s) = —k(8)T(s), T'(s) =k(s)N(s). (1.2)

Exercise
1. Show that curvature formula for 4(t) = (x(t),y(t)), t € [a,b] is given by
ji — i
(42 + )"

2. Show that a circle with radius R has constant curvature 1/R.

“Because s = [ |7/(7)| dr. Differentiate in s both sides, we get |7/(s)| = 1.
"Use (I, T) = (N,N) =1 and (T, N) =0


https://en.wikipedia.org/wiki/Spiral
https://en.wikipedia.org/wiki/List_of_curves
https://en.wikipedia.org/wiki/Gallery_of_curves

Osculating circle approach of curvature Given a regular curve y(s). Let ¢,p,r be
three consecutive points on =, defined by (s — h), v(s) and (s + k). The points ¢, p,r
determines a circle with radius Rp(s). Show that lim, o Rp(s) = 1/k(s). This limiting
circle is called the osculating circle of v at p.

Turning angle approach of curvature We may treat R? as the complex plane C and
express v(s) = x(s) +iy(s). Since |T| = 1, we can write T = ¢. The angle @ is the angle
between T and the real axis, called the incline angle of . The corresponding normal is
N =iT. Now, T" = kN reads

(e?Y =i = 9'N = kN,

which shows
k=40

As a consequence,
. .ot
T(ty) = @07 (1)) = &' o *Odp(1y).

For a closed curve with length L,
T(L) = ¢l =®dtp (),

But 7'(0) = T'(L) for a closed curve. Thus, the total turning angle

L
/ k(t) dt = 2mm,
0

for some integer m. This integer m is called turning number for a closed regular curve.
The turning number is a topological quantity. It is invariant under regular deformations
of the closed curve, which means that the deformation is continuous and the corresponding
curvature form x(s)ds stays continuous. This is a theorem of Whitney-Graustein (1937).
An example of non-regular deformation is the deformation of the cycloid . In equation
, the curve has no loop when o < 1 and has loop when o > 1. It has a cusp when a = 1.
As « changes from a < 1 to a > 1, the deformation of C,, is not regular. The curvature s
goes to oo and kds has a jump 27 across a = 1.

Variational approach of curvature Straight lines have zero curvature. Straight lines
are also the shortest distance between two points. Thus, we expect curvature can be charac-
terized by the variation of arclength. Using length as the potential energy, we will see below
that the tension force (minus gradient of the potential energy) is in the normal direction
with curvature as its magnitude.

Now, let us consider the space of all paths connecting two fixed points p, g € R?:

X ={y:]a,b] = R* € C",7(a) = p,7(b) = q}-

7



On X, we define the arclength potential energy L as

=/w@w=/vwwmmw

Given a specific v € X, we want to define the directional derivative of £ at v in the direction
of a vector field V' : [a, b] — R? € C*. This is similar to the directional derivative of a function
f:R" — R at a point z¢ in a direction v € R™. It is defined as dfy,(v) := L|._o f(zo + €v).
In order to have v+ eV € X, we should require V(p) = V(q) = 0. We define the direction
derivative of £ at v in the direction V' as

A (t)> dt..

b
un [(30

/\/———— . \R®)

In this integration, we change the dummy variable ¢ to s, the arclength parameter of v. Then

the integration domain becomes [0, L], the vector 2. = T'(s), the tangent vector of -y, and

, R
V(t)dt = 9 ds. Thus,

L L L
S,(V) = [TV ds = [TV ds = [N Vs
0 0 0
In the last step, we have used V' (p) = V(q) = 0. This means that the gradient of £ at ~ is
iz,
oy

In mechanics, the total length is the potential energy of a string. Its negative gradient (i.e.
—kN) is the tension.

5L (V) = \E oL(y +eV)

= kN.

Theorem 1.1. Given k(s), there is a curve v(s) whose curvature is k(s). The curve is
unique up to translation and rotation.

Proof. Hint: It is easier to prove by using the incline angle representation for curvature. [

Remark. The curve flow 7(t,£) defined by

d
W(u&) = —k(t,§)N(t,§), £ €lab], t>0,

with fixed ends y(t,a) = p, v(t,b) = ¢ is a curve fatten flow. It is an arclength minimization

process.

Summary

e A geometric quantity associated with a curve is independent of parameterization. Tan-
gent, normal, curvature are geometric quantities, which can be measured.

e Curvature can be defined as (1) how N is turned, (2) how incline angle 6 changes, or
(3) tension associated with the arclength potential.

e A curve v is uniquely determined by its curvature up to translation and rotation. In
particular, a planar curve is a straight line if and only if has zero curvature.

8



1.2 Discrete Plane Curves

A regular discrete planar curve is a regular polygonal curve determined by an ordered se-
quence of points [Yg, ..., Yn_1] in R? with v;41 # v and 7,42 # v for all i considered. The
edges of the curve are [;,v;41] (or [4,7 + 1] for simplicity of notation), i =0, ...,n — 2. If we
add the edge [Yn—1, 7], such discrete curve is called closed.

Just like continuous case, it is convenient to consider arclength parameterized curve,
where the edge length |v;11 — ;| = ¢ is a constant. In the continuous case, a quantity, say
v(s), changes per unit length means that dv/ds. In the discrete setting, it would be Avy/As,
which is (41 — i) //-

There are many ways to define a discrete curvature, which are equivalent in their contin-
uous limits.

1.2.1 Discrete curvature based on angle change

Below, we shall treat R? as C. We define the tangent and normal by
o Tangent T; ;41 = (Yig1 — )/ Vi1 — il
e Normal N; ;i1 := 11 i41.
The angle change «; at vertex ¢ is defined by:
T = eXP(iOéi)Ti—l,i, or Ny = eXp(iOéi)Ni—l,i-

We define the discrete curvature form

Ky = .
Note that ¢ is an angle change which a dimensionless quantity, whereas the continuous
curvature is the angle change per arclength (i.e. df/ds), which has dimension 1/L.
It is easy to see that, the total turning angle of a closed discrete curve v is 2mm for some

integer m. This integral m is the turning number of v, which is a topological quantity.

1.2.2 Discrete curvature based osculating circle

Given an arclength parameterized discrete curve (¥, ..., 7,—1), We can construct a circular
arc I'; which is tangent to the polygonal curve v at (v; +7:4+1)/2 and (v; +7:-1)/2. Consider
the piecewise curve I' := (I'y, ..., [;_»), which is a C! curve. It can be shown that the radius
of the circular arc I'; is écot(o” ). Thus, one define the curvature form on I'; to be

2
.—2[2“1( l>.
IK;/,L



Yi—1

Figure 1.1: The circular arc I'; contacts to segments at mid points. Its curvature is defined
to be the curvature of the discrete curve at ;. Copied from Chern and Schréder’s Note.

1.2.3 Discrete curvature based on variational principle
Let us consider a variation of the discrete curve v by
Y =% t+eVi

where (Vp, V4, ..., V,,_1) is the variation directions. At the ends, we require V5 = V,,_; = 0 in
order to have fixed ends during variation. The length potential is defined to be

n—2
LA =" Pisr = il-
=0

The change of L[] in the direction of (Vi, ..., V,_2) is

n—2

0 _ oL
Ek:oﬁh ] = Z <a—%,Vi>

=1

8_L _ a|%‘ —%'—1| + a|%;+1 —%‘|

~T,, T,
Vi 07 Vi !
Thus,
n—2
dL,[V] = = (T, = T,-1, Vi),
i=1
One can check N4 N
. Q; i i—1
T, —Ti1=2 (—) T
LS ) IN, F N

Thus, we define the discrete curvature form &; to be

a.
S 9 (_Z)
K; sin |

10



Summary We summarize different definitions of discrete curvature forms:
e exterior angle based: k¢ = oy;
e osculating circle based: k! = 2tan (%)
e variational based: x? = 2sin (%)

They are various approximations of the curvature form x ds.

1.3 Space Framed Curves

Figure 1.2: Copied from Chern and Schroder’s note

e A space curve can be used to describe electric wire, magnetic filament, vortex filament,
ete.

e A framed curve is a curve associated with an orthonormal frame with one of the frame
coordinate aligned with the tangent of the curve. It can be used to model a band,
ribbon, DNA, airplane path, vertebral, etc.

Examples

1. A spinning curve:
r =cost, y=sint, z=t

11



2. A spining ring: ' (21
+ cos

r =cost, y=-sint, =z 5

1.3.1 Frenet-Serret frame

Let v : I = [a,b] — R? be a regular curve (i.e. 4(t) # 0 for all ¢ € [a,b]. Let us parametrize
it by arclength. Along the curve -, it is natural to define an orthogonal frame, the Frenet
frame, or the Frenet-Serret frame. First, we define the following geometric quantities:

e Tangent: T'(s) :=~/(s).
e Normal: N(s) :=T"(s)/|T"(s)|.
e Binormal: B(s) :=T(s) x N(s).

From this definition, we see that (7, N, B) forms an orthonormal frame along ~, called
Frenet-Serret frame.

Remark In the above definition of N, we have used |T"(s)| # 0. Thus, in addition to the
assumption y'(s) # 0, we also require 4”(s) # 0 in order to define the Frenet-Serret frame.
We will see later that such a requirement is not needed for parallel frame.

We can further investigate the variation of the frame along ~, which will provide us how
v is bended and twisted. We have the following definitions.

e Curvature: the curvature x is defined through 7"(s) = x(s)N(s). (This implies x > 0.)

e Torsion: the torsion 7 is defined by B'(s) = —7N(s).

In the above definitions, we need to show that 7" || N and B’ || N. The formal one comes
from the definition of N. To show B’ | N, it is equivalent to show B’ L B and B’ L T.
From (B, B) = 1, we differentiate it to get (B’, B) = 0. To show B’ L T, we differentiate
(B,T) =0 to get

(B',T) = —(B,T') = (B, xN) = 0.

Thus, the above definitions for x and 7 are properly defined.

Theorem 1.2 (Frenet-Serret Formula, 1847, 1951). For an arclength parameterized curve
~, the Frenet frame satisfies

[T'(s) N'(s) B'(s)] =[T(s) N(s) B(s)] |r(s) —7(s)
Proof. We only need to show N'(s) = —x(s)T(s)+7(s)B(s). Note that N = B x T because

(T, N, B) is an orthonormal frame. We differentiate this formula to get
N =B'XT+BxT =—7NxT+ Bx &N =—kT +7B.

12



Corollary 1.1. There exists a curve v in R with prescribed curvature k(s) and torsion
7(s). The curve is unique up to translation and rotation.

Proof. This follows from the existence and uniqueness of ordinary differential equations.
Note that we write R(s) = [T'(s), N(s), B(s)]. Then R satisfies

The matrix R satisfies

%(R(S)RT(S)) = R'(s)R"(s) + R(s)R" (s) = R(A+ AT)RT = 0.

Since R(0) satisfies R(0)RT(0) = I, we get that R(s)RT(s) = I for all s. Thus, R(s) stays as
an orthogonal matrix for all time. [[] The solution R(s) is solved from the ODE and is unique
up to a rotation. Once R(s) is solved, T'(s) is found, and ~(s) is solved by integrating T'(s),
and is unique up to an initial choice (0). O

-
[
/ -
’ )

Figure 1.2: A space curve (left) and a framed space curve (right).

Figure 1.3: Copied from Chern and Schroder’s note

iR is orthogonal < RTR = I (i.e. its column vectors are orthonormal) < RT = R™' &« R°"T = R &
(R"HT = (R7Y)7! & R7!is orthogonal & R” is orthogonal & RRT =T (i.e. the row vectors of R are

orthonormal).

13



1.3.2 General orthonormal frame

The Frenet frame is only one kind of many frames. Indeed, on the normal plane N (s) L
T(s), we are free to choose a unit vector N;(s), and define Ny(s) := T'(s) x Ni(s), then
(T'(s), N1(s), No(s)) forms an orthonormal frame. The Frenet frame is a special orthonormal
frame with N chosen to be T'/|T’|. A spatial curve « is determined by two parameters,
either by T'(s) € S? (which has 2 degrees of freedoms), or by (s), 7(s). [| For a framed
curve in R3, the choice of N;(s) introduces one more degree of freedom, namely, Ni(s) € S*
on the normal plane. Thus, a framed curve in R?® has 3 degrees of freedoms. The Frenet
frame determines two geometric quantities: curvature x and torsion 7. Likely, a general
orthonormal frame determines three quantities: the complex curvature ¢ € C and the twist
w, which are introduced below.

1.3.3 Complex curvature and Twist

On N (s), we are free to choose Ni(s), which is called a gauge. By defining N(s) = T'(s) x
Ni(s), then (T'(s), N1(s), Na(s)) forms a general orthonormal frame.

Measuring how (7'(s), Ni(s), No(s)) varies along ~

e T"(s): By taking derivative of (T'(s),T'(s)) = 1, we get (1"(s),T(s)) = 0. That is,
T'(s) € N(s). We can express it as

T'(s) = 1Ny + 1o No.

Thus, there are two curvatures ¢; and ), for general frame. Usually, we put them
together as a complex number 1 (s) := ¥ + i)o and call it a compler curvature under
the frame (7'(s), N1(s), Na(s)). The reason will be illustrated later.

e Project Ni(s) on the normal plane Next, we check how Ni(s) varies along «(s). By
differentiate (Ni(s), Ni(s)) = 1, we get Ni(s) L Ni(s). If we project Nj(s) to the
normal plane N (s), we get the twist

w = (Ni(s), Na(s)) = —(N3(s), Ni(s)),

which measures how N; twists on the normal plane as it moves along ~. If w = 0, we
call that V;(s) (same as N(s)) parallel transports along «. Such a frame with w =0
is called a parallel frame.

$Knowing T'(s) we can determine the curve 4 by integrating 7'(s). The curve is unique up to a translation,
i.e. the initial position. The tangent T'(s) € S? which has 2 degrees of freedoms. The curve 4 can also be
determined by r(s) and 7(s), and is unique up to translation and rotation. In short, a curve in R? has two
degrees of freedoms.
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e Project Ni(s) on T'(s): We still need to check the component of Nj(s) on T'(s). Taking
derivative of (Ny(s),T(s)) =0, we get
(Ni(s), T(s)) = =(Ni(s), T'(s)) = =¥
Similarly, we get
(N3(s),T(s)) = =
We conclude with the following theorem.

Theorem 1.3. A general orthonormal frame (T, N1, N3) on an arclength parameterized curve
~ satisfies the frame equation

—¢1(s)  —tha(s)
[T'(s) Ni(s) Ny(s)] = [T(s) Nui(s) Na(s)] |¢1(s) —w(s) (1.3)
Ua(s)  w(s)
Corollary 1.2. There exists a framed curve v(s), (T(s), Ni(s), No(s)) with prescribed com-
plex curvature 1(s) and twist w(s). The framed curve is unique up to translation and rotation.

1.3.4 Orthogonal Matrix Representation

An orthonormal frame (7, Ny, Ns) can be viewed as a rotation matrix:
R(s) = (T(s), N1(s), Na(s))-

Here, we treat the vectors as column vectors. The matrix R(s) is a 3 x 3 orthogonal matrix,
which means that

RTR =1, its column vectors are orthonormal.
This is equivalent to
RF=R' & RT=R & (RHY' =R"'"Y)' < R 'isorthogonal
& RTis orthogonal < RRT = I, the row vectors of R are orthonormal.

This is just reflecting orthonormality of (7', N1, N3). The space of all orthogonal matrices
in R? with matrix multiplication forms a group, called rotation group, or orthogonal group.
It is denoted by O(3). Since det(RTR) = (det(R))?> = 1. Those orthogonal matrices with
det(R) = 1 preserve orientation. This subset of O(3) is denoted by SO(3), called special
orthogonal group. If R(s) € O(3) is smooth, then there exists a anti-symmetric matrix A(s)
such that
R'(s) = R(s)A(s).

To show this, let A(s) = R™!(s)R/(s) = RT(s)R/(s). By differentiate the identity R (s)R(s) =
1, we get

0= R/TR+RTR/ _ (RTR/)T—i-RTR/.
Thus, the matrix A satisfies A+ AT = 0. Thus, we have the following SO(3) representation
of framed curved.
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Theorem 1.4. A one-parameter family of orthogonal matrices R(s) € SO(n) is determined
by an anti-symmetric matriz A(s) through the linear ODE

R'(s) = R(s)A(s). (1.4)

It is unique up to an initial choice of R(0). Conversely, given an anti-symmetric matriz
A(s), it determines a one-parameter family of orthogonal matrices satisfying . It is
unique up to initial rotation R(0).

Corollary 1.3 (Fundamental Theorem of framed curves). Given a continuous complex-
valued functions ¢ : [0,L] — C and w : [0, L] — R, there exists a acrlength parametrized
framed curve v : [0,L] — R, [T, Ny, No] : [0, L] — SO(3) with complex curvature v and
twist w. The framed curve is unique up to translation and rotation.

1.3.5 Rotation vector representation

To study how frame moves along a curve «(s), we can treat s as time, and investigate the
motion of the frame (T'(s), Ni(s), Na(s)) on S?, the unit sphere. It is a motion of rotation
on S2.

Theorem 1.5. The frame equation

T'(s) Ui(s)  ha(s)| [ T'(s
Ni(s)| = | —t(s) w(s) | |Ni(s)
Ny(s) —a(s) —w(s) Na(s)
18 equivalent to
T'(s) =w(s)xT(s),
Ni(s) = w(s) x Ny(s) (1.5)
Nj(s) = w(s) x Nas)
where
w(s) ZWT_¢2N1+¢1N2. (16)
If T'(s) # 0, then
kN = 1Ny + o Ny,
{ kB = —1aN1 + 1 Ny (L.7)

Proof. 1. Suppose w = aT + bN; + c¢Ns. Use the above equations, you can get a, b, c.

2. When T"(s) # 0, then N(s) := T"(s)/|T"(s)| is well-defined. In this case, we recall
T = wlNl + ngQ. ThUS,

kN =T" =11 Ny + 12Ny,

and
kB =kT x N = _¢2N1 + wlNz.
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Remarks The meaning of this formula is that 7" (as well as N} and N;) rotates about w(s)
with speed |w(s)| instantaneously. To see this, we recall that the equation for rigid-body
rotation is

i(t) = w(t) x r(t).

From £|r(t)||? = 2f - r = 0, we get that ||r(¢)||> = constant. Thus, the motion of r(t) is a
rotation. In the case when w is a constant, it is a rotation with fixed axis. Its solution has
the following representations.

1. Let w = (wy,ws,w3)T and define the rotational generator Q2 associated with w by

0 Ws —W2
Q= —Ws3 0 w1
Wa —W1 0

Then the solution to r(f) = w x r(t) is given by

Here,
= Qe
Qt
et =
; n!
2. We can decompose r into w and w:
w
I‘(O) = a(t)m + I‘J',

v (1) = 7 (0),

where J is 90° rotation on w' and w = |w|. If r(0) L w, then the curve r(t) rotates
along a great circle, a geodesic curve on the sphere.

3. Tangent hodograph The tangent hodograph of a space curve ~(s) is the trajectory
T(s) on the unit sphere. From

T/(S) = ((,()T — ¢2N1 + w1N2) xT = (_¢2N1 + wlNQ) x T := wi X T,
we see that T rotates on the unit sphere about w; instantaneously. Since T" 1 wq,
T must rotate along a great circle on the unit sphere instantaneously. Note that if

T" # 0, then wy(s) || B(s).
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1.3.6 Complex structure on the Normal Plane

Gauge transformation on normal plane The complex curvature and the twist defined
above depend on the choice of gauge Ni(s). If we choose another gauge Ny (s), we would like
to see how the corresponding complex curvature ¢ and twist @ change. Since both Ni(s)
and Nj(s) are unit vectors on the normal plane A(s), the vector Ni(s) must be a rotation
of Ni(s) by some angle «a(s). Before stating the result, let us define rotation on the normal
plane as the follows.

Complex structure on the normal plane For any vector Y € R?, define
JY =T xY.
Note that JT = 0. The operator J : N' — AN has the properties:
JY =T x(TxY)=-Y for Y e N.

Thus, J? = —I on the normal plane N. It is a 90° rotation on the normal plane. We can
further define

Then e : N’ — N is a rotation on A/ by an angle «.
Given a gauge Ni(s) € N(s), we express No(s) = JNi(s). Any vector Y € N can be
expressed as
Y = a1N1 + CLQNQ = (a1 + J(IQ)Nl.

This makes a one-to-one correspondence between Y € A and the complex number a; + ias.
This correspondence induces multiplication on the normal plane:

c1 + JCQ = (CLl + JCLQ) o (bl —|—Jb2) = C +i02 = (CLl +ia2) . (bl —|—Zb2)

Change of complex structure J(s) along the curve v. Along ~(s), for any Y(s) €
N(s),
JY) =(TxYY =T xY+TxY' =T xY +JY.

We thus define J'Y := 7" X Y in order to have the formal Libniz rule: (JY) = JY + JY’
hold. Since T € N, we have J'Y =T’ x Y || T for any Y € N.

Now, we can state the gauge transformation theorem.

Theorem 1.6. Given a gauge Ny with the corresponding complex curvature ¢ and twist w.
Let Ni(s) = e’”@Ny(s), a rotation of Ni(s) on the normal plane N(s) by an angle 6(s).
Then the corresponding complex curvature ¥ and twist @ satisfy

p=ePp, G=w+. (1.8)




Proof. We have

T = 1Ny + N,
= (Y1 + )N,
= (1 + o J)e Ny
= (V1 + Jiho)
The last two lines lead to . 5
U1+ ity = (1 +ithe)e .
For @, we have
@ = (N, No) = (e’ Ny, e”" o)
((JO + J0)e” Ny + e’ Nj, e Ny)
= (0'e?" Ny + e’ NJ, e’ Ny) = 0/ + w.

Here, we have used
(€Y1, e”Y2) = (V1,Y3)

(J'Y1,Ys) =0,
for any Y7,Y> € N. The latter follows from J'Y; || T. O
Remark The transformation 7 + ¢p is called Hashimoto transformation. It plays impor-

tant role in the soliton theory for the binormal equation ¥ = ' x ~”.
There are two special frames of particular interest:

e Frenet frame: It is the case when 7" # 0 and with Ny =T7"/|T'| = N.
It is equivalent to Re(y) = &, Im(¢)) =0 and w = 7.

e Parallel frame or Bishop frame: It is the case when w = 0.

Remark From gauge transformation formula, we note that |¢| is gauge invariant. For
Frenet frame, ¢ = k. Thus, we obtain

[¢(s)| = £(s) (1.9)

for any frame.

1.3.7 Parallel frame: w =0

e Construction of parallel frame through Frenet frame. Let us denote the com-
plex curvature for parallel frame by 1¥p. We can express ¥p in terms of x and 7 by
the following gauge transformation. We look for angle 0(s) such that

Ny =e'N
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with N; being the parallel frame gauge and N the Frenet frame gauge. From the gauge
transformation formula, we get

Vp=re?, 0=71-10.

Thus, we can construct a parallel frame with a starting N;(0) from a Frenet frame
(T, N, S) through the formula Ni(s) = e~/ with 6(s) = 6(0) + [ 7(s) ds. This N,
is a gauge of a parallel frame with

%UP(S) - /{(S)eieo—&-i Jo m(s) ds

e Construction of parallel frame without using Frenet frame. The above con-
struction of parallel frame requires 7"(s) # 0 (*." existence of V). We can also construct
a parallel frame for a regular curve without this assumption. Indeed, given T'(s), we
can solve the following equation

d]\;ls(s) - (T(s) x dZiS)> x Ni(s). (1.10)
From (A x B) x C' = (A, C)B — (B, C)A, we get that the above equation is equivalent
to
) (@) N pyris).
Thus, w := (21, Ny(s)) = 0.
o Note that if 77(s) # 0, then (L.10) is
N{(s) = (T(s) x T'(5)) x Ma(s) = 5(s)B(s) x Ni(s). (1.11)

That is, N rotates about B(s) with angular speed x instantaneously. Comparing (|1.5))

and (1.11]), we find

W = —’l/JQNl + wlNQ = kB. (112)
The rotation
N{ = w X N1
N2 =w X N2

with w = w; is a parallel transport.

1.3.8 Quaternion Representation for Framed Curves

Quaternion is an algebraic tool for calculating rotation in R3. It was invented by Hamilton.
See Wiki, Quaternion and Spatial Rotation https://en.wikipedia.org/wiki/Quaternions_
and_spatial_rotation.
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Algebra of quaternion

A quaternion has the form
g=a+v, a€c€R,veR.
We call a the real part of ¢ and v the imaginary part of q. We express them by
a = Re(q), v=1Imq).
The quaternion space is

H={a+v|jeeR,veER}=ROR>

Multiplication The multiplication rule of quaternions is defined by
(a+v)(b+w) =ab+ aw + bv + vw,
VW 1= —(V, W) + V X W.

If we introduce orthonormal basis i, j, k in R? and express quaternion

qg=a+v=a+uvi+ vj+ vsk,
then the above multiplication rule for the basis {1,1, j, k} are

i2=-1, j*=-1, k*=-1,

ij=—ji=k, jk=-kj=i, ki=-ik=j,.

These rule for the basis together with the distributive rule are equivalent to the orignal
multiplication rule.

Associative rule
Proposition 1.1. For p,q,r € H, one has
(pg)r = plgr).
Proof. You can check this associative rule is valid for the basis: 1,1, j, k. This together with

the distributive rule imply that the associative rule is also valid for general quaternions.
Alternatively, there is a connection between the basis 1,1, j, k and the Pauli matrices. Define

S ) B v B L

The Span{I, X,Y, Z} is a closed subalgebra of C**2. One can check
X?=—1 Y?’=—-1I7°=-I,
XY=-YX=Z7 YZ=-/Y=X, ZX=-XZ=-Y.

The mapping
H — Span{I, X,Y, Z} c C***

a+ vii+ vej +vsk = al + 1 X +vY + 137

is an algebra isomorphism. It carries the associative rule of matrix multiplication to quater-
nion multiplication. O
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Conjugate If ¢ =a + v, define its conjugate
q =a—-YV,

and the norm
lq” = |a* + [v]*.

For unit quaternion, we have § = ¢~!. We have the following properties for conjugacy and
absolute value.

e |q]* =497 = qq,

e pq| = |p|lql,
® Dq = qp,
° (‘f1 = #.

homework Check the above properties.

Geometry of Quaternions

Unit quaternion as a rotation Fact: any ¢ € H with |¢| = 1 can be represented as
0 0
q = cos (§> + sin (§> v, with |v| =1,

Theorem 1.7. Let ¢ = cos(%) + sin(4)v with |[v| = 1. Lety € R®. Then qyq € R® and the
mapping

and vice versa.

F:yw—qyq

1s a rotation of y around v by the angle 6.

Proof. 1. To show p = qyq € R3?, it is equivalent to show p = —p. We check

Tl

yq = q(—y)q = —qyq.

Q)

q
Hence qyq € R3.

2. F(y) is linear and |F(y)| = |qyq| = |y|, because |¢| = 1. Thus, F' is either a rotation,
or a mirrored-rotation, depending det(F') = 1 or —1, respectively.

3. F is a rotation. This is because F' is a continuous function in ¢, thus in 6. Since F' is
the identity map when 6 = 0, we get det(F') = 1.
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4. F(v) = v. (Check by yourself.) F is a rotation on v by the angle . Let w € vt i.e.
(w,v) —0 We have wv =w X v = —
( ; >
cos — —sin —v
2

(o3 ronge) (o)
=|cos—=+sin=v COS——f-SlH VIW

0
qW(q = (cos — +sin 2V

2 2 2
0 0 0

= COSQ—+QSIH—COS—V—SIHQ— W
2 2 2 2

= (cosf +sinfv)w
= cos 0w +sinf(v x w).
Viewed in the orthogonal frame (w,v X w,v), the vector qwq is the rotation of w

about v by the angle 6.
O

Composition of rotations Suppose F(y) = pyp, G(z) = qzq be two rotations. Then the
composition of the two rotations is

(F o G)(z) = p(qzq)p = (pq)z(pq),

which is the rotation corresponding to the product of p and q..

Dihedral Given two unit vector x and y in R3, one can find a unit quaternion ¢ to rotate
x to y. The rotation axis is v = x x y/|x x y|. The angle is cos = (x,y). Thus,

1 1-—
gq=c+sv, c= #, s = #

We denote g = dihedral(x,y).

Representation of a framed curve by quaternion

Proposition 1.2. Given a framed curve (T(s), Ni(s), Na(s)), there exists a unique unit
quaternion q(s) which rotates (i,j,k) to (T(s), N1(s), Na(s)):

T=qq, N =4qjg Na2=qkq
Proof. We can first find ¢, which rotates i to T'. Since j L i, we have ¢jq1 L qiiqy = T.
Next, we find ¢o which rotates ¢1jg; to N;. Since both ¢1jg; L T and Ny L T, the rotation

g2 must leave T unchanged. Thus, the resulting rotation ¢ = ¢2q; rotates i to 7" and j to V.
To conclude, if

q=q2q1, q = dihedral(i,T), ¢, = dihedral(q1jqi, V1)

then
T =qiqg, N;=4qjq, N;=qkq.
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Frame equation Given a complex curvature ¢ (s) and a twist w(s), we can determine a
framed curve (T'(s), N1(s), N2(s)) by using the frame equation

T'(s) = w(s) x T(s),

Ni(s) = w(s) x Ni(s)

N3(s) = w(s) x Ny(s),

where w = wT — Y9Ny + Y1 Ny, Since (T'(s), N1(s), Nao(s)) can also be represented from
(1,j,k) by a quaternion ¢(s). We would like to find a similar ODE that ¢(-) should satisfy.

Proposition 1.3. Given complex curvature ¢ (s) and twist w(s), let (T(s), Ni(s), Nao(s)) be
the associated framed curve and q(s) be the associated quaternion which rotates (i,j, k) to
(T'(s), N1(s), No(s)). Then q(s) satisfies the frame equation:

q'(s) =vq=qw,

where

V=3 W — Ny FaNo), W= 2 (wh— v + k).

Proof. 1. We claim ¢/g € R? for ¢(s) with |g(s)] = 1. We differentiate ¢g = 1 to get
¢dq+q7 =0. Then ¢'q+¢'q = ¢'G+ q¢ = 0. Thus, ¢'q is pure imaginary, which means

qq € R3.
2. Let us denote ¢'q = v. We claim that if ¢(s) represents the framed curve (T'(s), N1(s), Na(s)),
then ] ]
V=359 =35 (WT' — 1PNy + 1 Ns) .

With this, multiplying ¢'¢ = v by ¢ from right and using qg = 1, we get ¢’ = vq. To
show this claim, let us compute

T" = (qiq) = ¢'ig + ¢i7 = ¢'(q9)iq + ¢i(7q)7
= (d'D)(diq) + (¢iq)(qq) =vI' +Tv =vT = Tv =2v x T.

Similarly, we have
N{ZQVXNl, N£:2VXNQ.
Comparing with Theorem ([1.5)), we get
1 1

vV = §w = 5 (OJT - ngl + ¢1N2) .

3. We can have another representation: ¢ = qw:

1 1 . )
q'zqu§(wT—sz1+w1Nz)q=§(wq1q—¢ijq+w1qkqm
w. 1/12. ¢1
=g Zi- 25+ 2k = gw.
q<21 53T ) qw

24



Remark This means that the frame (T, Ny, N») rotates around v with angular speed (angle
change per unit arclength ds) |2v]|.

1.4 (Geometric Quantities

A geometric quantity is a quantity which is independent of gauge. From the above gauge
transformation formula, we see that |¢| is independent of the choice of gauge. In particular,
1 = k when we choose N; = N. Thus [¢| = k for any gauge N;. It is a geometric quantity.

Geometric invariants A geometric quantity should be independent from how we pa-
rameterize the curve, and how we set up a coordinate to describe the curve. The physics
associated with the curve should only depend on such geometric quantities. For the curve,
these quantities are the curvature and the torsion. For the framed curve, they are the com-
plex curvature and the twist. For physical applications, the following geometric quantities
are important.

e Total length: ff |ve| d€.

Total curvature: fOL Kk(s)ds.

Total torsion: fOL 7(s) ds.

Bending energy: fOL |k(s)|* ds.

Torsion energy: fOL |T(s)|? ds.

Summary
e Frame equations:

— In rotation matrix form:

T'(s) Y1(s)  a(s) T(s
Ni(s)| = | —¥i(s) w(s) Ni(s)
Ns(s) —a(s) —w(s) Ny(s)
— In rotation vector form
T'(s) =w(s) xT(s),
Ni(s) =w(s) x Ni(s)
Ny(s) = w(s) x No(s)

where

UJ(S) =wl — ’(/)QNl + wlNQ.
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— In terms of quaternion

e T'(s) rotates instantaneously about
w; = —ngl + l/JlNQ = kB if T/(S> # 0

along a great circle on the unit sphere with angular speed k. For parallel frame, N;
and N, also rotates instantaneously about wy(= kB).

e Gauge transformation formula:

V=, O=w+0.

1.5 Discrete framed curves

1.5.1 Discrete curve

We shall consider arclength-parameterized discrete curve: ~ : {0,1,....n — 1} — R3. We
define the following discrete geometric quantities

e The tangent T; := ;11 — ;. T; lives on edge [v;, Vit1)-
e The averaged tangent T; := normalize(T;_; + T3). It lives at ~;.
e The binormal B; the normal of the osculating plane.

VT x T

The binormal B; lives at the vertex ;.

Normal:

N; := normalize (Bi X T,)) .

curvature x{ := a; = the angle from 7;_; to T;:

a; = cos (T;_1,T;).

1.5.2 Construction of parallel gauge for a discrete curve

Given a discrete curve «;, ¢ = 1,...,n — 1, we can construct a parallel gauge along the curve.
This is to construct Ny;, @ =1,...,n — 2. Ny, is defined on the edges. We start from N; ;4
to construct Ny ;. It is simply by the dihedral rotation

Rpn(Ti-1,T;)
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which rotates T;_; to T; along a great circle on the unit sphere. It also plays the role to
parallel transport any vector on T:-, to Ti-, because

Ni =w; x N1, w; = =Ny + ¢ Na.

has w = 0. Thus, we define
Nii = Rpn(Ti—1, T;) N1

In terms of quaternion, it is equivalent to define ¢;, i = 1,...,n — 2
qi+1 = dihedral(ﬂ, Tz‘+1)%’-

Then Ny ; = ¢;jg; is the parallel gauge.

Discrete twist Given a discrete framed curve (v;, N1 ;), i = 1,...,n—1. We define its twist

w; = Z(Rpn(Ti-1,T;) (N1i-1), N1,)

1.5.3 Discrete complex curvature

At ~;, we draw a unit sphere. Let p_ := —T;_; be the south pole and T;_; be the north pole.
Consider the polar stereographic projection which maps S?\ {—7;_;} to a plane T;-,. The
plane is tangent to S? at the north pole. The projection is given by

2z 2y

StereoProj (xN;_1 +ypy X N;1+2p_)) = T + . Zi.
The complex curvature 1; is defined to be
V; := StereoProj,.  (T;). (1.13)
One can check that
;] = 2tan (%) (1.14)
arg(y;) = the angle from N; ; to — % (1.15)

Homework Verify the above two formulae (1.14]), (1.15].

Theorem 1.8. Under a gauge transform Ny, = ¢/ Ny, the corresponding complez curvature
and twist satisfy

zzk = e’d”“wk, O = [wk + @i — ¢z‘71](—7r77r]
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1.5.4 Hodograph of a discrete curve

e Given a closed discrete curve v : V = {0,1,....,n — 1}toR? with equal edge length ¢.
Its tangent T} 1 ; := |v; —~i_1)/{ sits in S?. Let us connect T;_;; and T} ;1 by a great
circle for © = 1,...,n — 1 and form a spherical polygon. This is the hodograph of the
discrete curve ~.

e The discrete curvature is the change from 7;_;; to T;,+1, which is the angle «; from
Ti 1 t0 Tiiq1-

e The discrete binormal is defined to satisty o;B; = (T;-1,; X T} 41).

e The discrete torsion 7; ;11 is the angle-change from B; to B, 1, which is the angle-change
from the great circle T;_1 ;, T; ;11 to the great circle T} ;11, Tiy1,,42, or the exterior angle
of the spherical polygon at T} ;1.

Figure 1.4: Hodograph of a discrete curve

1.5.5 Summary

Given a discrete curve v : [ — R3.

o Tangent T;_1; = v — Yi—1

Normal plane: N;_;; = Tf_u

T 1,xT5 541
|Ti—1,iXT; i41]

Binormal B; =

Curvature: ¢ is turning angle from 7;_1 ; to T} ;41

Parallel transport of gauge Ny:
Niiivr = Rpn(Tic14, Thie1) (N1 i-1,0)
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e Twist:

Wy = 4(RDh(Tz‘—1,Ti)(N1,i—1),N1,i)
e Discrete complex curvature

V; := StereoProjy. | (Tiit1)-

e Discrete torsion: 7; ;41 is the angle-change from B; to B}, which is the angle-change
from the great circle T;_, ;, T; ;11 to the great circle T; ; 11, Tiy1,,42, or the exterior angle
of the spherical polygon at T} ;4.
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Chapter 2

Combinatorial Surfaces

This chapter is based on Chapter 1 of Crane’s note on Discrete Differential Geometry.

2.1 Abstract simplicial complex

Discrete surfaces consist of connected vertices. There are many different ways to describe
the connectivity of a discrete surface. What we shall described here is so-called simplicial
complex, which encodes dimensionality information.

Simplex

e An abstract k-simplex is a set of (k + 1) distinct vertices, denoted by {vy, ..., vk11},
or abbreviated by {1,...,k + 1}. For example: consider vertices {vy,...,v4} in R? a
O-simplex {v; } is a single vertex; a 1-simplex {vy, vo} is an edge, a 2-simplex {vy, vo, v3}
is a triangle, and a 3-simplex {vq, v9,v3,v4} is a tetrahedron. In general, the vertices
are not necessary in R®, we treat them in abstract way. We call k¥ the degree of a
k-simplex.

e Faces of a simplex: Any nonempty subset of a simplex is another simplex, which we
call a face; a strict subset is called a proper face. For example, if 0 = {1,2,3} is a
2-simplex, then {1,2},{2,3},{1,3}, {1},{2}, {3} and {1, 2,3} are faces of o.

Note that an abstract simplicial complex specifies how vertices are connected, but not where
they are in space.

Simplicial Complex

Definition 2.1. A collection of simplices K is called a simplicial complez if for every simplex
o € K, every face ¢/ C o is also in K.

For example, £ = {{1,2,3},{1,2},{2,3},{1,3}, {1}, {2},{3}} is a simplicial complex,
while the collection {{1,2,3},{1,2},{1},{2}} is not.
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e

Figure 2.1: Examples of simplicial complex. But they are not pure 2-simplicial complex.
It describes how vertices are connected, but not where they are in the space. Copied from
Crane’s note.

Definition 2.2. subcomplex, pure k-simplicial complex skeleton
1. A subcomplex K of a simplicial complex K is a subset that is also a simplicial complex.

2. A complex K is a pure k-simplicial complex if every simplex o’ € K of degree | < k is
contained in some simplex of degree k.

3. The k-skeleton of K is the collection of all simplices of K of dimension at most k. We
denote it by *).

Thus, a simplicial complex K is the union of its skeletons:

K= U k®),

Examples

e A tetrahedron can be represented by the following simplicial complex: Let V =
{1,2,3,4}, define K = K® U KL? u LW UK® with

K@ ={{1,2,3,4}},

K@ = {{1,2,3},{1,2,4},{2,3,4},{3,1,4}},
KW = {{1,2},{2,3}, {3, 1}, {1,4}, {2, 4}, {3,4}},
KO = {{1},{2}, {3}, {4}}.

e In Figure 1.1,
K® = {{0,1,2,3}}
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K® = {{0,1,2},{0,2,3},{0,1,3},{1,2,3},{2,3,4}}

KW = {{0,1},{0,2},{0,3}, {1,2}, {1,3},
{2,3},{3,4},{3,5},{4,5}}

KO = ({0}, {1}, {2}, {3}, {4}, {5}}.

'/0

pure not pure

Figure 2.2: Example of pure simplex and non-pure simplex. Copied from Crane’s note.

Summary An abstract simplicial complex is just a subset of the integers, closed under the
operation of taking subsets.
2.2 Basic topological operation of simplicial complex

Given a simplicial complex K, we define the following topological operators:

e Star: Let i be a vertex. St(i) = U{o € K|i € o}. In example below (see Figure [2.3),
vertex i is surrounded by vertices {1,...,6}. We have

St(i) = {i} U {{i, 1}, ..., {i, 61} U {{4, 1,2}, {3, 2,3}, ... {i. 5,6}, {4, 6,1}}

e Closure: The closure of a set, denoted by CI(S), is the smallest subcomplex that
contains S. For example, if S is the above St(i), then

Cl(S) = {{i},{1},{2}, ..., {6}y uSti) U {{i, 1}, {7, 2}...,{4,6},{1,2},{2,3}, ..., {6, 1}}
e Link: Lk(i) := CI(St(i)) \ St(7). In the example above (see Fig.
Lk(i) = {{1},{2},....{6}} U {{1,2},{2,3},....,{6,1}}.
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e Boundary: Suppose K’ is a pure k-subcomplex. Its boundary is the closure of the set
of all simplices o that are proper faces of exactly one simplex of K'.

e Interior: The interior int(K') = K’ — bd(K') is then everything but the boundary.

St I Cl

Figure 2.3: Left is the star operation of a vertex ¢. The surrounding vertices of ¢ are labeled
by {1,2,...,6}. Right subfigure is the closure operation. Copied from Crane’s note.

y

o

Lk(i) = CI(St(7)) \ St(Cl(7))

Figure 2.4: Left is the link of the vertex ¢. Right is the boundary operation of a subcomplex
K'. It consists of ¢’ such that ¢’ is a proper face of exactly one o with o € K'. Copied from
Crane’s note
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2.3 Orientation

1 1
OO <O C
j ]
consistent orientation inconsistent orientation

Figure 2.5: Consistent orientation of two adjacent oriented simplices, copied from Crane’s
note.

For each k-simplex, we define its orientation as the follows.

Orientation

e For l-simplex, the orientation of {i,j} is either from 4 pointing to j, or the oppo-
site direction. We denote it by [4, j] for the formal one, and [j,] for the latter one.
Graphically, we draw an arrow from ¢ to j to represent the orientation [i, j].

e For 2-simplex {4, j,k}, we can loop them in the order of (i, j, k) or (j,i, k). We treat
(1,7,k), (j,k,7) and (k,i,j) the same orientation. Thus, a 2-simplex has two orien-
tations, denoted by [i, j, k] and [j, i, k], respectively. Note that we can obtain (j,1, k)
from(i, 7, k) by one permutation i <+ j, and obtain (j, k,4) by two permutations, first
14> J, then i < k.

e For a k-simplex {0,...,k}, we consider permutation between the order set [ig, ..., ig],
where 0 < i, < k. For instance [0,1,2,....k] — [1,0,2, ..., k] is a permutation, which
permutes 0 <> 1. [0,1,2,....k] — [1,2,0,3, ..., k] is a composition of two permutations:
0 <> 1,1« 2. There are two equivalent classes of permutations, even or odd numbers
of permutations from the order set [0,1,...,k]. This defines two orientations. One
can be permuted to [0, 1, ..., k] by even numbers of permutations. The other class can
be permuted to [0,1,...,k] by odd numbers of permutations. Thus, every k-simplex
with k£ > 1 can be associated with one of the two orientations, either [0,1,2, ..., k], or
[1,0,2,..., k], and denote [1,0,2,...,k] by —[0,1,2,...,k]. For instance, [1,0] = —[0, 1],
0,2,1] = —[0,1,2], [1,2,0] = [0,1,2], [1,2,3,4] = —[2,3,4,1].

Consistent Orientation of Adjacent Simplices
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manifold nonmanifold

Figure 2.6: Manifold and non-manifold. Copied from Crane’s note.

e Two adjacent 1-simplices The following two adjacent oriented 1-simplices [i, j], [/, k]
are said to have consistent orientation, while [j,4] and [j, k| are inconsistent.

e Two adjacent 2-simplices The following two adjacent oriented 2-simplices i, j, k]
and [k, j, (] are oriented consistently, while [i, j, k] and [j, k, ¢] are not. Note that the

common edge [j, k] the same order as that in [j, k, 7], which is equivalent to [z, j, k]. On
the other hand, [j, k] has opposite order as that in [k, j, £]. See Fig. [2.5]

2.4 Simplicial Surfaces
Abstract simplicial surface An abstract simplicial surface is
e a pure simplicial 2-complex,

e the link of every vertex is a single loop of edges, or equivalently, where the star of every
vertex is a combinatorial disk made of triangles.

The fact that every vertex has a disk-like neighborhood captures the basic idea of a topo-
logical surface; we therefore say that such a complex is a manifold. See Fig. 2.6

Oriented simplicial surface An oriented simplicial surface is an abstract simplicial sur-
face where we can assign a consistent orientation to every triangle.

Examples

e A tetrahedra [0,1,2,3] is oriented. Its boundaries are the oriented faces: [0,1,2],
—[1,2,3], 10,2,3] and —[0, 1, 3], which are consistent to the orientation of [0, 1,2, 3].
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We define the boundary operator for an oriented tetrahedra by

3

J[vg, v1, V2, v3] = Z(—l)i[zzo, ety Dy oery U3].

i=0
where v; means v; is dropped from the list.
e Mobius band is not orientable, see Fig. 2.7

e The n dimensional ball S™ is orientable.

Figure 2.7: Md&bius band is not orientable. Copied from Crane’s note

Oriented discrete surface

e A polygon f is an ordered set [ig, i1, ..., %, 1] with ig = 4,. The set {ig,...,i,_1} are
its vertices, and the set {[ig,ix+1]|k = 0,...,n} are its edges. Here we identify i,, = .
The edges can be ordered consistently. The polygon can also be oriented consistently
to its edges. Such an oriented polygon is an oriented face. We say this oriented edge
is incident to this oriented face, and vertex i is incident to the edges [i, j] and [j, 7).

e Two polygons are adjacent if they have a common edge. They have consistent orien-
tation if their common edge has opposite orientation.

e An oriented discrete surface S = {V, E, F'} is composed of consistent polygons and
satisfies

— each edge e € F is incident to one or two faces;

37



— for each index i € V, the faces that i is incident to form a closed fan or an open
fan.

e red Boundary of an oriented discrete surface. Given an oriented surface S = (V, E, F),

the boundary operator 0y : F — E with 091(f) = Y e if e is incident to f. The
boundary operator dyp : E — V with 010(e) = >_ v if v is incident to e.

2.5 Adjacent Matrices

Given a 2-simplex with vertices V', edges F and triangles F. We index vertices by (0, ..., |V|—
1), edges by (0, ..., |E| — 1) and triangles by (0, ..., |F| — 1).

Adjacent matrix A; encodes composition of (k + 1)-simplicies in k-simplicies.
e Ay row (edge index), column (vertex index).

(Ao)s; = 1 if 7th edge contains vextex j;
V% 7% 0 otherwise.

e A;: row (face index), column (edge index).

(A = 1 if ¢th face contains edge 7;
Vi1 0  otherwise.

Signed adjacent matrix for an oriented simplicial surface We first index oriented
edges and triangles.

e Ay: row (oriented edge index), column (vertex index) .

1 if ith edge contains j as an end vextex;
(Ap)ij = ¢ —1 if ith edge contains j as a starting vextex;
0 otherwise.

e A;: row (oriented edge index), column (oriented triangle index).

1 if ith face contains jth edge with consistent orientation;
(A1)ij = ¢ —1 if ith face contains jth edge with inconsistent orientation;
0 otherwise.

Example (see Crane’s note, pp.16, 17.)
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2.6 Half-edge Data Structure

Half-edges We want to create a data structure to describe oriented discrete surface. Let
S ={V, E, F} be a discrete surface with vertices V', edges E and faces F.

e Helf-edge: For each edge, there are two orientations. We call them a pair of half-edge.
For instance, [i,j] and [j,] are a pair of half-edge. The half-edge set H contains all
these pairs of edges. Thus, |H| = 2|E)|.

e On H, we define two pointers:

— src: H — V maps the oriented edge to its start vertex;

— face: H — F maps the half-edge to the face it belongs to;

e On H we can define two operations: flip and next.
— flip: n: H — HU{NULL}.

(i, j]) = 17, 1] if [i, 7] is an interior edge
M&IV = NULL  if [i, 7] is a boundary edge

—next: p: H—+ H

p([i, 7]) = [4, k] if both [i, 5] and [j, k] belong to the same face.

e From these two operations, we can easily produce topological information.

— Get face from a half-edge [i,j]. We perform pli, j| = [j, k], plj, k] = [k,?] and
plk,i] = [i,7]. We obtain the face [i,7, k] that contains [i,j] as its boundary.
Thus, the faces are orbits of p.

— Get edges with common vertex i or the vertices adjacent to i. We start from [4, j].
Apply flip n to get [ji], then apply p to get [i,k]. Apply this p o n repeatedly
until we recover [i,j]. From this process, we get all edges connecting to i. We
also obtain the vertices that are adjacent to ¢. Thus, surround vertices of a given
vertex are orbits of p o).

We can make the following index table for flip and next operations.

] half-edge \ twin half-edge \ start vertex \ face \ next half-edge ‘
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Figure 2.8: The flip and next operations on half-edges. Copied from Crane’s note.

2.7 Topological Invariants

Definition

Topological disk A topological disk is, roughly speaking, any shape you can get by
deforming the unit disk in the plane without tearing it, puncturing it, or gluing its
edges together. Some examples of shapes that are disks include a flag, a leaf, and a
glove. Some examples of shapes that are not disks include a circle (i.e., a disk without
its interior), a ball, a sphere, a donut, a washer, and a teapot.

Polygonal disk A polygonal disk is any topological disk constructed out of simple
polygons.

Topological sphere A topological sphere is any shape resembling the standard sphere,
and a polyhedron is a sphere made of polygons.

Piecewise linear surface A piecewise linear surface is any surface made by gluing
together polygons along their edges.

Simplicial surface A simplicial surface is a special case of a piecewise linear surface
where all the faces are triangles.

Polygonal sphere A polygonal sphere is a sphere made of polygons, i.e. a polyhedron.
Genus Numbers of handles. Sphere has no handle. Torus has one handle.

Valence of a vertex is the number of edges that contains that vertex. A vertex of a
simplicial surface is said to be regular if its valence is 6.
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double torus
(=2

sphere
(§=0)

Theorem 2.1 (Euler’s polyhedra formula). Any polygonal disk with V' vertices, E edges and
F' faces satisfies
V-E+F=1

Any polygonal sphere satisfies
V-E+F=2

Proof. Using induction by reducing number of edges. When you cut off one edge, both E
and F' are reduced by 1, but V' is unchanged. Thus the Euler characteristic remains the
same.

Exercise 1. Complete the proof. O

In general, we have the Euler-Poincaré formula:

Theorem 2.2 (Euler-Poincaré). A compact oriented polygonal surface with genus g satisfies
V-E+F=2-2g.

Proof. See Eppstein, David. ”Twenty Proofs of Euler’s Formula: V-E+F=2" (2013). For
general formula in high dimensions, see Petr Hlinény, “A Short Proof of Euler-Poincaré
Formula” (2017). O

Exercise 3. The only simplicial surface for which every vertex is regular (i.e. its valence
is 6) is torus.
Hint: use Euler-Poincaré characteristic formula.

Exercise 4. The minimum irregular valence in a simplicial complex K is



Exercise 5. Show that the mean valence approaches 6 as the number of vertices in a
simplicial surface goes to infinity.

Exercises 6-7

Exercises 8-12, 14-15

2.8 Coding exercise

Please see

e matlab introduction on http://math.ntnu.edu. tw/~yueh/courses/MATLAB_Introduction.
html and

e construction of adjacent matrices on http://math.ntnu.edu.tw/~yueh/courses/MATLAB_
MeshDataStructure.html

provided by Mei-Heng Yueh.
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Chapter 3

Discrete Surfaces

3.1 Discrete surfaces

3.1.1 Basic notions

Polygon mesh: A polygon mesh is a triple (V, E, F'), which are vertices, edges and
faces.

A face is a polygon, described by f = {{i1,i2}, {i2, 42}, ..., {in, 41} }, or simply a cycli-
cally ordered list [i1, ..., ]

Incident relation: We say e is incident to f (denoted by e < f) if e is an edge of
f.- If v is a vertex of an edge e, we say v < e. The incident relation is transitive, that
means, if v < eand e < f, we say v < f.

Discrete surfaces are those polygonal mesh (V) E, F') satisfying the following mani-
fold conditions:

— each e € F is incident to one or two faces;

— for each vertex v € V, the faces incident to v form a closed fan or an open fan.

Triangulated surfaces are those discrete surfaces with only triangle faces. Triangu-
lated surfaces are also called simplicial surfaces.

Discrete metric on a triangulated surface M = (V, E, F) is a set of positive edge
lengths ¢ : E — R™ satisfying the triangle inequality

gij _'_Ejk > 0, for all [Z]k’] e F.
Realization of a discrete surface M = (V, E, F') in 3D by a map
f: VR
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with f being linear on F by linear interpolation. Such a surface in R? is called a
piecewise linear surface. The mapping f is called an immersion if (i) the image of each
face has nonzero area; (ii) the faces incident to each vertex do not intersect. It is called
embedding if the image of M has no intersection.

3.1.2 Geometric measurements for triangulated surfaces
e edge vector v;; := f; — f; for [ij] € H
e edge length /;; := |v;]
e area For an oriented triangle [ijk], A;;x is its signed area;

e normal N;;;, 1= o ose]

e interior angle ¢’; := cos ((0y;, Dir))
e bending angle For an interior edge {j, k} incident to [ijk| and (kj|, the bending angle

Q1= sin™* ({Djk, Nijk X Nexj)) -

3.1.3 Intrinsic quantities

e Let M = (V, E, F) be a triangulated surface with a metric /. A quantity on M is called
intrinsic if it only depends on the metric, not on how M is realized in R3.
e Area A is intrinsic.
1
A, = Z\/(&j + lige + Cri) (—lij + Ui + Cii) (Lij — Cige + Lii) (Lij + L — Cii)

Proof. Let us call the length of the triangle by a, b, c. By sine law,

2 2 2\ 2
A? = ia2b2 sin? C = ia%z (1 — cos? C) = }la2b2 (1 — (M) > )

2ab

You can complete the rest. O

e Interior angle ¢, is intrinsic:

0 = cos G + b — G
a* 20;ly; .

e The angle defect d(i) is intrinsic. For an interior vertex i, we define the angle
defect (or the discrete Gaussian curvature form) of M at ¢ by

d(i):=2r— > 0, (3.1)

i=<[ijk]
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K<UD

K = .

Figure 3.1: In this figure, we cut the lines to get four triangles. In the second subfigure, we
move down the upper left and upper right edges. These left /right angles decrease. We then
paste the to triangle and get a convex vertex. In the third subfigure, we increase the two
angles on the two wings, then paste the upper triangle. In this case, K < 0.

Theorem 3.1 (Descartes Theorem). Consider a discrete surface M without boundary with
simplicial complex (V, E, F'). Then

Y d(v) = 2nx(M) = 2x(|V| = | E| + | F)).

veV

Proof. Let v € V' be a vertex. By definition, the defect angle
v) =27 — Z a; =21 — Z (m — 5;),
{iviEE {z‘v]l;eE
where f3; is the supplementary (exterior) angle of ;. Thus,

ddw)y=>2r->" > (7— )

veV veV veV 3
{ivieE

_QW\V|_2W|E|+Z Z B;
{w}EE

For the last term, we can sum it over faces.

2 2. A= ) (mma)=) ) (r-ap)

veV veV feF
{w}eE {Z’U}EE v<f
= ZZ T —ay) :Z(Sﬂ'—ﬂ') = 27| F|.
fEF feF feF
v=<f
Thus,
Z d(v) = 2mx(M).
veV
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e Parallel transport is intrinsic. Let M = (V| E, F') be a triangulated surface. Let
~ be a curve on M. We assume = does not hit any vertex. Let X be a vector on the
tangent plane of M at p; € «v. The parallel transport of X along -y is by the following:

— In a single triangle, parallel transport of X is the same in the Euclidean space
(plane);

— As ~ crawls over an edge, flatten the two triangles and parallel transport X as
that on the flan plane.

Under this definition, the parallel transport is independent how the trangle bent across
an edge. Thus, it is intrinsic.

e Holonomy angle is intrinsic. Let v be a closed curve that winds around a vertex
1 € V counterclockwise once. Let X be a vector field parallel transported along ~.
The angle it rotates after traveling along ~ once is called the holonomy angle of 1.

Theorem 3.2 (Discrete Local Gauss-Bonnet Theorem (Holonomy)). Let M = (V, E, F') be
a discrete surface. Let i € V' be a vertex. The holonomy h(i) equals the angle defect d(7).

Proof. 1. Let us choose a special curve v which is constructed as the follows. Let [ijk]
be a triangle incident to i. Let B and C' are the points of the edge [ij] and ik with
equal distances to i. We draw two lines from B and C perpendicular to [ij] and [ik]
respectively. These two lines intersect at D. The angle ZBDC' is the supplementary
angle of Q;k By construction, the curve - is a closed curve.

2. Let X be a vector field parallel transported along ~. There is no angle change as it
craws across an edges. In the triangle [ijk], the angle changes by G;k as it passes by
the intersection point D. Thus, the total angle change in one loop is Z[ijk} cF H;k

3. For general ~, we get the same angle change in a triangle because it is flat and no
angle change across edges from the definition of parallel transport.
O

e Geodesic curvature is intrinsic.. Let v : I — M be a regular curve. Then by
laying the triangles flat locally, we have a plan curve. The curvature of this plane
curve is called the geodesic curvature, denote by k4. From this definition, it is easy to
see that f,y kg ds = 0 for those closed curve « that does not wind around any vertex.

Theorem 3.3 (Discrete Local Gauss-Bonnet Theorem (Turning Angle)). Let v be a
closed curve on M that winds around a vertex v counterclockwise once, then the total

winding number
/ Kgds = Z Qék
¥

[ijk]>-i

In other words,
d(i) + / Kgds = 2. (3.2)
¥
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Proof. The geodesic curvature is the angle change rate. The integral f,y kg ds is the
total angle change along -y, which is exactly the holonomy at i. O

3.1.4 Discrete Gaussian curvature

Consider vertex p; surrounded by the triangles ¢;;,. We would like to define the Gaussian
curvature at p;. Let ¢;j, be the circumcenter of the triangle f;;, (the image f(¢;;x)), ¢;r the
center of the edge u;, and U; the dual cell that contains f; with boundary which is one-loop
geodesic curves that connects cji, ¢;;,. Let us compute fUz- K. We use the formula

d(p;) = Area(N(U;)).
The image N (U;) is a spherical polygon on unit sphere. It consists of vertices Ny € S? with
pi < tijz. The interior angle at Nyjj; is B;j5. We claim that 3, + cir = 7, where oy, is the
interior angle of the triangle f(t;;;) at vertex f;. This can be shown by investigating interior
angles of the quadrilateral [f;, cik, cijk, ¢ij]. Its proof is left for exercise.
Lemma 3.1. The area of a spherical triangle on S? with interior angles By, Bo and B3 is

A=p1+ Br+ B —m.

The area of a spherical polygon on S* with interior angles 31, ..., B, is

A:ZBi—l—(Q—n)ﬂ.
i=1

A
A As As

Figure 3.2: Copied from Crane’s note. The angle « in this Figure is the £ in this note.
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By using this lemma, we get

dp) = Y B+ @-n)m=2r— > .

Pi<tijk Pi<tijk

[
) 4 y
1

Figure 3.3: Copied from Crane’s note.
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Chapter 4

Surfaces

4.1 Basic notions of differential geometry
e Charts, Atlas, abstract definition of manifolds, parametrization

Realization of abstract surfaces, immersion, embedding

Tangent and normal.

Metric, Riemannian manifolds

4.1.1 Abstract differential manifolds

Definition of n-dimensional differential manifold
e A parametrized manifold is a set M endowed with an atlas (U,, X,) such that

(i) Uy, C M are open and U, U, = M
(i) x4 : Uy — R™ such that on each overlapping region U, N Ug, the function
Yap i=%X5 0%, X0 (Uy NUg) — x5(U, N Up)
is a diffeomorphism (i.e. ¢, gis 1-1, onto, and both ¢, g and gogjg are continuously
differentiable). Here, x is called a coordinate. Its inverse x ! : x(U) — U is called

a parametrization.

e Two atlases (Uy,Xa)a (Us,x3)p are called equivalent if their union forms a consistent
new atlas.

e The equivalent class of atlased manifold is called a differential manifold.
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Orientable manifold

e Suppose M is a manifold with atlas (U,,X.)o. Two overlapping charts (U,,X,),
(Ug,x3) are called orientation consistent if det(dy,3) > 0 in x, (U, NUp).

e If M owns an orientation consistent atlas, we call M is orientable.

e The Mobius band is not orientable. The projective space C'P? is not orientable.

4.1.2 Tangent spaces

e Tangent : Given a point p € M. Let (U,x) be a coordinate chart covering p. The
region U is described by the coordinate x. The tangent space at x(p) € x(U) C R"
is R™. Thus, it is natural to identify a vector in R"™ as a tangent vector of M at
p. This definition should be consistent in the following sense: if (Uy,X,), (Us, Xp)
are two charts covering p and ¢, g be coordinate transformation from x, (U, N Up) to
x3(Us M Ug), then the tangent vectors v, € Ty, (nR™ and vg € Ty, ()R satisfy

Vﬁ = dspavﬁ|xa(p) (Va)
Let us denote T,(M) the tangent space of M at p.

e Let v : I — M be a parametrized curve with v(0) = p. We can identify 7/(0) as a
tangent vector at p. Conversely, for any X € T,,(M), there exists a parametrized curve
v : (—¢e,e) = M such that 7/(0) = X.

4.1.3 Realization of abstract surfaces
e Immersion Let M be a two dimensional manifold. A differential
f:M—R

is called an immersion of M in R3 if for any chart (U,x), the Jacobian of the map
fox7!t:R? — R?is of full rank.

e Embedding It is called an embedding if f is 1-1.

e Representation of tangent space Let M be a surface, p € M. Suppose (U, (u,v))
is a coordinate chart containing p € M. The tangent plane is spanned by 0, and 0,
(i.e. 8/0u and 9/0v). Their images on R? are df,(d,) = f, and df,(d,) = f,. The
matrix representation of df, is called the Jacobian of f, which is J := (fu, fu)sx2-
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4.1.4 Examples of surfaces

Let us study a surface imbedded in R3. The surface is parameterized by f : M(C R?) — R3.
Several concrete examples are

e Sphere:
f(u,v) = (cosucosv,sinucosv,sinv), 0<u<2m —7/2<v<7/2.
e Ellipsoid:
f(u,v) = (acosucosv,bsinucosv,csinv), 0<wu<2m —7w/2<v<7/2.
e Hyperboloid:

f(u,v) = (acosucoshv, bsinucosh v, csinhv), 0<wu <27 —00 <v < 0.

e Cylinder: f(u,z) = (cosu,sinu, z), 0 <u<2mr 0<z<1.

e Torus:
x(0,¢) = (R+rcosf)cosp
y(0,¢) = (R+rcosf)sinp
2(0,¢) = (R+rsinf)

0<0<2m, 0<p<2m.

e Mobius band:
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e Projective plane: is the set of all 1D subspace in R?. That is, we define an equivalent
relation ~ in R?® — {0} by x ~ y if there exist a number a such that y = ax. The
projective plane is defined as

RP?:= (R*—{0})/ ~
We can define the following open sets:
U= {(2° 2" 2%) e R®* — {0}|2* #0}, i=0,1,2.
U; is an open set in R3. Uy (in general, U;) can be parameterized by
& =a'/a" & =a"/a".
Then (U;,&;) is a coordinate chart of RP?2.

We call M the abstract manifold, and the image f(M) the embedded manifold in R3. We
shall investigate surface curvature.
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4.2 Surface measurements

4.2.1 Intrinsic measurement

e Metric (inner product structure): The metric of M is induced by the metric in
R? through f: for any two tangent vectors X,Y € T,(M), define their inner product
to be

9p(X,Y) i= (X, Y), = (df,(X), dfp(Y))zs,
which satisfies
* bilinear: (aX +bY,7) =a(X,Z) +b(Y, Z),
* symmetry: (X,Y) = (Y, X),
* positive definite: (X, X) >0, (X, X) = 0 if and only if X = 0.
Definition 4.1. (1) A metric on M is a smooth inner product structure g, : T,M X
T,M — R at every point p.

(2) A manifold M equipped with a smooth inner product structure g, is called a
Riemannian manifold.

e Length: the length of a tangent vector X is defined to be || X|| = /(X, X). The
length of a C! curve v : I — M is defined to be

/l Iy ()] dt.

e Angle: The angle of two tangent vectors X,Y € T,,M is defined to be

e Area: Given two tangents X,Y € T,M. The signed area of the parallelogram spanned
by X, Y is given by
det(X,Y) = [ X[[[[Y]| sin(6).

It can also be expressed in terms of inner product as

(X,X) (X, Y)‘ |

det(X,Y)? = ’ XYY (YY)

The (unsigned) area of a region U C M with coordinate x = (u,v) can be computed
by
AU) = / | det(0y, 0,)| du dv.
x(U)

Such definition is independent of choice of coordinate chart. The term o := det(9,, 9,) du/
dv is called a signed area element of M. You can show it is independent of choice of
coordinate chart.
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e Orthogonal coordinate chart Given a coordinate chart (U, (u,v)) at p € M, we can
locally reparametrize it as (u,w) in a small neighborhood W of p such that 9, L 0,.
In other words, (W, (u,w)) is an orthogonal coordinate system.

4.2.2 Extrinsic approach through embedding
Gauss Map

e Gauss map: The normal of the surface at p € M is the unit vector that is normal to
the tangent plane at p. In terms of coordinate system

N(p) = N(u,v) = H;u—i;vH

The map N : M — S? is called the Gauss map. The Gauss map can reflect how the
surface is curved in R3.

Shape Operator
e Definition of Shape operator: Given any X € T,M. By differentiating (N, N) =1
in the direction X, we get dN,(X) L N, = df,(T,M)*. Thus, dN,(X) € df,(T,M). In
other words, for any X € T,(M), there exists a unique Y € T),(M) such that
dNp(X) = dfy(Y).

The mapping S : X — Y is called the shape operator on 7, M. That is

N, = df, o S. (4.1)

The shape operator is linear because both dN,, and df,, are linear.

e Coordinate representation of the shape operator Let (U, (u,v)) be a coordinate
chart containing p € M. The corresponding tangent (9, 0,) forms a basis in 7, M. We

hav
o <Sﬁu7 a’u) <Sauvav> o fuu - N fuv -N
<SaU7av> S<av7av> - fqu fv'u'N ’

This is because

<Sau7aU> = <de(aU>7dfp(aU>> = <Nu’fu> - _<N7 fuu)

*We look for a function w(u,v) such that (w,0, + w,0,) L 0, using the metric induced by f. That is,
(Wy, Oy + Wy0y, Dy) = 0.

This is a linear PDE for w which can be solved by method of characteristics locally.
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Shape operator is self-adjoint:
(SX,Y) =(X,9Y)

This is easily followed from the coordinate representation of S and the symmetry
property of the Hessian of f.

The shape operator S as a quadratic form The quadratic form (SX,X) =
(dN,(X),df,(X)) measures how much deviation of dN from X as N travels along
X.

Shape operator in coordinate: We introduce the second fundamental form. We
take the variation of N in direction X, then project the resulting vector to df,(Y).
This gives
(AN,(X), df,(Y)) = (df,(SX), dfy(V)) = (SX.Y).
We define
I(X,Y) := (dN,(X),df,(Y)) = (SX,Y).

This is called the second fundamental form of M.
II(-,-) is symmetric. The symmetry of II can be read from the coordinate representa-

tion of II(-,-). Note that (N,df(0,)) = (N, fu) = 0 and (N, f,) = 0. We differentiate
these two equations in v and v to get

I](aua 81)) — <N7L7 f'v) - _<N7 f'uu,> - _<N7 f71,'1)> — ]](87)7 a71,>'
Thus, the coordinate representation of the second fundamental form is

[I<auaau> ][(amav) . fuuN fqu
Dy, 8,) I(0y,0))| —  |fuw N fou-N

which is symmetric. Since the bilinear form II(-,-) is symmetric for the basis 0, and
Oy, we get [I(X,Y) = II(Y, X) for arbitrary two tangent vectors X and Y.

The shape operator S : T,(M) — T,(M) is self-adjoint w.r.t. the metric (-,-). This is
because
(SX,Y) = I(X,Y) = II(Y, X) = (SY, X) = (X, SY).

Coordinate representation of shape operator. Let us use (u,v) as our coordinate on
M. We want to represent S in terms of the basis (0,,d,). We write S(0,) = ad, + b0,
and S(0,) = Oy + d0,. From dN(X) = df(S(X)) with X = 9, and 0, respectively,
we get

AN (9y) = df(S(9u)), dN(9,) = df (5(0y))

This leads to
N, =af,+0bf,, N,=cf,+ df,. (4.2)
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Note that
(N, fu) =0, (N,f,)=0

which lead to

(Nus fu) = =N, fun)s (No, fo) = =(N, fuu),
(Nos fu) = —(N, Fun) = (N o).
Thus, by taking inner product of with f, and f,, we get
SI=1I,
where

= =1 6l
P

L Juu / Juv ” ! o
7 fuu N fuw- N -
are matrix representation of the first and second fundamental forms, respectively. And

the matrix

Thus,

S=1I1-T"'= (4.3)

1 eG— fF fE —elF
F2—FEG |fG—gF gE— fF|’

Curvatures

e Normal curvature. Given X € T,,M, the quantity dN,(X) measures how the normal
N varies along direction X. Thus, we define the normal curvature

N(X) = =
i X) X XTI

It measure how the normal N changes in direction X.

e Principle curvature The eigenvalues k; and kg of S w.r.t. (-,-) are called the prin-
cipal curvatures. The corresponding eigenvectors are called the principal curvature
directions. They are orthogonal to each other because S is self-adjoint. The principle
curvatures are the extremal values of the quadratic form (SX, X):

fa(p) = min (S,X, X),

XeTpM
IX1=1

ka(p) = max (5,X, X).

XeTpM
IX=1
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e Mean curvature and Gaussian curvature

* The two invariants of S are
Mean curvature: H := (k; + ks)/2 = $T7(S5),
Gaussian curvature: K := k1ky = det S.

* Curvature formula in terms of coordinate: using (4.3)), we have

_leG+gE —-2fF

H
2 F? — BEG
B _ fP—eyg
K—detS—EG_Fz.

* Properties of Mean curvature We have

1
o7

2m
H / KN (Xy) db, (4.4)
0
where Xy = cos X, + sinfX,. That is, the mean curvature is the average of the
normal curvatures in all directions. Formula (4.4)) follows from

kN (Xg) = k1 cos® 0 4 kysin? 6.

Property of Gaussian curvature The meaning of the Gaussian curvature can

be read from the formula
dN, = df,o S

by the following procedure. Let us draw a small disk B.(p) about p on M. The
image of this disk by the Gauss map N : M — S? is N(B.(p)). The image of this
disk by the embedding map f : M — R? is f(B.(p)). From dN = df o S, The

ratio of these two areas is the determinant of Sy:
A(N(B:(p)) = A(f(B:(p)) - det(Sp) = A(f(B:(p)) - Kp.

e (N(B.(3)
B imA N(B:(p
B = AT B)

e Geodesic curvature Let v be a curve on M and v = f oy be the curve on the
manifold f(M). From curve theory, v/ =T, 4" =T’ L T. There are two components
of 4": one is on N, the normal of f(M), the other one is on the tangent plane. Let us
construct a local frame: e; =T, e3 = N and ey = e3 X e1. Then,

(4.5)

v = kgey — Knes. (4.6)

Here,
—hN = <7//7€3> = _<7/76§,> = _<T7 Nl)
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Rg = <7/,7€2> = _<7/a 6/2> = _<6176,2>'
The projection of 4" onto the tangent plane T,M is called the geodesic curvature.
Recall in plane curve, —(T', N’} = k, where N is the plane normal and & is the plane
curvature, which measure angle-change of 7" along « on the plane. On the surface
M, the term e, is the plane normal of the curve «. Thus, k, := (T, e}) measures the
angle-change of T' along v on the surface M.

Remark Recall the framed curve (7'(s), ea(s), N(s)) along ~(s), we have the follow-
ing frame equation

T’ Rg —KN T
e5 | = |—ry w 2
N’ KN & —w N
Here, w = —(dN(T), e2) measures how N is twisted on the normal plane of the curve

~. We shall come back to this frame approach in the next subsection.

Examples
e The sphere of radius r. x; = ke = 1/r. H =2/r and K = r?%.

Cylinder: S! xR. k1 =1/r, ko =0. H=1/r and K = 0.

. gl 1
Torus: S, X S,,.

Hyperblic surface f : (z,y) — (x,y, 2% — 3?).

Ruled surfaces

4.3 Intrinsic Surface Structure — Connection approach

We have seen that the variation of the normal vector field on a surface M reflects how M
curves. From which we define normal curvature, principle curvatures, etc. In this section,
we would like to study concept of curvature derived intrinsically. This means that we shall
investigate how surface curved through the variation of tangent vector fields, the covariant
derivative of vector fields. From which, we shall see that the geodesic curvature, the Gaussian
curvature are intrinsic. The contents include

e Covariant derivative for vector fields in R? with curvilinear coordinate systems
e Frame in R3

Covariant derivatives for vector fields in R3 with frame

e Frame on surface

Covariant derivatives for vector fields on a surface

Gauss-Bonnet Theorem
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4.3.1 Frame and covariant derivatives in Euclidean spaces

Covariant derivative in curvilinear coordinate systems Let us take the polar coor-
dinate as an example to illustrate the concept of covariant derivatives of vector fields in R?
ion curvilinear coordinate system.

Suppose we have a vector field V' in R? with polar coordinate system. We express
V=V"e + Ve,

where the unit tangent vectors

1
e = (cosf,sinf) = o = (—sinf, cosl) = ’r’@ae
The covariant derivatives for vector field V' in the directions of e, and ey are defined to be
ov  ovr ov? . oe, 9669
VeTV.—W—WeT—i—We(ﬁ—Va +V ar
o © or
1oV 1 /oV" oV ,oe, 0 0¢q
VeeV'—;W—;(ae ot gtV g TV W)

= (Ve,VNer + (Ve, Vg + VIV, e, + VOV, 6.
For general vector field X on R?, X can be expressed as
X = X%, + X’,.
The covariant derivative of V' in the direction of X is defined as
VxV :=X"V.V+XV,,V.
The terms V., e, and V., eg measure how e, and ey change in the direction of ey. Indeed,

Veer =0, V.,eg=0

1 : 1, . 1
Ve €r = ;%(cos 0,sinf) = ;(— sinf, cos ) = o,
v _16(__9 9)__1( 0,sin0) — —
e = —5p(—sind, cosf) = ——(cosf,sinf) = ——e,.

Covariant Derivative in Euclidean space

e Covariant Derivative for vector fields in R? Let V and Y be vector fields in R3.
Define the covariant derivative of Y at p € R3 in the direction of V by

VoY = lim Y(p+ AtV (p)) — Y(p).
A0 At

(4.7)
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Note that VY (p) depends on V(p) and Y in a neighborhood of p. Let « be the curve
with 4(0) = p and 4(0) = V(p). Then

V¥ = Sl (4(6). (48)

In other words, the covariant derivative VY depends on V(p) and Y (¢) with g € ~
in a neighborhood of p.

e Covariant derivative for scalar field f

VoS = Vi) = lim flp+ W(Apt)) —fn)

e Properties of covariant derivative.

Proposition 4.1. Let V,W.Y, Z be vector fields, a,b € R, f, g scalar field. The co-
variant derivative Vv satisfies

(a) Vy(aY +bZ) =aVyY +bVyZ

(b)) VivigwY = fVyY +¢VyY

(c) Vv(fY)= (Vv )Y + fVyY

(d) Vy(Y -2)=(VvY)-Z+Y - (Vy2).

Frame and Dual frame

e Frame A frame {ej, ey, €3} in Q C R? is a triple of three orthonormal smooth vector

fields defined on §2.

e Dual Frame Let {0',6% 6%} be the 1-form dual to the frame {e;, ey, e3}. That is,

e Example The domain Q2 = R?\ {0} with spherical coordinate system

x = rcosfcos o .
y = rcosfsin ¢ O§¢<27r,—§<9
z=rsinf

IA

™
5 .

The spherical frame (e, ey, €9) are

e, = (cosf cos ¢, cos 0sin ¢, sin ) = o
-
1o
rcosf 0¢

ep = (—sin¢,cos ¢,0) =

1
eg = (—sinf cos ¢, —sin @ sin @, cos ) = ——

r 00
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e Connection Given a frame {ej, es, €3}, we define the connection w;; to be the 1-form
wij(V) = (Vvei> c€j.
That is,
3
VVGi = Zwij(V)ej.
j=1
Thus, Vye; measure the variation of e; in direction V', and w;;(V') is the projection on
6]'.
e Since e; - e; = 0;;, we take covariant differentiation on this formula to get

(Vvei) T €5 +e; - (Vvej) =0.

That is
wij = _wj'i-
Thus, we get frame equation
€1 0 CL)12(V) (A)13(V) €1
VV €yl = —wlg(V) 0 w23<V) €9
€3 —wlg(V) —WQg(V) 0 €3

¢ Representation of frame and connection in Euclidean coordinate. Let {0,:}3_,
be the Euclidean basis and {dz'}3_; be their dual. We express

€, = Z aij(x)(‘?xj.
J

Then we have

ATA = AAT = 1d

0" = Z a;rdz®

k
Wij = (daik)ajk.

Proof. 1. Since both {9,,} and {e;} are orthonormal, we have ATA = AAT = Id
and e; = >, a;j ()0,
2. Let V be a vector in R3. We have

wi;(V) = (Vve;) - ej = <VV Zaikaﬂck> : (Z a;¢0z,)

- Z(vvaik)axk ' (Z je0y,) = Z Z(Vvaik)ajé5ké
= Z(Vvaik)ajk; = Z(daik(V))ajk-
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Homework Compute (V. e;) - e; for spherical frame.

Structure Equations

Theorem 4.1 (Cartan’s structure equations). Let {ej, ez, e3} be a frame in Q C R3 and
{01,05,05} be its dual frame, and {w;;} be the corresponding connection 1-form. Then, they
satisfy the following structure equation:

(a) First structure equation

d@z = Zwij A\ 9]'
J

(b) Second structure equation

dwij = E Wik VAN Wkj
k

Proof. 1. (a)
df; = d (Z aikdxk> = day A da
k k

= Z daik Z(A_l)kjej = Z Z daikajkej
k j ik

= Zwij N ¢9j
J

2. (b)

dw;; = d (Z daikajk> = - Z dair A dajy,
k k
= — Z day Z Ore N dagy
k ¢
= — Z Z da, Z Ak Qe N\ dajg
kol m

=—§ Wim N\ Wjm = E Wik N W
m k
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Remarks

1. db;(eyx, e;) measures the difference of changes of e; along ej, and e,.
doi(ex, e0) = Y wij(ex)0;(er) — wij(eo)0;(ex)
J
= wzz(ek) - wik(ez)

2. The second structure equation means that the differential of w can be expressed in
terms of w again. This means there is no need to go higher differentiation. The
geometry of the frame is completely determined by dfl and dw. Later, we will see that
surface curvature is in dw. We don’t need to go higher derivatives of curvature to
determine the surface.

3. The frame is completely determined by the connection 1-form {w;;} through the first
structure equation. However, the connection {w;;} should satisfy the compatibility con-
dition, which is the second structure.

4.3.2 Frame on a surface
Let M be a surface in R3.

e A frame on M is a frame {e, €2, e3} defined on M with e3 being the normal and e, es
the tangents of M.

e There exists a frame in D C M if and only if D is orientable and there exists a
non-vanishing tangent vector field on D.

e Given a vector field Y defined on M and a tangent vector V € T,(M), we can find a
curve v on M with 4(0) = p and 4(0) = V(p). Then the covariant derivative

d
VvY = Eh:oy(’)’(t»
is the same as (4.8)).

e Suppose {ej,eq,e3} is a frame on M. Let V be a tangent vector field on M. The
connection wj; is a 1-form on M defined by

wij(V) = (Vve:) - e;

We have
wij = _Wji
and for V € T,M,
€1 wlg(V) W13<V) €1
VV €y | = —wlg(V) UJQg(V) ()]
€3 —wlg(V) —WQg(V) €3
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Let {61, 0,05} be the dual of {1, ea,e3} on M. This means that for any V = 327 vie;,
8;,(V) =wv; for j =1,2,3. This can be defined only for points on M. In particular, for
p € M, we have

(a) 63(V) =0 for any V € T,M and 03(e3) =1
(b) 61 A 0y is the area form of M.

The Cartan’s structure formula is still valid

del = Zwij A Gj, d(.dl'j = Zwik A Wkj
j k

J

on M. In particular, if we restrict ¢; on T,M, then
03 = 0.

Cartan’s structure formulae become

d@l = W12 A (92, d¢92 = —W12 N 01 (4 9)
d63ZW31/\61+W32/\02:0. '

dwip = wiz A w3y
dw23 = W1 VAN w13 (410)
dw13 = W12 A wa3.

The shape operator S : T,M — T,M is defined to be
SV = —V\/eg, = wlg(v>€1 + WQg(V)GQ.
The matrix representation of S in the basis {e1, es} is

S — [Wls(el) W13(€2)}

waz(e1) was(ez)
This matrix is symmetric due to the following reason. From (4.9)), we get
0 = ws; Aby(e1,e) +wsa Aba(er,en) = —wsy(e2) + wsaler).
From antisymmetry of w, we thus obtain
wiz(e2) = wasz(er).
As a byproduct, this also shows that V.,e; — V. ey € T, M.

The mean curvature and Gaussian curvature are defined to be

H= %TT(S), K = det(S).

We have
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(a) wlg/\Hg—i—Ql /\w23:2H01/\92
(b) W13 N Wo3 = K91 VAN 02
(C) dw12 = —K91 VAN 92.

Proof. 1. From
2H = TT(S) = wlg(el) + (U23(62)
and
(wig A 02 4 01 A waz)(e1, e2) = wig(er) + was(es)
we get
w13 N 02 + 91 /\w23 == 2H01 N 92.
2. Note that
K = det(S) = wis(er)waz(ez) — wis(ea)was(er)
= w3 A waz(eq, €2)
Thus,

W13 A\ Wao3 = W13 A u}23(€1, 62) 91 A\ 62 = K@l A 02.
Further, from structure equation

dwia = wiz A wsg,
we get (c).

Remark. Note that wis depends only on eq, es. The formula

dwlg = —K01 VAN Qg

means that K is an intrinsic quantity of M. It only depends on the metric of M, which
implies that K 1is invariant under isometric deformation of M. This is called Gauss’s
Theorema Egregium (Gauss’s remarkable theorem).
e The eigenvalue/eigenvector of S:
Séz == Iiz‘éi7 1= ]., 2
Let w;; = V¢,é;. Then the representation of S in {é;} is
g — @13(é1) @13(é2) _ | 0
@23(é1) @23(é2) 0 Ko

— The equality wo3(é1) = 0 means that é; parallel transports along e;.
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— Similarly, @wy3(é2) = 0 means that é; parallel transports along e,.

— The quantity wi3(é;) measures how é; varies along é;, or equivalently, how e3
varies along é;. Along integral curve of é;, e3 is the normal and é; is the binormal.

e We have
W13 = E w13(€x)0k = k164
%

Woz = Z@s(ék)@k = Kolly.
k
Thus, the structure equations are
(2}13 /\ég + él /\62)23 - 2Hé1 VAN ég.
d(j}lg == (1}13 N (2}32 == —Iilligél A ég == —Kél N ég.

Theorem 4.2 (Local Gauss-Bonnet Theorem). Let U be a disk-like domain on a 2-
manifold M with smooth boundary ~y. Then

/Hgd8227T—/KO'.
% U

where K is the Gauss curvature and o is the area form of M.

Proof. Let ey, es, e3 be an orthogonal frame on M with e3 being the normal of M. We
can express v as
~' = cos pe; + sin pe,.

"

~" = ¢'(— sin ey + cos pey) + (cos pe)| + sin pey)
N x T = —sin pe; + cos pes.

The geodesic curvature is
kg = (Y',N xT) = ¢ + ((cos pe| + sin pe}), — sin ey + cos pey)
From e; -e; =1 and e; - e3 = 0, we get e;e; =0 and e - €5 + €] - eo = 0. Thus
kg = ¢ — e - €. (4.11)

If ~ is the boundary of a disk-like region U, then

//fgds:/go’ds—/eyeéds
¥ 2 2

= 27T—/v7/€2 -e;ds
v
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:27T+/W12<")//)
vy

= 27T+/ dw12

U
=2r— [ Ko
U
Here, o is the surface area form of M and K is the Gaussian curvature. O]

Remark Formula (4.11)) only involves tangent vector fields, it means that the geodesic
curvature kg is an intrinsic quantity.

Homework Consider the orthonormal frame (e, €y, €,) on the unit sphere with the spher-
ical coordinate, where 0 < ¢ < 27, 7/2 < —0 < 7/2 .

1. Derive the formulae of the shape operator S.

2. Consider the following path 7: starts from north pole (0,0, 1), then follows ¢ = 0,
/4 <0 < 7/2 then § = 7/4, 0 < ¢ < 7/2, then go back to the north pole along
¢ =m7/2, /4 < 0 < w/2. Find the k, along this curve and compute the holonomy

f7 kg ds.

3. Can you find the area enclosed by v without using Gauss-Bonnet theorem?

66



Chapter 5

Exterior Algebra and Calculus

In this chapter, we shall develop theory of exterior calculus which includes differential forms
and exterior derivatives. It is a calculus independent of the coordinate system we set up to
investigate the underlying geometry. Coordinate system is a representation for calculation.
But geometry and physics should not depend on the coordinate we choose. Below, we develop
the exterior algebra for vector spaces and inner product spaces, then on manifolds.

There are nice youtube lectures on geometric algebra and Clifford algebra

e A swift introduction to geometric algebra https://www.youtube.com/watch?v=60z_
hpEATDS

e Introduction to geometric (Clifford) algebra https://www.youtube.com/watch?v=mz3tk4LRJjc

5.1 Exterior Algebra for Vector Space

5.1.1 Vector space and Dual Space

n-dimensional vector space

e Vector space A vector space V over R is a set V' with two operations: vector addition
and scalar multiplication. They satisfy: (1) (u+v)+w = u+(v+w); (2) v+w = w+v;
(3) 30 € V such that v+0 =0+ v for all v € V; (4) for any v € V, 3(—v) € V such
that v + (—v) = 0; (5) for any a,b € R, any v,w € V, it holds (a + b)v = av + bv,
a(v+w) = av + aw, (ab)v = a(bv); (6) 1lv = v.

e Dimension Let V' be vector space over R. It is called an n dimensional space if it can
be spanned by n independent elements {eq, ...,e,}. Such a set is called a basis of V.
Any two bases of V' contains same number of elements. (why?) This number is called
the dimension of V. Any vector v € V can be represented uniquely as

n
v = E v'e; = v'e;.
i=1
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Here, we will use upper index for the coefficient v* and lower index for the basis e;. We
use Einstein’s notation: whenever same upper index and lower index appear in pair, it
means that this is a summation over that index.

e Dual space A linear functional on V' is a linear function o : V' — R. The dual space
of V' is defined as
V*:={a:V — R linear}.

A linear functional is uniquely determined by its values on a basis {ey,...,e,}. Let
et € V* with

i s 1 1=y
¢'(ej) = 0; = { 0 otherwise.

Then {e!,...,e"} are independent. For any o € V*, it can be represented uniquely as
a = a;e’,  where a; = a(e;).

Thus, dim(V*) = dim(V). The basis {e!, ..., e"} is called the dual basis corresponding
to {e1,...,en,}. An element of V is called a vector, while an element of V* is called a
co-vector.

e V** =V Any vector v € V can be viewed as an element of V** by v(«a) := a(v) for
any a € V*. Thus, we have V' C V**. Since dim(V**) = dim(V*) = dim(V'), we get
Ve =V

v).

e Remark. Sometimes, we express a(v) by («

5.1.2 Tensor spaces

e Tensor product of two vectors: Let U,V be two vector spaces over R. Let u € U
band v € V. The tensor product of them, denoted by u ® v is defined as an operation
satisfying linearity in both u and v, associativity, but no commutativity. The tensor
product of U and V is defined as

U®V :=Span{u®vlju € Uv eV}
An element in U ® V is called a tensor.

o If {uy, - ,uy} and {vy,--- ,v,} are bases of U and V respectively, then {u; ® v;|i =
1,...,m,j =1,...,n} constitutes a basis of U®V. Thus, dim(U®V) = dim(U)-dim(V).

e A tensor T in
Ve VeV e -V

.V .ﬂf
r times s times

is called a tensor in V' of type (r, s).
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e A tensor on V can also be viewed as a multi-linear function on V. For instance, a
bilinear function on V' is a function

A:V xV =R,

which is linear in both arguments. We denote the set of all bilinear linear functions on
V by L(V,V). We claim that

ViVt =LV, V).

To check this claim, we first see that a tensor T' € V* ® V* is a bilinear function on V.
If T=a®p with a, € V* we define

a® f(u,v) = a(u)b(v)

for vectors u,v € V. If T = Zi\;l a;a; @ P;, we define

T(u,v) := Z a; o (w)Bi(v).

Thus, a tensor T € V* ® V* is a bilinear function on V. Conversely, let {ey,...,e,}
and {e, ..., e"} are a pair of dual bases in V and V* with ¢’(e;) = ?. For any bilinear
function A, we can define a tensor T4 as

Ty := i iA(ei, ej)e’ ®el.

i=1 j=1
Then one can check that

TA(u7 U) = A(u7 U)
for any w,v € V. The mapping: A + T4 is linear. The two spaces L(V, V) and V*@V*
have the same dimension. Thus, L(V,V) =V* ® V*.

e In general, let
LV o V5V, V)
———— ——
r times s times

be the space of all multilinear functions from V* x -+« x V*x V x --- x V — R. Then

LV VAV, V)=V @ VeV e oV,
N —— N——

vV WV
r times s times r tlmes s times
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5.1.3 The Exterior Algebra for Co-vectors

The k-form is a multi-linear functional on a n-dimensional vector space V. It is to measure
k-dimensional volume of a parallelepiped in an n-dimensional space V.
Let {e1,...,en} be a basis of V and {e', ..., e"} be its dual basis in V* with e’(e;) = d5.

e An 1-form is a linear functional on V. If « is a 1-form, then it can be represented as
a = e’
For any v € V with v = v'e;, then
a(v) = a0’

If o = €', then €’(v) = v is the length of the projection of v onto ¢’. In mechanics, o
represents force and «(v) is the projection of force in the direction of v.

e 2-form A 2-form measures two-dimensional signed area of a parallelogram spanned by
the projection of two vector v, w through two linear functional «, 8 € V*. We define
the wedge product of o and f to be a bilinear form on V' by

aA pv,w) = ’g

Let us take V = R? as an example. We measure the signed area of the projection of
the parallelogram onto the plane spanned by ey, e5, which is

(v)  e*(v)

el(w) e*(w)

(% (Y

et A e(v,w) = Wl w?

From this definition, we find

1

2
wh w
e! A e(w,v) = ’01 2| = —e! A e (v, w),

2 1
Z)Q Z}l = —e' Ae*(v,w).

2 Nel(v,w) =

We can also project the parallelogram v, w to es-e3 plane by e? A e?, and to es-e; plane
by €3 A el. The object a A 8 with a, 8 € V* is called a 2-blade. You can check that
eeNel =0if i = j and €' AN el = —e? A el. Thus, in R?, the only nontrivial 2-blades
spanned by basis {e!,e? €3} are e! Ae?, e Ae® and €® Ael. A general 2-form in R? is
a linear combination of these three basic 2-blades:

1, .2 2 . 3 34 1
W= wige Ae” 4 woze” Ne” +wsie” Ae', wig,wss,ws € R.

Thus, the set of all 2-forms is the vector space spanned by e! A €2, €2 A e® and €3 A e'.
We denote is by A%(V,R)*.
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Remark In R?, the 2-form w measures flux. w(v,w) is the w-flux through the paral-
lelogram spanned by v and w.

e 2-form expressed in terms of tensor product For o, 5 € V*, we can define their
tensor product @ ® 3 as a bilinear form by

a® B(v,w) = a(v)f(w) for v,w e V.
The wedge product o A 3 can also be defined to be
aANf=a®p— LR a.
Then for any two vectors v,w € V,

aABv,w) =a® Bv,w) — 5 alv,w)
= a(v)f(w) — f(v)a(w)

which is the same as our earlier definition for o A .

Determinant We recall the definition of determinant det(a!)pxn. Let A = (a',...,a"),
where a/ = (al),x1 are column vectors.

det(A) = det(a', ...,a") := Z sign(a)a(f(l) ea?™

where o : {1,...,n} — {1,...,n}. The sign for o : {1,...,n} — {1,...,n} is defined as

1 if o is an even permutation
sign(c) = ¢ —1 if o is an odd permutation
0 otherwise

It is easy to see that the determinant has the following properties.

1. det(A) = ¥, sign(o)a]" ---af" = 3 _sign(0)al ) -+ a2,
That is, det(A) = det(AT).

2. det(a', ...,a") = 0/if a" = o’ for some i # j.
3. det(A) = LY, _sign(o)sign(r)al(y) - al(n).

n!

4. Rank reduction property: Let A’ be the determinant of the (n— 1) x (n — 1) submatrix
by eliminating ith row and jth column from A. Then for each j

det(A) = Z(—l)iagAz.

i
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The proof for this reduction is by decomposing a permutation o : {1,...,n} — {1,...,n}
into
o=(i—j) <0; {1, 0, n) = {1, .7, ,n}>

where 7 means the term i is eliminated from the set. Note that with fixed j, sign(o) =
(—1)"*sign(o}). We have

det(A) = Y " (~1)*sign(of)al [[ a7 = D" (=1)"*a] det(A7).

ki i
k-blade and k-forms
o Let ol,...,aF € V*. We define
' A AaF (v, ) = det (O‘j(vi))nm :
The tuple aq A -+ - A ay, is called a k-blade.
Proposition 5.1. Let o : {1,...,k} — {1,....,k} be a permutation. We have
(a) a* A~ NP (Vp(1), Vo)) = sign(o)at A+ AaF(vy, ..., v5).

(b) a®D AN a”® = sign(o)at A Ak,

o Let I = {iy,...,7;} be an index set with 1 < 4; < ... < i < n. We shall call it an
ordered index set in {1,...,n} with size k. We denote

el i= e A Aek,

We have
o - P
(e, €1) (€ €,)
I _ : )
e (€. €)= : ‘ :
(€, e51) (€', e5,)
— il""’ik P 1
- 6j17---7jk T 5J’
where
1 if 71, ..., 4% are distinct and J is an even permutation of [
§h =6 =& —1if iy, ..., i, are distinct and J is an odd permutation of

0 otherwise.

The set {e’|] = {i1,...,ix} and 1 < iy < ... < i < n} are independent. There are (})
of them.
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Definition 5.1. A k-form on an n-dimensional vector space (V, (-, -)) is a multi-linear
map
w:Vx--xV—=R

which is also alternative in the sense that

W(Vs(1), s Vo(ky) = sign(o)w(vy, ..., vk),

for any permutation o : {1,...,k} — {1,...,k}.

We denote the set of all k-forms on V by A¥(V,R)*. We see that A*(V,R)* = V*.

Proposition 5.2. The set {e!|I = {iy,...,ix} and 1 < iy < ... < iy < n} forms a basis

of N*(V,R)*. Thus, dim(A*(V,R)*) = (}).

Proof. 1. {e!|I = {i1,...,41} and 1 <4; < ... < iy < n} are independent. If aje! =0,
then for any J = (j1, ..., Ji),

I I
0=are (ej,...,ej,) =ard; =ay.

Thus, e’ are independent.

2. For any w € A*(V,R)*, let
wr = w(ey, ..y €y

You can show that (check)
w=wre .

]

Wedge product We have defined wedge product for two 1-forms. We have also defined
k-blades. Now, we will define wedge product for general k-form and [-form as the follows.

Definition 5.2. (a) Let I and J be two ordered subindex sets of {1,...,n}. We define

K .
T J . (& lfIﬂJ:Q)
¢ he '_{o if 10T £ 0

where K = (I, J).

(b) Let a = ase! and B = Be’, define

a/\B:ZaIBJeI/\eJ.
1J
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Proposition 5.3. Let o and 8 are k-form and {-form. Then for general vectors vy, ..., Vgie,
we have

a A B, ..., Veye) = Z $1g1(0) (Vo (1) -3 Vo (k) ) B(Vo(kr1), -+ Vo (k0)) (5.1)
o€ Sh(k.0)

where Sh(k, ) is the set of all permutations o satisfying o(1) < --- < o(k) and o(k+1) <
e <ok+0).

This proposition says that the definition of wedge product is independent choice of basis.
Proposition 5.4. Suppose o, B and v are k,l, m-forms, respectively. Let a,b € R. We have
(a) (aa+bB) ANy =aa ANy +bBA~.
(b) anB= (=13 Aa.
(c) (@nB) Ay =an(BAY).

Proof. (Sketch) The bilinearity of the wedge product follows from the construction.
For the associativity for the basis, it follows from definition:

(e Ne?)Ne =et A(e? Ne) =et Ae? Ne®

In general, we need to show

)
>
=
>
=
RS
<
£
[
Q
>
=
>
=
RS
<
£
[
2
2
=
=
=
=
=
N

It can be proved by using the rank reduction property of determinant.

Remarks

e The associativity property states that the definition of k-blade oy A --- A ay is indeed
the wedge product of the 1-forms ayq,...,qy.

Volume form The dimension of A"(V,R)* is (Z) = 1. For any o, ...,a™ with o/ = afei.
We have
a' Ao A Q™ =det(al)pxnet A Ae™

The n-blade a! A --- A o™ is called the volume form generated by o', ..., ™.
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5.1.4 Interior Product

The interior product contracts a k-form with a vector v to produce a (k — 1)-form.
Definition 5.3. Let v € V. The interior product i, is an operator
iy APV =AMV

defined by
(1pa) (V1 ooy V1) = @(V, V1, oo, Ug—1). (5.3)

Theorem 5.1. Let v € V. The interior product i, has the following properties:

(i) For 1-form «,

(ii) iy 0y =0
(iii) Leibniz rule: Let o and [ are k-form and (-form respectively. Then
iv(a A B) = (iya) A B+ (—=1)Fa A (i,B). (5.4)
Proof. 1. (ii) can be proven for basis ¢! by:

et A Ner(v, 0,01, ., Ug_g) = 0.

2. proof of (iii) is left for exercise.

Homework

1. Show (5.2).
2. Show (5.1)).

3. Show the Leibniz rule for the interior product.

5.1.5 The Exterior Algebra for Vectors

Exterior algebra handles k-dimensional volumes in n dimensional space. Let V be an n-
dimensional vector space. Let {ey, ..., e,} be a basis of V.

k-vectors An l-vector is just another name of vectors in V. We denote the set of all
1-vectors by A'(V,R), which is V.
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2-vector Let {eq,...,e,} be a basis of V. The 2-vectors e; A e; represents a signed area of
the parallelogram spanned by e; and e;. We define e; Ae; = —e; Aej. This implies e; Ae; = 0.
With these e; Aej, 1 <i < j < n, we define the set of 2-vectors A*(V, R) to be the linear
span of all such e; A e;. Its dimension is (g)

Example Suppose V =R3. Let u = e; +e5 and v = ey — e3. The wedge product u A v can
be viewed as the parallelogram spanned by u and v. It also has the following expression

uNv=_(e1+e) A(ea—e3)=e; ANeg —ea Aez+ ez Aey.
We can also take the cross product of v and v to get
uxv=—-i+j+k.
We find a similarity between u A v and u X v through the correspondence

62/\€3<—>i, 63/\61Hj, 61/\€2Hk.

' & 4

3-vector We first define e;, Ae;, Ae;, as an volume element spanned by the vector e;,, €;,, €.
Let A*(V,R) be the linear space spanned by these basic 3-vectors. The space of A*(V,R)
has dimension (g)

U1 N0y = Uy N0y = Uz N\ 03
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Example Suppose V = R3. Let us consider
e1 N\ ey N\ (63 + 61) =e1 ANeg A\ €3.

This is a (sheared) parallelepiped. Indeed, the wedge product of any three vectors in R? has
the form
V1 AUy N\ U3 = d(ff('l,'l , Vg, ’l,';;)(i] N\ eg N es.

The dimension of A3(R?) = 1.

Wedge product The wedge product A applies to any k-vector v and [-vector v. It satisfies
e Anti-symmetry u A v = (—1)“ vAU
e Bilinearity: (au +bv) Aw =auAw+bv Aw

e Associativity: (u Av) Aw =uA (v Aw).

Remark

e The exterior algebra we define here is through construction. The construction relies
on the choice of bases {ey,...,e,} and its dual {(%1, ...,e"}. However, the vector space
operations and the wedge product for the k-vectors and k-covectors are independent
of the choice of basis.

5.2 Inner Product and Hodge *

5.2.1 Inner product space and representation of inner product

e A vector space V endowed with an inner product structure (-,-) is called an inner
product space. Inner product is used to measure length of a vector by ||v]| := /(v,v)
and the angle cos0 = (u,v)/(||u||||v]|) between two vectors.

e Suppose {ej,...,e,} is a basis of V. Let g;; := (e;,e;). Then (g;;) is a symmetric
positive definite matrix. Moreover, for v = v'e; and w = w'e;, their inner product has
the following formula

(v, w) = gyv'w.

e If (gij) = (0i;), then the corresponding basis {es, ..., e,} is called an orthonormal basis

(ONB).

e Given an n-dimensional inner product space V, we can always find an orthonormal
basis (ONB) {ey,...,e,}. They can be constructed through Gram-Schmidt process.

e Note that the inner product of v, w is independent to the choice of basis.
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5.2.2 Inner product in the dual space V*

e Music isomorphism The inner product (-,-) in V induces a natural isomorphism
between V' and V* called music isomorphism.

(a) V 2 V*: For any w € V, it induces a natural linear functional v — (w,v). We
denote this linear map by w’.

(b) V* 5V For any « € V*, there exists a unique vector w such that a(v) = (w, v)
for all v € V. This statement is called the Riesz representation theorem. We
denote w by af.

e Inner product in V* induced by (V,(-,-)) For a, 8 € V*, define
(a, B) = (o, %).

e Inner product representation in basis. Suppose {e,..,e,} is a basis of V' with
(ei,ej) = gij. Let {e',...,e"} be its dual basis in V* with ¢’(e;) = 6}. From definition
of the flat map b,

e(e;) = (e e5) = giye
That is,
e = i€’
Thus, under the basis {e1, ..., e, } in the domain V" and {e!, ..., e"} in the range V*, the
flat map b has the following matrix representation: for any v € V,
v =v'el = gijv'e’.
e The sharp ff map from V* to V is the inverse of flat b. Let

(gij)nxn = (gij);in-

It is the matrix representation of the sharp map under the bases {e!,..,e"} and

{e1,...,en}. That is,

#

ol = qiet = g’ aze;.

e The induced inner product (-,-) in V* has the following representation:
(e e) = (¢, e7*) = (g*er, ''er) = g™ g g = g7
Thus, ‘ ' -
(o, B) = (€', bje’) = g”a;b;.
e If {e1,...,;e,} is an ONB of V, then {e := €|i = 1,...,n} is an ONB of V*.
e Suppose {ey,...,e,} and {e!,...,e"} are ONB in V and V* with (e;, /) = 67. Then
— For v = v'e;, then v = v;e’ with v; = v°.

— For a = qy€?, then of = a’e; with o = a;.
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5.2.3 Inner product structure for k-vectors and k-covectors

e Inner product for 2-forms Let {e',....e"} be a basis of V* with (¢’,e’) = §%7. We
recall that 2-forms can be expressed in terms of 2-tensors as

e Ne? ="' e —e? R el

We define the inner product for 2-tensor by

(a1 ® g, b1 @ Ba) 1= %<041,51> - (g, Ba).

The factor 1/2 is a dimension factor. We can choose any constant. With this definition
of inner product for tensors, we can define inner product for 2-forms by

<ei1 A 6i27 ejl A €j2> ( i1 ® 67’2 ei2 ® 62'1)7 (€j1 ® €j2 _ ejz ® ejl))
< i1 ® 612 ejl ® 6j2> + <ei2 ® 6i17€j2 ® €j1>)
< i1 ® 612 6]2 ® e]1> + <ei2 ® 6@‘1’ 6j1 ® 6j2>)
(511,J1 5127]2 511792 (512,3'1)

5Z1,J1 5“»]2
= Hldr  §i2.g2

— 51112

J1J2

{
=
= (
=

In general, if (¢’ ¢’) = ¢, then
<€i1 A eiQ’ ejl A 6j2> _ <(€i1 ® eiz o eiz ® Gil), (6j1 ® €j2 _ ejz ® ej1)>

_ [ At1,J1 402,72 11,J2 12,51
= (g7t gP — ghPga)
11,J1 i1,J2
g g

12,71 12,72
gt gd

e Inner product for k-forms Let I = {iy,...,i,.} and J = {ji, ..., j- } be two index sets
in {1,...,n}. Let el = e A---Aeir, el = el A+ Aed. The k-blade e can be expressed
in terms of tensor product.

el = Z Sign(g)eia(l) R ® eiG(T) = Z sign(a)GI

The inner product for two k-tensors is defined by

<aé§75(§é> = <O/1 Q- a/lkvﬁh Q- ®ﬁ]k> = H<a1175]1> e <alk’5]k>.

This leads to an inner product structure for k-forms:
(! el) = (Z sign(o)els, Z sign(r
g
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= k! Z sign(7)(ek, eZr)

— E Sign(T)gll,JTu) .. ,glkﬁj‘r(k)

Suppose {e1, ..., e, } be an ONB of V and {e', ..., "} be the corresponding ONB in V*.
Then ¢g¥ = 6. We have

Sidr Lo ik

e T B

Stkodt Lo kT

Thus, {e|I is ordered index subset of {1,...,n},|I| = k} is ONB of A*(V,R)*. The
inner product of w = w(ey)e! and n = n(ey)e! in A¥(V,R)* is

(w,m) == wlenn(er),

where w(er) := w(e;,, ..., €, ).
e General inner product representation for k-vectors. Suppose {ej,...,e,} is a
basis in V. Let g;; = (ei,e;). Let I = {i,...,ix} and J = {Ji1,...,Jx} be two ordered

index set in {1,...,n}. Let e; =e;; A---Aej, er =ej, A--- Aej,. Following the same
process for covectors, we have

(er,eq) = (Y sign(0)ef, > sign(r)e )
= k! Z sign(7)(e7, €5 )
= Z Sign(T)gith(n © Gikdr e

= det ((gij)iel,j€J>

=9

kxk

Then the inner product of two k-vectors u = u’e; and v = v'e; is

(u,v) = gryu'v’.
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5.2.4 Hodge » for Vectors and Forms
Unit Volume

o If {e4,...,e,} is an ONB of V, then we define the unit volume g = e; A -+ A e,.
This definition is independent of choice of ONB. If {éy,...,é,} be another ONB with
é; = Rle;. Since both bases are ONB, we have RTR = I. This implies detR = +1.
Note that

Gy N Neéy =det(R)ey N+~ Nepy =Feg A+ Aey,.

If detR = 1, we say that {éi,...,¢é,} and {ey, ..., e,} have same orientation.

e Suppose {ey, ...,e,} is a basis with (e;, e;) = gi;. Let {é1,...,é,} be an ONB. We can
express ¢; = ajé;. Then we have

G = (g5) = (e e5)) = ({afén. afer)) = (D afaf) = AAT.

k
This gives det(A) = /det(G). The n-volume

er N Ne, =det(A)ég A -+ ANé, = /det(G)éy A -+ N é, = \/det(G) fi.

Hodge x for Vectors The Hodge star , maps a k-vector to an (n — k)-vector which is
its orthogonal complement. Sometimes, we abbreviate x; by * when its object v is already
known as a k-vector. We start from a definition through an ONB first. In the examples
below, {e1,...,e,} is an ONB of V.

e Example: 2D

1. xe1 = ey, *xeg = —ey, *1 =e1Aes.
2. *(261 + 62) = 262 — e1.
e Example in R3,
1. x(e; Nex) =e3, *(eaNeg) =e1, =(e3Aep)=es.
2. xe1 = ey Nesg, *ey=-e3/Ne;, *e3=e1Aes.
3. xl=e; Nea Neg, *(eg Aeg Aeg) = 1.
4. Let u=e1 + ey, v = €9 — e3. We have seen that

UNV=e1 Ney—ey Neg+e3N\ey.

Thus,
*(uAv)=e3—e+es.

This is exactly u x v. Thus, u A v is the parallelogram spanned by v and v, while
*(u A ) is u X v, which is perpendicular to u and wv.
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Examples in R*
1. x(e; Nex) =e3Ney, x(eaNeg) =esNep, *(eg Aeg) = —es Aey.
2. xe1 = eg NegNey, *ey= —e; Aegey.

Definition 5.4. Let {ej,...,e,} be an ONB in V. The Hodge %, : A*(V,R) —
A" *(V,R) is defined by
(a) % is linear,
(b) *res := sign(o)e;, where I = {1,...,n}\ I and ¢ is the permutation between (I, )
and {1,...,n}. In fact, one can show that

sign(o) = (—1)tHistleth,

The definition is equivalent to the following general definition.

Proposition 5.5. If v,w € A*(V,R), then

v A (xw) = (v, W)L

where [i is the unit volume.
Proof. Let v = vle; and w = wle;. Then

Zv w’er A (xey)
—Zv wler A (xer)

= <v,w>el/\-~/\en.

O

Now suppose (e;, €;) = gi;. Let I = {iy,...,ix} be an order index set of {1,...,n}, I be
the order index set in {1,...,n} complement to I, and o be the permutation between
(I,1) and {1,...,n}. From the definition, we have

er A (xer) = |ler|*p

We recall that
61/\"'/\€n:\/§Na g—det(< z)nxn)
lerll® = (er,er) = gu, g = det((gi)ierjer)-

Hence g
*€ = lsign(a)elz
g
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Volume form Suppose {e!,...;e"} is a basis in V with (e, e’)

= ¢”, where (¢g”) =

((gij)nxn) "' Let é',...,é" be an ONB in V*. We define the unit volume form in V' by

p==e "N Neém

Then
et N Ne = \/det(gi) p.

Exercise

1. Let I = (iy,...,ix) and o be the permutation between (I,1) and {1,...,n}. Show that

2. Show that ,_gx, = (—1)""Fk,

3. Show that (xv,*w) = (v, w).

Hodge x for k-forms

Definition 5.5. Suppose {e!,...,e"} be a basis in V* with (¢!, ¢’) =
form is a map

*p  AF(V,R)* — A" H(V,R)*
satisfying
(a) g is linear
(b) for basis e, where the order index I C {1,...,n} and |I| = k,

big )
*pe = sign(o)e’,

Vo

where g = det(gy;) and g~' = det(g”), and I is the order

g”. The Hodge * for k

index set in {1,...,n}

complement to I, and o is the permutation between (1, f) and {1,...,n}.

Proposition 5.6. If w,n € A*(V,R)*, then

w A% = (w, N

where 1 1s the unit volume form.
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5.3 Differential Forms on Manifolds

5.3.1 Manifold

Definition 5.6. A differential manifold of dimension n is a set M with a family of injective
(i.e. 1-1) mappings x, : U,(C M) — V,(open C R") such that:

1. U U, = M,

2. For any «, 3, with U,NUs = W # 0, the sets x,(W), x3(W) are open and the mapping
xg o X, X0 (W) — x(W) is differentiable.

Remarks.
e X, is called a parameterization (or system of coordinate) of M.

e The couple (U,, X, ) is called an atlas or a coordinate chart of M. The family {(U,,x,)}
is called a differentiable structure of M.

e This definition is intrinsic, it tells nothing where M is in the space.

Examples

e Consider a graph of a function in R™: z = z(z',...,2") is a smooth function with
x € V(open C R"). Let
M ={(x,z2(x))|x € V}.

Such M is an n-manifold. The mapping: (x, z(x)) — x is from M to V C R", and x
is a parameterization of M.

e Disk: {(z,y)|2* +y? < 1}. We can use polar coordinate as our coordinate chart:

r=rcosf,y=rsinf, 0<r<1,0<60<2r.

e Sphere: Consider the spherical coordinate
r =cos¢sinh,y =singsinf, z =cosf, ¢€l0,2n],0 € [—7/2,7/2]

The spherical coordinate (6, ¢) can serve as a local coordinate on sphere.

Function defined on M

e A function f : M — R is said to be differentiable on a chart (U, x) if fox™!, which maps
x(U) € R* — R, is differentiable. A function f : M — R is said to be differentiable
on M if it is differentiable on every chart of M.
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5.3.2 Tangent space and cotangent space

Tangent vector and cotangent vectors Let M be an n-dimensional manifold. Consider
a chart (U,x) of M. That is, U C M is locally parameterized by the map x : U — R". Let
pel.

e A function f defined on U can be treated as a function defined on x(U) C R", and is
denoted by f(z',...,2") in this chart.

e The variation of f at p € U in the direction 2¢ is defined to be the partial derivative:

0

i
8xp

f or fa:z<p)

Let v = v'e; € R™. The variation of f in the direction of v at p is defined to be

() = dfy () = ST ("

From this expression, it is natural to define the tangent space of M at p to be R™. It
is denoted by T,M. The coordinate vector e; € R" will be denoted as % p ET,M. A
tangent vector v € T, M is expressed as

0

i

v=v"—| .
3

8xp

And the the differential of f at p, that is, df, is in Ty M.

e If (V)y) is another coordinate chart containg p, then by the differential structure of
M, x <» y is diffeomorphism, and we have

0 oz 0

dyi Oyl Ozt

From this, one can show that the definition of df,, : T,M — R is independent of choice
of coordinate.

e The coordinate function ' is a smooth function in U. At each point p € U, dx; €

T,(M) and
<dx’|%)]p = 0; for every p € U.

Thus, {dz,...,dxz"} is the dual basis of {9/dz",...,0/0x"}. The differential df in U
can be expressed as

df = fda'.
e The tangent bundle T'M := U,en T, M, the cotangent bundle 7™M := Uyepn/ Ty M.
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5.3.3 Functions defined on manifolds

Let M be an n-dimensional manifold with a family of charts {(U,,x4)}.

e Let M and N are smooth manifolds. A function ¢ : M — N is called smooth if for
every p € M, there exist compatible coordinate charts (U,x) in M with p € U and
(V,y) in N with ¢(p) € V such that the mapping

yopox ':x(U)—y(V)
is smooth. We express this function in terms of (2!, ..., ™) and (y', ..., y™) by (©*(xX), ..., p™(X)).
o The differential dyp, : T,M — T, N is defined to be

p 2\ o 0

P\ o) T ou » Oyl
One can show that the definition of dp is independent to the choice of coordinate
charts.

e Push forward ¢, : T,M — T, N. The differential dy is also called push forward map,
and is denoted by ..

e Pull back ¢* : T7 N — T7M is the dual map of ¢,. It is defined by

(»)
0 - O’
ort’  Ort’

0 .
*dy? | =—) = {dy’ | s
(¢*dy Iaxﬁ (dy’ |
That is,
17
prdy’ = A
ozt

e Suppose M and N are smooth manifolds and ¢ : M — N smooth. If ¢, : T,M —

TN is non-degenerate (i.e. this linear map is 1-1) for all p € M, then we call ¢ is

an immersion and (M, ) is an immersed submanifold of N. If in addition ¢ is also
1-1, we call ¢ an imbedding and (M, ) an imbedded submanifold of N.

5.3.4 Differential forms
e O-forms Q°(M,R) = {f : M — R smooth}.
o |-forms
Q' M,R)={a: M —TM | alp) € T (M) and « is smooth}.
In a coordinate chart (U,x), o can be represented as
a(r) = a(z)da’,

with a;(-) being smooth in U.
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e k-forms
QF(M,R) = {w: M — Upeny N*(T,M,R)* | w(p) € A*(T,M,R)* and w is smooth}
The representation of a k-form w in a coordinate chart (U, x) is
w(x) = wr(x)dx’.
Here, [ = (iy, ..., 1), dx! = da™ A+ A da'®,

e Differential forms are independent of parameterization.

5.3.5 Exterior Derivatives for Differential Forms
We define the exterior derivative d : Q% — QF1 as the follows.

(a) d is linear;

(b) For k =0, define df := f,dz’.

(¢) For w = w;(z)dx!, define d (w;(z)dz’) := dw;(z) A da’.

Examples in R3
1. df = foda' + frada? + fyada?.
2. For 1-form
d(Ayda' + Axda® + Azda®) = (Apeda® + Aj gada®) A da’
+ (Agda’ + Ay pada®) A da® + (A pda' + Ag peda®) A da®
= (Azp2 — Agus)dr® Nda? + (A s — Az p)da® Adat + (Agpr — Ay g2)dat A da?.
3. For 2-form
d(Bydz® A da® + Bydx® A dx' + Bsda' A da®) = (By g + Boaz + Bsgs)da' Ada® A da®.
4. d(p(x)dz* A dz* A dz?) = 0.
5. One can check that dod = 0.
d*f = d(fpda")
= (fxsacz — fx2x3)d$2 A dx® + (fxle — fx3$1)d.f3 Adxt + (fx2$1 — fxle)d:L‘l A dz?
=0.
P*A =d[(As,2 — Ay ps)da® Ada® + (A s — Az n)da® Ada' + (g — Ay g2)dz' A da?)
= [(As42 — Agus)ar + (Aras — Agg1)e + (Ag gt — Ay g2)es] dat A da? A da?
=0.
d’B = d [(By1 + Bay2 + Bsys)dz' Ada® A da?
=0.

87



Proposition 5.7. The exterior derivative d is uniquely characterized by the following prop-
erties:

(a) d is linear,

(b) df = fuda for any f € QO(M,R),

(¢) dod =0,

(d) For a € Q*(M), d(a A B) = (da) A B+ (—=1)ka A (dB).

Proof. We shall only prove (d). The rests are left for exercises. To prove (d), suppose
a = azdr!, |I| = k, and 3 = B;dx’. We have
d(a A B) = d(arBy) Adz" A dx’
= ((dar)Bs + ai(dBy)) A da’ A da’
= (dag Adz") A (Byda”) + (=1)*arda" A dBjy A dx’
= (da) A B+ (=1 a A (dB).

Remarks

1. The proposition also implies that the definition of the exterior derivative d is indepen-
dent of the choice of coordinate chart.

2. If (U, x) and (V,y) are two charts covers a point p. Then, from definition, dy’ = gixidxi,
and for any function f: M — R,

of

d :—.dj
if g Y

of ayj i aof
_— Y dx —

= T do' = —Ldx".
Oyl Ox* ox’ v

5.3.6 Pullback

In multivariable calculus, we need to perform change-of-variable. This is the pullback oper-
ation of differential form.

Definition 5.7. Let ¢ : My — M. Let o € Q¥(M) be a k-form. Its pullback p*a € QF (M)
is defined by

" () (v1, ..., vg) = aldp(vy), ..., do(vg)). (5.5)

Proposition 5.8. The pullback ©* has the following properties.
o O*(f)=foyp for f € QM)
o v (anp)=(¢a)A(pp).
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o o'(fa) = (¢ f)era.
o ¢ (da) = dy* ().

Let a € Qi (M) and X C My be a k-dimensional submanifold, we have

/f@)a - [ ra.

5.3.7 Stokes’ Theorem

Stokes’ Theorem in vector calculus In vector calculus, we have three important theo-
rems related to the fundamental theorem of calculus:

e Fundamental Theorem of Calculus: Let C' be a curve expressed by x(t) with ¢ € [0, 1].
We have

/C V() - dx(t) = F(x(1)) — F(x(0)).

e Kelvin-Stokes’ theorem: Let ¥ be a surface in R?, u : R® — R3. We have

//ZVXU(X)-ndS:/aE’u,-dX.

e Divergence theorem: Let D be a domain in R? and q : D — R3. We have

//Dv-q(x)dX://aDq-ndS.

Here, the surface normal element n dS has the following representation in terms of a param-
eterization. Suppose X is parameterized by x(u,v). Then the outer normal of ¥ is

ox Ox
_ el
n = 8—XX8—X|.
ou ov
The area element is 5 5
X X
dS = |— X —|du A dv.
Ouxav unau
Thus,
ox 0x
1 Ji k

=| Oyz' 0,2° 0,2% | du Adv
Oyt O,x% Oya®
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_ (0(a?,2?) 9P, xt) O(xt,a?)
\O(u,v) T O(u,v) T O(u,v)
= (do* Nd2®, d2® N dat, dat A da?).

) du A dv

Here,
272 IE2
O(u,v) S S
is the Jacobian and
(a2, 23)

d dv = dz? A da.
8(u,v) u N\ dv X X

The meaning of dz? A dx? is the following. It is a functional applied to a two dimensional
surface S. It returns the infinitesimal area element of the projection of S onto the z2-z3
plane.

Generalized Stokes’ Theorem for differential forms All of above formulae (1D, 2D,
3D) can be unified into one single formula

/dw:/ w
D aD

where 0D denotes the boundary of a domain D. The domain D can be one, two or three
dimensional. The integrand w is

e ID:w=f, dvw= %dml + %dﬁ + %da:?’,

o 2D: w = wida' + uodx? + usda?®,
dw = (Oyug — Osug)dx® A dz® + (Osuy — Oyus)da® A dx' + (Oyug — Opuy )dat A da?.
e 3D: w = quda® Ndz®+ qudx3 Ndz' + qzdat Adz?, dw = (01q1 + Oaqo + D3q3) dwt Adx® Nda?.
Let us state this generalized Stokes Theorem below.

Theorem 5.2 (Stokes-Cartan). Let M be a smooth k-dimensional manifold with boundary
OM. Letw € Q*Y(M,R). We have
/ dw = / w.
M oM

Proof. 1. We partition the parameter domain into union of small cubes. We only need to
prove the case when M = [0,1]* and w = fydul A--- Adu* A -+ A du®.

1
/ dw:/ / f.du’/\dul/v--dul---/\duk
[0,1]% et Jo OU
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— [ ) = B A
[0’1}]6—1

o[0,1]%

Remarks

1. The Stokes theorem in vector calculus seems depending on the inner product structure
of R3, it is indeed independent of the inner product. It depends only on the wedge
product and the exterior derivative. Later, we shall show that the Stokes theorem is
purely topological, which is the deRham Theorem.

2. Sometimes we denote the integral by

@ity = [ w

and the Stokes-Cartan theorem can be expressed as
(dw|M) = (w|OM).

This means that d and 0 are dual to each other. In this setting, the concept of the
vector space Q¥ is clear. However, it is not clear what is the vector space for the
collection of k-dimensional sub-manifolds M. In fact, we can construct such a vector
space algebraically, called simplicial complex. The integration of w is over those k-
simplices. We shall see this in later section.

5.4 Inner product structure for differential forms

5.4.1 Riemannian manifold (Inner product structure)

The vector calculus uses inner product structure in R? (i.e. the b, # operations). For general
manifold M, an inner product structure G = (g;;) on M is a symmetric, positive definite,
smooth bilinear function (-,-) on the tangent space TM. This means that if (U,x) is a

coordinate chart, the inner product of two tangent vectors % and % is defined to be

<i i>_ )
oz’ opi’ I

with (g;;(x)) is a smooth, symmetric and positive definite matrix function. We denote the
arclength
ds® = gijda' @ da’,  or just ds® = g;;da'da’
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With the inner product on tangent space TM, it induces inner product structure ¢g* on T*M:
<dmi’d$j> = gij> (gij) = (gij)_lv

and on QF(M,R) by g
<dXI, dXJ> = g[Jv gU = det((gm)z‘el,jeJ)'

For any w,n € QF(M,R), they can be represented as

0 0
w = W(ax“ g sery axlk )d{L‘I = (,{)]dajl’ n= ’er(I,‘I.
Then
(w,n) == wmyg"’.
Example

1. Consider polar coordinate in R?. The coordinate chart is (R?, (r,6)). The imbedding
map is (z,y) = (rcosf,rsinf). The inner product of (R? (r,6)) is induced by the
inner product of the Euclidean plane (R?, (z,y)). We have

o 0 o
g1 = <E7 E) - ||(COS97SIDQ)|| - ]-7

0 0

g12 = g21 = <§7 %) = <(COS 6’,sm 9)7 (—T' SIDQ,TCOS 0)) =0,
RN -
oo = <%, %HK—TSIHQ,TCOSQ)H =r-.

The corresponding inner product in T7*M is g'* = 1, ¢! = 0 and ¢**> = 1/r?. The
volume form p = \/gdr A df) = rdr A d6.

5.4.2 Hodge » and Co-differential for Differential Forms

We are interested in the L? inner product structure for k-forms Q*(M,R): Suppose w,n €
QOF(M,R), we are interested in the following inner product of w and 7 defined by

/M (@), 1) (p)

where g is the volume form of M and (w(p),n(p)) is the inner product of two k-form in
A¥(T,M,R)*. In performing integration-by-part, it is convenient to introduce the following
Hodge star operator.

Hodge x for Differential Forms The Hodge % : Q¥(M,R) — Q" *(M,R) is defined as
below.
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Example
e Polar coordinate in R?: We have seen that the volume form p = rdr A df.
1. x1 =p=rdr ANdb

2. x(dr) =rdf, *(df) =—2idr.
This follows from df A (xdf) = ||d6||*rdrdf, and ||d|* = ¢** = 5.

¢ Global volume form and orientable manifolds Given a Riemannian manifold M,
we have seen that it can always a unit volume form at each point. Any two such
unit volume forms is different by a sign. If the manifold has a consistent sign of a
unit volume form u, then we say the manifold is orientable. Below, to define Hodge *
operator, we assume our manifold is orientable. The unit volume form is denoted by

1L

e Hodge * on dx!
Let I = {iy,...,ix} be an ordered index in {1, ...,n}. We define

*dx! = \/EgHsign(a)dxf.
where I = {1,...n} \ I, o is the permutation between (I,I) and {1,...,n}, ¢/ =
det((g")ier jer)xk and g = det(gi;).

e Hodge * for k-form: For w € QF(M), w can be represented as w = wydx!, where
I = (iy,...,i). We define w = w; « dz!. This definition is equivalent to

Proposition 5.9. For any w,n € QF(M,R), we have

w A x1) = (w, n)p,
where 1 1s the volume form of M.

Connection of Hodge » with Vector Calculus In vector calculus, we define grad, curl
and div for vector fields in R3. These operators correspond to the exterior derivatives

do £ grad, dy £ curl, d, £ div.

In fact,
V= (dof)!, Vxv=xd(V"))F, V. v=xdyx (V). (5.6)

The properties curl o grad = 0 and div o curl = 0 correspond to d? = 0.

Homeworks

1. Prove (5.6).
2. For f € Q°(M), show that
ANf=V-(Vf)=xdx*df.
3. For v = (v, v, v3) : R® = R®. Let a = v". Show that
(Av)’ = (xd* d — d * d*)o.
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Co-differential operator ¢

1. In vector calculus, we use integration-by-part quite often. The formula reads

/Dng-vdx:—/D¢V-vdx+/angv-ndS.

We would like to find the formula of integration-by-part in terms of exterior derivative
d. The volume integration are expressed as

[ vo-vae= [ (o

/D¢V-vd:v:/D(gb,*d*vb>u.

Lﬁvnwzéﬂm%-

This *xd* is the dual of d. It is called the co-differential operator.

The boundary term is

2. Exercises

(a) Suppose D C R3. Show that

/va-w=—/v-wadm+/ (v, w)
D D oD

and to conclude that

/(dvb,wb),u:—/(Vb,*d*wb>u—|—/ VI A W
D D oD

3. To define co-differential operator for k-form, we shall define it as the dual of d,,_;. Let
us consider the following diagram

QF (M) —2% 5 QF1(M1)

l*’“ l*k,l

Qv k(M) n—k, QPR+ (M)

These induce a map 8 : QF — QF 1 by

5k = (—1)k *];_11 dn—k*k = (_1)kn+n+1 Fn—k41 dn—k X .

Note that o9 = 0. The operator ;. is the dual of dj_; in the following sense.
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Proposition 5.10 (Integration-by-part). Let M be an orientable n-Riemannian manifold
with volume form p. For any o € QFY(M), B € QF(M),

<dk—10475>ﬂ - <a7 5/96)//“ = dn—l(a N (*ﬁ)) :

Proof. We have

d(a N (%B)) = (dj_1a) A (%B) + (=1)" " a A (dp_i * B)

= (da, By — a A ((—1)F *p1 5t i >k B)
(da, B)p — a A g 1613
(dov, By — (a, 6B) .

Remark In QF(M), let us define the inner product by

{w,m) ¢=/ (w,nm:/ w A 1)
M M
for w,n € QF(M). When M has no boundary, then

(drw, ) = (W, Ok41m)).-

That is, 6,1 : QFFL(M) — QF(M) is the adjoint of dy, : QF(M) — QFL(M):

dy,
QF (M) +— QFY(M)

Ogt1

5.4.3 Dirichlet Integral and Hodge Laplacian

For an a € QF, we define the Dirichlet integral

Ela] := 5 (lldsall* + [|drer]|?)

= (<<dkOé, dkOé>> + <<5k047 5ka>>)

N~ N =

which measure the roughness of & on M. Suppose M has no boundary. We take variation
of E/ in . That is,

Ela+ed).
e=0

(9Bl &) =

Taking integration by part, we get

<<5E[Oé];d>>=/ ((Okrdier, @) + (drr0pa, &) p = /M<—A047d>u,

M
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where A« is called the Hodge Laplacian of @ and is defined to be

Ao = — (6k+1dk + dk—lék) Q.

Note that from oy = 0 and d,, = 0, we get
A = —61dy for O-forms

A = —d,,_19,, for n-forms

We list its expression in parameter form. Suppose M is locally parameterized by (!

with < 0 0 > = Gij-

9zt dai
e O-form: f: M — R
1 0

Af = ﬁ@xi

0
’L]_
(\@9 Ry f) :
e k-forms
Homework
1. Derive the formula for Hodge-Laplacian in parameter form.
5.5 Hodge Decomposition

5.5.1 Helmholtz Decomposition for Vector Fields

R

The Helmholtz decomposition for vector fields in R* was published in (1858). Such de-
composition was generalized to differential forms by Hodge (1934), to general domains with
boundaries by Friedrichs-Morrey (1955,1956). The theories are termed Helmholtz-Hodge

decomposition and the Hodge-Morrey-Friedrichs decomposition.

Theorem 5.3. Let M be a 3D manifold. Let v : M — R3 be a vector field. Then v can be

L?-orthogonally decomposed into
v=Vp+V x1+h,
where

e ©: M — R (potential) satisfies
DNp =V -v.

=0 on OM.
o Y : M — R? (stream vector field) satisfies
Vx(Vxy)=Vxv,
Y || v on OM
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e h: M — R3 (harmonic vector field) satisfies

V-h=0, Vxh=0. (5.12)

Proof. 1. We look for equations satisfied by ¢, © and h. First, By applying the divergence
operator to (5.7)), we get
V.-v=Ap.

2. Next, applying the curl operator to (5.7]), we obtain

Vxv=Vx(Vxay).

3. Suppose we can find ¢ and v from the above two equations, then by defining h =
v—Vo—-—Vx weget V-h=0and V xh=0.

4. By choosing proper boundary conditions for @ and h, we can get the orthogonality

properties:
/ (Vo ¥ x ) dx = 0. (5.13)
M
/ (Vi,h) dx =0, (5.14)
M
/M<v X 9, h) dx = 0. (5.15)

5. To fullfil (5.13)), we have

/M<V907V><1/)>dX=/M<V><(V(p),l/)>dx—/a (V) x - vdS

M

:/ (V) x 9 - vdS.
oM

If ¢ || v on OM, then the boundary term is zero. Thus, a natural boundary condition

for 4 is (5.11)).
6. To satisfy (5.14)), we need

/h-chdx—/ @h-udS—/ng~hdx
M oM M

= / vh-vdS
oM

Thus, boundary condition h - v = 0 gives ([5.14]).
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7. For (5.15)), we have
/h-(w)dx:—/ (hxz/:)-l/dS-l—/(Vxh)-v,bdx
M oM M
:—/ (h x 9) - vdS.
oM

Thus, boundary condition (5.11]) gives (h x @) -v = 0.

divergence-free harmonic

curl-free

(coexact)
(exact)

Figure 5.1: Copied from Crane’s lecture note

5.5.2 Hodge decomposition for k-forms

In above decomposition, the keys are the facts
divocurl =0, curlograd =0.
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In exterior calculus, these are unified to
dod=0, 60d=0.

Here, d is the differential and § is the codifferential. We recall the space of k-forms is QF(M).
In QF(M), we have defined the inner product

{{w, m) ;:/ w A *1).
M
If M is a closed manifold (i.e. it has no boundary), then 5, is the adjoint of dj. That is,
<<dkwa 77>> = <<w7 5k‘+177>>7 for any w € Qk(M)v ne Qk+1(M)

We have the following diagram

dkfl dk

Qk_l(M) T Qk(M) K Qk+1(M)

Definition 5.8. A k-form w € Q*(M) is said to be

e closed if dw = 0,

ezact if w = da for some o € QF1,

co-closed if dw = 0,

co-exact if w = 00 for some k + 1-form £,
e harmonic if dw = 0 and dw = 0.

From d o d = 0, we get that exact forms are also closed. From § o § = 0, we get that
co-exact implies co-closed. Thus, Im(dy—1) C Ker(dy) and Im(d;4+1) C Ker(é,). We now
state the Hodge decomposition of k-forms.

Theorem 5.4. Let M be a closed n-manifold, Q*(M) be the space of its k-forms with the
following diagram

dk—l dk
_ P — —_—

Then

QF (M) = Im(6p41) ® Ker(dy,) = Im(8pp1) @ Im(dy_1) @ H*(M).

That is, for every w € QF(M), there exists a unique o € Q¥"1(M) up to a closed form, a
unique 3 € QY (M) up to a co-closed form, and a unique harmonic k-form h € H*(M),
such that

\w=da+63+h.] (5.16)
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The decomposition follows directly from the following Lemmas from Linear Algebra.

Lemma 5.1 (Four Fundamental Subspaces). Let V,W are two inner-product spaces. Let
AV = W be a linear map and A* be its adjoint. Then

(ImA*)* = kerA, (ImA)* = kerA*.

This also means

V =kerA@ ImA*, W =kerA* @ ImA.

Proof.
y € (ImA)*t < (y,Ar) =0Vr € V & (A'y, ) =0Vz € V
S Ay=0&y e KerA™.
The proof for (ImA*)*+ = kerA is similar. O

Lemma 5.2. Let U,V,W be inner product spaces. Let A, B be linear maps as the diagram

U-A23v B W with BoA=0

Then
ImANImB* ={0}.

Proof. From Bo A = 0, we get ImA C KerB. From previous lemma, we have kerB =
(ImB*)*. Thus, ImA C (ImB*)*. This implies ImA N ImB* = {0}. O
Proof of Hodge decomposition

1. From dj : Q¥ — QL and 0441 = dj, we get

QF (M) = Ker(dy,) @ Im(0g41).

2. We further decompose Ker(dy) as
Ker(dy) = Im(dg_1) ((Im(dkfl))L N Ke?"(dk))
= ]m(dk—l) (Ke’l"((sk) N KGT(dk))

S
S

Next we show that harmonic functions satisfy the Laplace equation.

Proposition 5.11. On a closed manifold M (i.e. M has no boundary),
HMM) = {h € Q*(M)| Ah = 0},

where A\ = —(dkflék -+ 5k+1dk)-
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Proof. 1. We show that Ah =0 = dh =0 and 6h = 0. If Ah =0, then
di—10xh = —0p1dph € Im(dg—1) N Im(dx41) = {0}.
Thus, dg_10xh = 0 and 6 1dih = 0.
2. When di_10h = 0, we also have
0 = (dr—10h, h)) = (Skh, xh))
This leads to d,h = 0.

3. Similarly, when 6 1dih = 0, we have diph = 0. Thus, h is harmonic.

4. The proof of (dh = 0 and 0h =0 = Ah = 0) is trivial.
[l

5.5.3 Solving for the Exact, Co-exact and Harmonic Components

Let M be a closed manifold. For w € QF(M), it can be decomposed into
w=da+ 5+ h. (5.17)

Below, we will extract each components from w.

Extracting o € QF1(M)
1. We apply ¢ to the decomposition formula (5.17)) to get
dda = dw. (5.18)

2. The solvability of (5.18)) is due to the following lemma (i.e. Im(dxdx_1) = Im(dx)).
Lemma 5.3. In the diagram
QFL(M) 224 QR (M) —2 QFL(M) |
it holds

Im(Sdy—1) = Im(dy) (5.19)

{ Ker(ogxdy—1) = Ker(d,_1)
Proof. (a) If u € Ker(dpdy_1) C Q1(M), by Hodge decomposition
u=do+0Y+x
where y € HF¥"1(M). From ddu = 0, we get

5dsip = 0.
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This implies
0 = (6ddvp, o) = ((ddep, dowp))
Hence, déy) = 0. By taking inner product with 1, we get
0 = ({doy, v) = (6, 6¢))

Thus, 51 = 0. Hence u € Im(dy,_o) ® H*1(M), which is Ker(dy_,). This shows
Ker(ogdy_1) C Ker(dg_1). The other part Ker(dy_1) C Ker(drdy_1) is trivial.

(b) From (0dg_1)* = Oxdy_1, we get
Im(Spdy—y) = Ker(Spdy_1)*.
We have seen that Ker(dydy—1) = Ker(dg—1). Thus
Ker(0pdy_1)" = Ker(de_y)™ = Im(d;_,) = Im(6,).

This shows Im(dxdy_1) = Im(d).
[l

3. The component o € Q*1(M) in the decomposition formula (5.17)) is unique up to a
closed form. We apply the Hodge decomposition to o to get

a=x+do+ 0.
This is an orthogonal decomposition. Hence
leell* = IxII* + lldell* + [[6w]*.

The terms x+d¢ € Ker(dg_1). Thus, it makes no contribution to da. A canonical way
to determine a unique « is to let o L H¥"1(M) and o L I'm(dj_5). The latter gives
a € Im(dy_2)* = Ker(d;_,) = Ker(d,_1). To summarize, such unique a € Q¥-1(M)

satisfies
oda = dw

da =0 (5.20)
(o, x) = 0 for all x € H*"1(M).
4. Another way to express ([5.20)) is

{ — A a=w
{a,x) = 0 for all x € H*1(M).

Here, —A\ := 0pdj_1+di_205_1. Clearly, (5.20]) = (5.21)). Conversely, if dda+dda = dw,
then dda + déaw € Im(dy,). Hence, déav = 0 by Hodge decomposition. This implies

0 = ((doa, a)) = {(0cr, dav))

(5.21)

This shows (5.21]) = (/5.20)).
5. The well-posedness of ([5.20]) or ([5.21)) follows from the Hodge decomposition theorem.
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Extract  component By a similar process, one can show that § € Q1(M) can be
determined uniquely by

dof = dw

dB =0

(B, x)) =0 forall x € HkH(M),
This is equivalent to

— A B =dw
{ (B, x) =0 for all x € H*1(M).

Harmonic Component h We simply use the decomposition formula.
h=w—da—9p.

to extract the harmonic component.
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Chapter 6

Discrete Exterior Calculus

The discrete exterior calculus will be built on discrete (algebraic) topological structures
of manifolds. There are various kinds of such discrete structures: simplicial complex, cell
complex, or some other complices, depending on the mesh you use. We will use simplicial
complex, which can be constructed through triangulation. This is the simplest structure
and is usually called the primal complex. The simplicial complex consists of a sequence of
k-simplices and a sequence of associated boundary operators. For instance, for 2-dimensional
manifold M, the simplicial complex K = {V, E, F'}, and boundary operators 0y : F — FE,
01: F — V. Here, V, E, I, are sets of vertices, edges and faces on M, respectively.

In addition to the two main references (Crane + Chern and Schréder) of this note, the
reference of this chapter also include

e Mathieu Desbrun, Anil N. Hirani, Melvin Leok, Jerrold E. Marsden, Discrete Exterior
Calculus, 2005.

e D. Arnold, et al, Finite element exterior calculus, homological techniques, and appli-
cations, 2006.

e D. Arnold, R. Falk, Winther, Finite element exterior calculus: from Hodge theory to
numerical stability, 2009.

6.1 Meshing

Meshing is to discretize a manifold and to build up a topological structure. For instance,
triangulation is one kind of meshing. It builds up a simplicial complex on a manifold. There
are other kinds of meshing, for instance, quadrilateral meshes in 2D and hexahedral meshes
in 3D. We shall only discuss triangle mesh here.

6.1.1 Triangulation

Triangulation on flat domains Suppose M C R™ is a domain. We want to triangulate
M. The most common way is to use Delaunay triangulation. The corresponding mesh
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maximizes the minimum angle of the underlying triangles. This will give nice property for
the discrete Laplace-Betrami operator.

Delaunay meshes

e Given a set of points V' C R™. A Delaunay triangulation DT(V') is a triangulation
such that no point in P is inside the circumcircle (circum-hypersphere) of any triangle
(m-simplex) in DT (V). This condition is called Delaunay condition. An important
property of Delaunay triangulation is that it maximizes the minimum angle of all the
angles of the triangles in the triangulation.

e [f the points in V are in general position, then there exists a unique Denaunay triangu-
lation of V. The meaning of general position is that the affine hull of V' is m dimension
and no m + 2 points in V' lie on a hypersphere whose inside contains no points in V.

e Given V = {x;,i = 1,..., N} C R™, generation of DT'(V') can be transformed to find
bottom side of convex hull of the points {(x;, ||x]|*)|i = 1,..., N} in R™+L,

e Reference:

— Jonathan Richard Shewchuk, Lecture Notes on Delaunay Mesh Generation, 2012.

— Per-Olof Persson and Gilbert Strang, A simple mesh generator in matlab.

Triangulation on a manifold

e A topological space X is called triangulable if there exists a simplicial complex C and a
homeomorphism (i.e. f is 1-1, onto continuous and f~! is also continuous) f : K — X.

e People also study intrinsic Delaunay triangulation on a Riemannian manifold M with-
out embedded in an Euclidean space. The edges there are geodesic paths.

e Reference: M. Fisher, B. Springborn, P. Schroder, and A. I. Bobenko, An algorithm
for the construction of intrinsic delaunay triangulations with applications to digital
geometry processing, Computing 2007.

6.1.2 Building a simplicial complex on a triangulated domain in
R3

We want to build up a simplicial complex I on a triangulated orientable domain M C
R3. This simplicial complex consists of ordered vertices, edges, faces and tetrahedra. K =
{V,E, F,T}. Here is the procedure.

1. We index the vertices in V', say V' = {1,...,no}.

106



2. We determine orientation of the edges, faces and tetrahedra. These are the sets E, F
and 7T'. The orientation of each tetrahedron should be consistent to the orientation of
the domain M. Then we index F, F' and T. The numbers of them are nq, no and ns.

3. The boundary of an oriented simplex is defined to be

k
Oklvo, - ve] = > (=1)[vo, .., i, ony 0.
i=0
For example,
L4 (91[1)0,111} = [Uﬂ - [UO]§
L4 82[1]071)171)2] = [U17U2] - [U07U2] + [U(bvl];
o Oslvg, v1, V2, v3] = [v1, V2, V3] — [Vg, V2, V3] + [vg, V1, V3] — [v0, V1, Va);

4. We construct the boundary operator 03,0, and 0; using the example in Chern and
Schroder’s note for explanation. (Figure 4.5).

Figure 6.1: Copied from Chern and Schroder note

[12]
[13] 123]
1] [14] [124]
9] 23] [134]
[1234]
velpl B=|pa| Pe|psg| 7= . (6.1)
4] 25] 235] <[2345]>
[5] [34] [245]
35] (345]
[45]

The boundaries of the simplices are given by

05[1234] = [234] — [134] + [124] — [123],
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05[2345) = [345] — [245] + [235] — [234].
8,[123] = [23] — [13] + [12]

In general, the boundary operators, or the incidence matrices are given by

+1 +1 0 0 0 0 0

-1 0 -1 0 41 0 0 0 0

+1 0 o -1 -1 0 0 0 O

-1 0 +1 0 0 +1 +1 0 O
O3=1|+1 -1 0y = O +1 0 -1 0 41 0
0 +1 o o0 o0 o0 -1 -1 0

0 -1 o o0 41 +1 0 0 +1

0 +1) 00 0 0 0 41 0 -1

o 0 0 0 0 +1 +1

|E[x|F|

-1 -1 -1 0 0 O O 0 O
+1 0 0 -1 -1 -1 0 0 O
o=10 +41 0 +1 0 0 -1 -1 O
o o0 +1 0 +1 0 +1 0 -1

00 0 0 0 41 0 +1 41/, .

6.1.3 Building a simplicial complex on a triangulated manifold

Abstract simplicial complex

Let V- ={p1,...,pn} be N abstract vertices. A k-simplex of V is a set
o = {U07 ...,Uk} cV.
Any simplex spanned by a proper subset of {vy, ..., v} is called a face of oy.

We can make this simplex abstract. Namely, consider a vertex set V = {1,...,N}. An
abstract k-simplex is {vg, ..., vx}, where v; € V. Any subset of a simplex is another
simplex. We call it a face.

A collection of simplices K is called a simplicial complex if for every simplex o € K,
every face o/ C o is also in K. Let K®*) be the collection of k-simplices of K. Then
K = UpK™. For simplicial complex in 3D, it is K = {V, E, F, T}, vertex, edge, face
and tetrahedra.

A complex K is a pure m-simplicial complez if every simplex o’ € IC of degree [ < m is
contained in some simplex of degree m.

A complex is an m-dimensional simplicial manifold if

— it is a pure m-simplicial complex
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— For every v € V| the star of v;: St(v;) = U{oc € Klv; € o} is composed of
m-simplices.

e Given a k-simplex {vg, ..., vx}, there are only two types of permutations among the
vertex indices, even or odd. The type of permutation determines the orientation of the
simplex. An oriented k-simplex is denoted by [vg, ..., vx]. The orientation of

[vo, -, Uk] if p is an even permutation,
[U (0) .U (k:)] = K . ;
PR —[vg, ...;vx] if p is an odd permutation.

¢ Boundary operator: 0, : K* — K*V for o}, = [vg, ..., v}], define

k

Ok0 i= Z(—l)i[vo,...,ﬁi,...,vk}. (6.2)

=0

Here, v; means that we skip the term v;. One can show

For instance,

0%[0,1,2] = ([2] = [1]) — ([2] = [0]) + ([1] = [0]) = 0
0%[0,1,2,3] = ([2,3] — [1, 3]

e We say two adjacent k-simplices [vg, vy, ..., vx] and —[wg, vy, ..., v] have consistent orien-
tation. This is because when we add these two simplices, their common face [vy, ..., vg]
will be cancelled.

e An oriented m-simplicial manifold is an abstract m-dimensional simplicial manifold
where we can assign a consistent orientation to every m-simplex.

6.2 Chain Complex and Co-chain complex
Chain complex

e Chain: Given an abstract simplicial complex K. Let ¥ be the collection of all oriented
k-simplex in K. We label them as oy, ¢ = 1, ...,n;. The k-chain of K over a field R is
defined to be

N

Cr(K) i={c =) coplc' € R}.

=1
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The k-chain Ci(K) is a vector space of dimension ny.

The boundary operator 0 : Ci(K) — Cj_1(K) is defined to be
Orc = O, (ciakﬂ-) = ciakak,i

for ¢ = c'oy; € C(K). Here, we recall

Ok[voy .y vy == Z(—l)i[vo, ceey Dy ey VR

The boundary operator has the following properties:

— O is linear;

- (91{,1 Oak = O

For the proof of 0;_1 o 9, = 0, we have

k
Oe10k[v0, - 4] = Opm1 Y _(=1)' [0, oory By oy V1]
=0
k i—1
= Z(_l)l (_1)][’007 » Ujs 7'&27 7Uk]
i=0 =0
k k
+ Z(_l)l Z (_1)] [UU: 5617 aﬁja Uk]
i=0 j=i+1
k
- ZZ(_DPF][UO) 7 Ujy ey Uiy 7Uk]
i=0 j<i
k
+ Z Z(—1>Z+]71[1}0, ceey ?A]j, ceey /lA)i, ceey /Uk]
i=0 j<i
=0.

e Chain complex: The sequence (Cy(K), O):

00— C(K) 25 Oy () 224 o 2 () =2 Gy () =25 0

is called a chain complex associated with K and is denoted by C(K). Here, i is the
inclusion map.
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e Example: We use Ex.4.1 as an example.

0'171 [12]
0'172 [13]
0071 [1] 0173 [14]
00,2 2] 014 [23]
V = 0'073 = [3] s E = 0'175 = [24] s
0'0’4 [4] 01,6 [25]
00,5 [5] 01,7 [34]
0178 [35]
019 [45]
021 [123]
0'272 [124]
0'273 [134]
F=|ou|=|[234|, T= <“371) = (Egiﬁ)
a5 235] 732
Oa26 [245]
0'2,7 [345]
The chains C}, = span{oy;|i = 1,...,nx}. Thus, Cy = R®, C; = R?, Cy, = R” and

03 - R2.

Figure 6.2: Copied from Chern and Schroder note

Homology Chain complex can be used to measure topological properties of the underlying
simplicial complex K.

e Recall the chain diagram

00— O (K) =2 € () 227 o 22 0 (K) =2 Cu(K) -2 0




From 0y 0 Ox11 = 0, we get
Im(Okt1) C Ker(0g).

We define

.mwm»:éﬁgg

called the kth homology group of C'(K). Its dimension (number of generators) is called
the kth Betti number of K, and is denoted by by.

e We denote the dimension of Cy(K) by Ii, and define the Euler characteristic x () by

X(K) = (=1)* L. (6.3)

Figure 6.3: A disk-like simplicial complex.

e Example 1: Disk. Topologically, it has the following simplicial complex.

i "
NI _ (23]
L P~ (ki)
4 o

— Note that the dimensions of Cy (i.e., V), Cy (i.e., E), and Cy (i.e., F) are 4, 5,
and 2, respectively. The Euler characteristic is

X(’C)ZIO_.[1+IQ=4_5+2=1
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— In Cy, Ker(dy) = {0}. Thus, Hy = {0} and by = 0. In C}, the following chains
are closed loops

0y = [12] 4 [23] — [13]
Uy = [13] + [34] + [41]

There are only two independent loops in C4(K), that are ¢; and ¢;. They are in
Ker(0;). They are also in I'm(0s) because their interiors are the 2-simplices [123]
and [314]. Thus, Ker(d,) = Im(9y) and H'(K) = {0}. We have by = 1, b; = 0,
by = 1.

= In Gy, Im(y) = ({[2] — [1], [3] — [1], [4] — [1]}) . Note that {[3] — [2], [4] — [3]} are
in Im(0;) but not independent. The Ker(dy) =< {1,2,3,4} >. Thus, by =
dim Hy = dim Ker(9dy) — dim(Imd,) =4 —3 =1. We get by — by + by = 1.

e Example 2: Circle. by =1, by =1, by = 0.
e Example 3: Sphere S%. (5 is nontrivial. But C is trivial. by =1, b =0, by = 1.
e Example 4: Torus. H; has two independent elements. by = 1, by = 2, by = 1.

Theorem 6.1. Homology is topological invariant: If X and 'Y are two triangulable topolog-
ical spaces which are homeomorphic to each other. Let Kx and Ky are the two simplicial
complexes corresponding to X and Y. Then Hi(C(Kx)) = Hi(C(Ky)).

Since the homological is invariant in any triangulation, we can write H(C(Kx)) by
Hi(X).

Theorem 6.2. If X is connected, then dim Hy(X) = 1.

Proof. Any two points p; and p, are connected, which means that there exists edges (pV), p?),
(p(z)’p(d))7. S (p(mfl)’p(m)> Wlth p(l) =D and p(m) Then 8 (( p(Q)) + .. (p(mfl)’p(m)>) —
p2 — p1. Thus, any two points in K are equivalent to each other w.r.t. im(0). O]

Theorem 6.3 (The Euler-Poincaré Theorem). Let K be an m-dimensional simplicial com-
plex. Then x(K) is related to the Betti number by

m

=D_(=1\hulk

k=0

Proof. 1. Let I} be the number of generators of C}, then
Iy = dim Cy, = dim(Kerdy) + dim(Imoy).

2. Let b, be the number of generators of the space Hj, where
Hy, = Ker(9)/Im(0k+1),

then
b = dim(Kerdy) — dim(Imoy41).
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3. The Euler characteristic is

(=11,

NE

X(K) =

B
Il
o

(—=1)* [dim(Kerdy) + dim(Imy)]

NE

£
Il
o

[(—1)* [dim(Kerdy) — dim(Imoy_,)]

NE

£
I
o

(—1)*by.

NE

B
I
o

Reference: Nakahara, Geometry, Topology and Physics, 2003.

6.2.1 Co-chain complex and discrete differential forms

Co-chain and co-boundary operator
e Given a chain complex C(K), its dual
Ch(K) :={a: C(K) — R linear}

is called the dual chain. The dual boundary operator 0 : Cy_; — Cj is also called the
co-boundary operator. The sequence (C*(K), 0*)

* * * 6* 1 * Z*
02 cxk) 2 ork) 2 I o () 22 0n (k) — s 0

is called the co-chain complex of the chain complex (C(K),d).

e We can formally define the dual basis in C} to be: for each o € K*), we formally define
an element o* such that for any o’ € K*), we have

(0%, 0") = 0%..

g

e The matrix representation of the co-boundary operator
O : Cp(K) = CE(K)
w.r.t. the basis {o*|c € K®} is exactly F, the transpose of 0.
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de Rham complex and Reduction The differential forms are natural linear functionals
on chain complex.

e de Rham complex: The sequence (Q¥(M), dy):

0 — QO(M) —%s Q' (M) —2s .. 222 gt p) Ly () 4y

is called a de Rham complex, where di,1d, = 0.

e For any a € Q%(M), we define R(a) € C by
R: QM) = Ci(M), (Ra,c):= /a = Zcz/ a,
C i Ok,i

where ¢ = ciak,i. R is called a reduction operator.

e By Stokes’ theorem, for any o € Q*}(M) and any ¢ € C,(K), we have

/da:/ Q.
c dec

QF (M) —2 QF+L(AL)

I [
%,
Ci(K) ——= Cia(K)

e We have the commuting diagram

This is because

(R(da®), cpi1) = / do® = / o = (R(a), 0cii1) = (0"R(a¥), crpr).

Cht1 Ock41

Whitney elements To bridge the co-chain and differential forms is a representation of
the co-chain in terms of differential form. The simpliest example is the following Whitney

basis.
For each o € K®) we will construct a corresponding differential forms ¢° defined on M
such that there is a 1-1 correspondence between o € K*) and ¢?. We start from 0-form.

e 0-form: Suppose K© = {wli = 1,...,n9}. For each [i] := v; € K, we want to
construct a function ¢’ on M such that

¢'(v;) =6}

and ¢’ is linear on every simplices. More precisely, suppose v € o, C M, where
Om = [wo, w1, ..., wpy,] is an m-simplex containing v. Suppose v = Zj 2/w;. Then

¢'(v) = ijaf(wj).
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e 1-form: We look for the real-valued one form which is dual to [ig, i1].
¢[io,i1] — ¢i0d¢i1 _ gbildqsio'
Note that A '
¢ZO + qb” =1on [io,il].
This leads to d¢ = —d¢™ on [ig, 7;]. We have

/ ¢[io,i1} _ / ¢iod¢i1 _ ¢i1d¢io
[¢0,%1] [¢0,%1]

— (biOdeil T (bild(bil

[i0,71]

= / do" = 1.
[i0,41]

If we integrate ¢l over [ig,is] with iy # 4,. In this case, ¢"* = 0 on [ig,45]. This
leads to @l = dgit — ¢1de™ = 0 on [ig, iz]. Thus,

ploil = 0,

[i0,i2]

In general, you can check that

¢[i07i1] _ 5?07{17
/[jo,jﬂ Joji

- 1 if (ig,41) <> (Jo, j1) is an even permutation
6 =« —1 if (i,41) <> (jo,J1) is an odd permutation
0 if {io,i1} # {Jo, Ju }-

e k-form: In general, let o = [ig, ..., 9] be a k-simplex, the corresponding dual k-form is

where

k
67 = S (—1){@edg A NG A - A d.
=0

First, we have
k

Z(b” =1 on [ig, ..., ig].

=0
This is because it is 1 at the vertices i, ..., 7, and each function is a linear function
between 0 and 1. The above equation leads to

k
dg = = " d¢" on [ig, ..., ix).
j=1
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We use this to replace d¢® in the expression
¢ =k (=1)!pdg A - Adgie A A dpiE

This gives
k
@7 =K1Y @AY A Adg™ = Kl A - A dg
(=0
By taking the vector X, := v;, — v;,, we see that

, . 1
d¢11 AN Ad¢1k(X17 an) = E,

the volume of the simplex [ig, ..., ig]. Thus,

.....

In general, we have

(b[io ,,,,, k] 5107%
/[jo Jx Joren Ik

Discrete k-forms
e We consider the space spanned by the Whitney elements
QF(K) := Span {¢°|c € K®)}
The sequence (QF(K), dy):

d o d

0 —— Q9(K) —2 QL(K)
is called a Whitney complex.

e We note that

k

dgliorl = d (k! > gt A A daﬁi’f) = (k+ 1)ld¢™ A -+~ A dg'™,

£=0

Thus,
dg41dy, = 0.
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e For a € QF(K) and a chain ¢ = cloy; € Cx(K), we define

(o, ¢) = /coz :_;ci/%a.

There is a natural isomorphism
CL(K) —— Qf(K) by o™ ¢

By Stokes’ theorem, for any a € Qf7'(K) and any ¢ € Cy(K), we have
(da, ¢) = (o, 0c) = (0", c).
Thus, we can identify dj, as ;. The matrix representation of
dp_1: QHK) — QF(K)
with respective to the Whitney basis is exactly 95, which is 0F, an ny x nj_; matrix.

We can also choose other basis in C¥(K). Say {7}, and there is an invertible map F : {o} —
{G}. The mapping from {5} to a differential form by

T:6¢°
is called a reconstruction operator. The composition:
QF(M) —2— OF(K) —L— C*(K) —L— QF (M)

is a natural projection m, : QF(M) — QF(K). Here, h is the mesh size of the simplicial
complex K. An important formula is the following commuting diagram:

6.3 Hodge x operator
A discrete O-form is defined on vertices. Its Hodge star is a discrete n-form defined on n-cells

surrounding the corresponding vertices. These cells form a dual mesh of the original triangle
mesh. The dual mesh of a Delaunay mesh is called a Voronoi mesh.
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6.3.1 Dual mesh

e Voronoi mesh: Given a set of points S = {p1,....,py} C R™. A Voronoi cell Ry
associated with py is the region

Ry = {z e R"|d(z,pi) < d(z,p,) for all j # k}

The Voronoi diagram is the tuple of cells (Ry)p,es. They can be generated from a set
of seeds S, see the movie on wiki Voronoi Diagram.

e Let us use example to explain the dual mesh of a Delaunay mesh. Consider a sim-
plicial complex K with dimension m = 2. On the plane, we have a vertex [ig] sur-

rounded by six vertices [i1],...,[ig]. The edges are [ig,i;], j = 1,...,6. The faces
are [ig, 1,12, [lo, 12,13, ..., [i0,5,16] and [ig,g,71]. For each face, we will define its
dual, which will be a vertex. For instance, the dual of oo = [ig, 41,12 is a ver-

tex. We define it to be the circumcenter of oy, and denote it by c(o3). There
are six such circumcenters corresponding the six faces. For a edge, say [ig, 2], we
define its dual to be an edge, which connecting c([ig,i1,172]) and c([ig, i2,43]). The
orientation of this edge is chosen to be [¢([ig, 1, 12]), ¢([ig, i2,13])] so that the orien-
tation from v to w is consistent to the orientation of the orientations of the 2D
plane. Here, v = [ig, i3] and w = [c([i, i1, 192]), c([i0, i2,43])]. There are six oriented
edges. Lastly, the dual of vertex [ig] is a honey comb surrounded by the dual edges
[[e([é0, 1, 2]), c([i0, 12, 43))], ---, [c([i0, @6, 11]), ¢([i0, @1, 42])]. Its orientation is defined so
that its is consistent to the plane orientation.

Figure 6.4: Dual Mesh

e Given a k-simplex o = [vg, ..., v] in R™. The circumcenter is the unique point in the
k-dimensional affine space spanned by ¢ that is equidistant from the k£ + 1 nodes of o.
We denote it by c(o).

e The circumcenter c[ig, ..., 1] can be found recursively from 1-simplices to k-simplex.
For example, consider a 3-simplex [ig, i1, i2,43]. We first find c[ig, i1], ..., ¢[i3, 7], which
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are midpoints of the edges. Then we find c[ig, i1, 4], which is the intersection of the
two straight lines emitted from cl[ig, ;] and cliy, i3] on the plane [ig,i1,72] and are
perpendicular to the simplices [ig, 1] and [iq, is].

e v,

Figure 6.5: The vector [c[ig, i1, 12, 3], [io, 11, i2]] L [i0, 91, i2]. The circumcenters can be found
recursively from clig, i1, c[i1, ], c[ia, i3], then c[ig, i1, 5] and then c[ig, i1, iz, i3]

e The circumcentric subdivision of a simplicial complex is [¢(0p), ..., c(ok)], where o¢ <
o1 < -+ =< oy, or g; is a proper face of g; for i < j.

e The circumcentric dual of a k-simplex o}, is defined to be
o) = Z Eopron [ C(Ok), ooy ()]

o= =0n

Here, the sum is over all circumcentric subdivision that containing . This dual oy, is
not a simplex in general. We call it a cell.

e The sign ¢,, ., is chosen as below. First, for o, = [vg, vy, ..., 0], it determines an
orientation of the k-vector uj A- - - Auy, where u; := v;—vg. For the dual [¢(oy), ..., c(0,)],
it also determines an orientation of the (n — k)-vector wyiq A ... A wy,, where w; =
c(o;) — c(ok). The sign €4, 5, is chosen so that the orientation of

U A A A (Ep o Wi A - AWy,)
is consistent to the volume form of the n-dimensional space.

e The boundary operator for gy, is defined to be

85k = Z gak,...,ana[c<0k)> e C(Un)]

Op==on
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e The dual of a simplicial complex Cy(K) is a cell complex. The k-cell Cp_(K) is
generated by B
Co_n(K) = Span {G4|or € KB}

The sequence (Ck([? ),0) forms a cell complex.

Remark To construct a dual mesh of a triangle mesh, we don’t have to choose circum-
centers of the corresponding simplices. Any point inside a simplex works. Another common
choice is the barycenter.

6.3.2 Discrete Hodge *

e Given K, we have chain complex Cy(K). From K, we can define dual mesh and dual
complex K, and the corresponding (n — k)-chain complex C,_x(K). For any o € K*)
we define the orientation ¢ so that

oo =|o||a|.

e For any 0 € K*), we can construct ¢ which is a k-form. Thus, ¢° € C*(K). For
Whitney element ¢ satisfy
= / @7 =0y

for any 0,0’ € K*). In general, it satisfies

— [ o =a
O-/

where the matrix (aZ,) is in general diagonal dominant and positive definite, unless the
mesh is poor.

e We can define continuous Hodge star for ¢. For any pair 0,0’ € K®, we want the

matrix
b= [ (50)

to be a positive-definite matrix. For Whitney element, we can compute this matrix

directly, and find
o |<T | 5o

The corresponding matrix (67,) is a diagonal matrix.

e For Witney element, the star operator is then defined as the follows. It maps a k-form
a to Q,_x(K) such that

(xa, 7) @<oz,0> for o € Cy(K).

ol
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6.3.3 A discrete Laplacian

Let us consider the Poisson equation Au = g on a 2-manifold M, with g € C°(M). The
Laplacian A = *d x d. The poisson equation is

*dxdu = g.

Or
d* du = *g.

In the discrete setting, let K = {V, E, F'} and the above equation in discrete form is

*9g = dj %1 dou = 81%8%1 = Lu.

Here, e = [i, j|, € is the orthogonal bisector of e connecting cl[i, j, k] and c[i, 7,¢], and s = 1
(resp. —1) if the orientation of (e, €) is positive (resp. negative). One can show that

sle] _

] (cot ij + cot 951) .

1
2

Here, the sizes of the matrices are: 9] is |E| X |V, * is |V| x |V, and 0y is |V| x |E|. The
Laplacian L is |V| x |V].

¢

Figure 6.6: Copied from Albert Chern’s note

6.4 Homology Generators and Harmonic Bases
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Figure 7.1: Twwo examples of closed 1-chain that is not the boundary of any 2-chain.

Figure 6.7: Copied from Chern and Schroder’s lecture note

Figure 6.8: Copied from Crane’s lecture note
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Chapter 7

Connection, Parallel Transport,
Curvatures

7.1 Motivation of covariant derivative and connection

e Intuition for parallel transport Let M be an m-manifold. A tangent vector field
X : M — TM is a smooth map with X, € T,(M) for any p € M. Let us denote the
space of all tangent vector fields on M by X(M).

Suppose we want to study how a vector field Y changed with respect to another vector
field X at a point p. Let v(¢) be the integral curve of X with v(0) = p. Let ¢ = v(At)
for a small At. The relative change of Y w.r.t. X is the limit of

Y(q) —Y(p)
At ’

But Y(q) € T,(M) and Y (p) € T,M are in different tangent space, which are not
allowed to take subtraction unless they are both embedded in an ambient vector space.
Therefore, we should “parallel transport” Y (p) to Y (q) € T,(M) in order to take sub-
traction. Thus, we should define what this “parallel transportation” means. Suppose
(U, z) is a coordinate chart. A point p has coordinate x and a neighboring point ¢ has
coordinate x + Ax. The tangent vector Y can be expressed as

0

Y =yr——.
ozt

Suppose the tangent vector Y (z) is parallel transported to Y (z 4+ Az) at z + Az. We
expect the tilde operator is linear and

Y(x+Az) —Y(z) o« Az

This leads to .
YH(z 4+ Ar) = YH(x) — TH (2) Y (z)Az”
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for some smooth functions I'V, (x). With the concept of parallel transportation, the

covariant derivative of Y with respective to azy is then defined to be

I _V# I
Yi(x + Az) — YH(x + Az) 0 _)(GY —|—Ffj‘/\Y)‘) 9,

Axv oz ox” Ok

In general, X = X¥-2 We define the covariant derivative of ¥ w.r.t. X to be
oY+

loking
vy = xv (20 ey}
o oxzv vA dxr
The operator V : X(M) x X(M) — X(M) (by (X,Y) — VxY) is called an affine
connection. It has the following properties.

() Vx(Y+2)=VxY +VxZ
(b) VfXerZ = fVxZ+VyZ
(¢) VxfY =Xf+ fVxY.

To be more concise, we should take these properties as the definition of connection.
And, in a coordinate chart (U, x), define I'?'; to be

_H
Veex=1",¢e,

where

2

€n =5
If X = X", and Y = Y*e,, then

VxY = X"V, (YVe,)

yh
= XV <8—el, + YAVeVe,\>
oxY

oy
= X (W + YAF5A> €,

The coefficients I'!, are called the connection coefficients. The operator V or the cor-
responding connection coefficients define how vectors are parallel transported locally.
If we know I'', , we can parallel transport vector fields locally, the covariant derivatives
are thus defined. Conversely, the definition of covariant derivative defines the concept
of parallel transportation. This means that if v is an integral curve of a vector field
X, if Y is a vector field with VxY = 0, then we say Y is parallel transported along ~.

Remark Suppose M is a Riemannian manifold and {e, } is a frame. We have defined
earlier that the connection wy, to be the 1-form

wan(er) = (Voer, en) = Ty
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e Intuition for Gauge transformation The parallel transport is not only applied
to tangent vectors, it can also applied to cotangent vectors, tensor fields, in general
sections of fibre bundles. Let us consider a C-fiber bundle CM. That is, given a
manifold M, for each point z € M, we associate it with a space C,, just like the
tangent bundle T'M where the associated fibre is the tangent space T, M. For a point
s € CM, it lies on C,M for some x. We define the projection s = x. A mapping
V. M — CM with 7¥ = id is called a section. On C,, we can choose an axis as the

real axis, call it e,, a unit vector. The corresponding imaginary axis is ie,. We express
U as

U(x) =" (x)e, + Vlie, = (z)e,.

Let X be a tangent vector field on M. The covariant derivative of ¥ w.r.t. X is
VxVU = Vxve, +1Vxe,
Here, Vxv := X¢" +iX9". Since {(e,,e,) = 1, we have Vye, | e,. Therefore,
Vxe, =i(A;, X)e,
for some 1-form A,. Thus, we get
VxV¥ = [Vxt + (A, X)Yle,

A gauge transform is a transformation of the real unit vector on C,. That is e, > €,.
Since both are unit vector, we can express é, = e **@e,. With this transformation,

U(z) = (x)es = ((2)e"D)e, = i (2)é,.
The covariant derivative of é, is
Vxé, = Vx(e7®@e,) = —iVypé, + e @ (i(A,, X)ey) = i((Ag, X) — Vxd(2))é,.

The covariant derivative of ¥ under €, is

Vx¥(z) = Vx((x)é,)
= Vxpé, + PV xé,
= (Vxd +i((As X) = V(@)D &
Thus, gauge transformation e, — &, := e e, corresponds to

U(x) = Pa) = Dy(x)
Ay Ay = Ay — do(x).

7.2 Affine connection and parallel transport

Let M be a differential manifold and X(M) be the space of its tangent vector fields.
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Affine connection for vector fields

Definition 7.1. An affine connection on X(M) is a map V : X(M) x X(M) — X(M) by
(X,Y) — VxY such that

(a) VX<Y+Z) = VXY+VXZ
(b) VixsyZ = fVxZ+VyZ

Property (c) means that Vx acts as a derivative and it satisfies Leibnitz rule. VxY is called
the covariant derivative of Y in the direction X.

Remark We may also think V maps X to Vx, which is an endomorphism on TM , that is,
a smooth map TM — TM and linear on T,M for all p € M. That is

V:X(M)— End(TM).

Equivalently, V is an End(TM )-valued 1-form which satisfies properties (a),(b),(c).

Coordinate representation of affine connection The affine connection has the follow-

ing representation in a coordinate chart. Suppose (U, x) is a chart on M with tangent vector
fields ¢; := %. Define
VeVeA = F'llj)\eu

Suppose X = X'e;, Y = Y'¢,;. Then
ViY = X'V, (YFe,)

oY+
= XV ( e, + Y’\Veue,\>
ox”

oY+
— XV (W —|— YAF5A> 6u.

Parallel Transport An affine connection on M naturally induces a covariant derivative
of vector field along any curve ~.

Proposition 7.1. Let M be a manifold with an affine connection V. Let v be a curve on
M. Then for any vector field V defined =, it associates with a unique covariant derivative
DV /dt which has the following properties

(a) g(V+W) =2+ 8¢
(b)) Z(fV) =GV + 5
(¢) If V is induced by a vector field Y € X(M), i.e. V(t) =Y (y(t)), then Bf =V, Y.

Ref. Do Carmo, Riemannian Geometry.

128



Definition 7.2. Let M be a manifold with an affine connection V. Let < be a curve on M
and V be a vector field defined on «. We say V' is parallel transported along - if

DV
— =0.
dt

In a local coordinate chart (U, x), we can express v(t) = (z'(¢),...,2"(t)) and V(t) =
viter((t)) 4 -+ - + v (en((t)), we have

DV do* da’
= - iy 23 _
dt Z(dt T2V ”)e"”“
k iJ
Affine connection for 1-forms If wis a 1-form, we should define covariant derivative of
w so that the Leibnitz rule is valid. That is,
X(w,Y)=(Vxw,Y) + (w,VxY).
The representation of this covariant derivative is the following. From
ei(da? e) = (Ve,da? ep) + (da?, V.. ex)

we get . '
Ve, da) = —ngdxk.

Suppose w = w;dx’ and X = X';. Then
Vxw = Xwpdz® — ngXindxk.
Affine connection for tensors Suppose 77 and T3 are two tensors on M and X € X(M).

We define

Affine connection for sections on a complex line bundle CM Let CM be a complex
line bundle and ¥ : M — CM be a section. On C, (z € M) we choose a unit vector e, as
the real axis, called the gauge. We define ie, to be the unit vector on C which rotates e, by
90° counterclockwise. Then any section map ¥ can be express as

U(x) = e, +P'(iey) == (V" + i)' )e, := e,
Let X € X(M). Define the covariant derivative
Vxey :=i(Az, X)e,
Here, A, is a 1-form, called the connection. The covariant derivative of W is
VxVU = Vx(¢e,) == [(Vx +i(As, X))V]es,
where

Vth 1= X"+ iX o,
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Affine connection on a surface Let M be a surface. Its tangent plane can be viewed
as a complex plane and T'M can be treated as a complex line bundle. On every T, M, we
associate a unit vector e,. Suppose 7 is a path on M. We view e, being a unit vector
moving along the curve . The covariant derivative

Voyer =i(Azve,

measures how e, changes along 7. The motion of e, on T, M is indeed a rotation. The
rotation speed is (A, /'(t)). If v is a closed curve, the phase change of e is

/0 (A, (7)) dr.

Let V(0) is a tangent vector. We parallel transport V' (0) along «v. We can measure the angle
between V() and ~'(t), called it 6(t). Then 6'(t) = (Ay«),~'(t)). This means that A is the
angular velocity of V' which parallel transport along ~.

7.3 Riemannian connections and Levi-Civita connec-
tions

Definition 7.3. Let M be a Riemannian manifold with metric (-,-). An affine connection
V on M is said to be compatible with the metric (-, -) if for any path 4 on M and any pair
of parallel vectors P;(t) and Py(t) along =, we have (P;(t), P»(t)) is a constant.

Proposition 7.2. V is compatible with the metric (-,-) if and only if for any vector fields
V and W along any path ~,

d DV DW
Lvwy =2 wy+ v, 20
Proof. (<)
If 27 =0 and 2% =0, then
d DV DW
S VW) = (—= W) +(V, — =) = 0.

Hence (V(t), W(t)) is a constant.

(=)

We choose an orthonormal basis {P;(0), ..., P,(0)} at (0). We parallel transport them
along ~. Because V is compatible to the metric, we get {Pi(t),..., P,(t)} are orthonormal
on ToypyM. We express V = v'P; and W = w'P; along . It follows

DV dv DP. v
2 _ % p oy _ % p
@ Ve T at
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W _du',
dat  dt "

DV DW dvt . dw* d
— T 3 P:_ .
AV oy v 2 Z(dtw o dt) = Lww)

Hence

(2

O
Corollary 7.1. A connection V on a Riemannian manifold M is compatible if and only if
XY, Z)=(VxY,Z)+(Y,VxZ) forany X,Y,Z € X(M).
Definition 7.4. An affine connection V is called symmetric if
VxY - VyX = [X,Y].
In coordinate representation, Ffj := (V,,e;,dz"), the connection is symmetric if Ffj = Ffl

Theorem 7.1 (Levi-Civita). On a Riemannian manifold M, there exists a unique affine
connection which s

(a) compatible with the metric
(b) symmetric.

Proof. (See Do Carmo)
We claim that we can express Vy X in terms of metric and Lie brackets:

(Z,VyX) = %{X(Y, Zy+Y(Z,X) - Z(X,Y)
— (X, 2].Y) = ([\, 2], X) = ([X. Y], Z)}

which can be obtained from

XY, Z)=(VxY,Z)+(Y,VxZ)
Y(Z X)=(VyZ,X)+ (Z,VyX)
Z(X,)Y)=(VzX)Y)+ (X,VzY)
For detail, see Do Carmo. O

Example 1: S?

(z,y,2) = (sinf cos ¢,sinfsin g, cosf), 0<0 <7 0<¢p<2m.

e Tangents:
0 . .
7k eg = (cos B cos ¢, cos 0 sin ¢, — sin 0)
0 : . .
% = ey = (—sinfsin ¢, sin b cos ¢, 0)
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e Connection
Ve,e9 = (—sinf cos ¢, —sinfsin ¢, — cos )
Ve,e0 = Ve,e6 = (—cosfsin g, cos ) cos ¢,0)

Fg@ - F?,e =0

[, = Tl = (Vegeos es)eslleg|* = cot 6
F§¢ - Fié) = (Veges, €a)en/lleql|* = 0
I, = (Ve,e4,€0)e/|eol|” = — cosOsin 6
Lfs=0.

7.4 Torsion and Curvature

Torsion and curvature are tensors The operation Z = VxY which read two tangent
vectors X,Y and output an tangent vector Z. It is not a type (2,1) tensor. A tensor is
multilinear in its argument. A type (r,s) tensor is a multilinear function on

TM x - xTMxT*Mx---xT*M

In order to make such covariant derivative to be a tensor form, we define torsion. For second
order covariant derivatives, we define the Riemann curvature tensor.

e Torsion T : X(M) ® X(M) — X(M)
T(X,Y):=VxY — VyX — [X,Y]
Here, [X,Y]:= XY - Y X.
e Curvature K : X(M) @ X(M) @ X(M) — X(M)
K(X,Y)Z = VxVyZ - VyVxZ — Vixy Z.

Proposition 7.3. T and R are tensors:
T(fX,g9Y) = fgT(X,Y)
R(fX,gY)(hZ) = fghR(X,Y)Z.
Proof. 1.

T(fX,9Y)=V;x(gY) = Ve (fX) = [fX,gY]
= fVx(g9Y) = gVy(fX) = fX(gY) + gY (fX)
= f(X9)Y + fgVxY —g(Y )X — fgVyX — [(X9)Y — fgXY +g(Y /)X +gfYX
= fg(VxY —VyX — XY +YX)
= fgT(X,Y).
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R(fX,gY)(hZ) = V;xVv(hZ) = VvV ix(hZ) — V ix(gv)—gv(rx)(hZ)

= fVx(gVy(hZ)) — gVy(fVx)(hZ) — (fXgVy — fgVxy +9Y [Vx +gfVyx) (hZ)

= [(Xg)Vy(hZ) + fgVxVy (hZ) — g(Y [)Vx(hZ) — gfVyV x(hZ)
+ (=fXgVy +9Y fVx — fgVxy)) (hZ)

= fg9(VxVy = VyVx — Vixy) (hZ)

=fg(Vx(YR)Z +hVyZ) = Vy(Xh)Z +hVxZ — ([X,Y|h)Z — hV x v Z)

= fg((XYR)Z +YhVxZ + XhVyZ +hVxVyZ — (YXh)Z — XhVyZ —YhVxZ — hNyVxZ
—(XYh—YXh)Z — hV(xy|Z)

= fgh (VxVy = VyVx — Vixy]) Z

]

Representation of torsion and curvature in a coordinate chart Let (U, z) be a
coordinate chart with e; := 9/0x".
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Chapter 8

Integral Geometry

8.1 Variation formulation of curvature

8.1.1 Wedge product for vector-valued differential forms

In this section we will take approach of curvature through embedding. Let M be a surface

and
f:M—R?

be an embedding map. We can write f = (z,y, z). It is convenient to introduce the following
vector-valued differential forms and the corresponding wedge product.

Definition 8.1. Let o and B be two R3-valued 1-forms, their wedge product is a R3-valued
2-form on M defined to be

aAB(X,)Y) =a(X)xB(Y)—-alY) x B(X).

Sometimes, we write

i 7k
aANB=|a; ay a3
ﬁl 62 63 A
= (042 /\53 — Q3 /\52)7;4— (Oég /\51 — /\Bg)j + (Oél /\/82 — Q9 /\ﬁl)k’.

Properties

e Symmetry
aNB=BAca.

e « is a vector-valued 1-form, then
dlanpB)=(da)\NB—aA(dB).
e Suppose f, g are vector-valued 0-forms, then

d(f x dg) = df A dg
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8.1.2 Variation formulation

In this section, we will see that surface curvatures appear in variation of volumes, areas, etc.
To study such variation formulation, we use the embedding formulation of a surface. That
is, f: M — R3. We will assume that M is a closed surface. We want to express the surface
area of f(M) and the volume where f(M) encloses in terms of f. Let also write f = (x,y, 2)
to connect with the language in vector calculus.

e Surface area form o. If M is parametrized by (u,v), then
the normal is N = f, x fo/llfu x full
the area form is o = || f, X f,||du A dv.

e Area normal

Lo 1
No = Sdftdf = Zd(f x df).

No = fu X fodu Ndv=|x, Yu 2. du/dv
'ZU’U y’U Z’U

Iy, z)/0(u,v),0(z,x)/0(u,v),0(x,y)/O(u,v)) du A dv
dy Ndz,dz N\ dx,dx A\ dy)

o~~~

df A df.

N —

The last line involves wedge product of a R3-valued 1-forms. Formally, this means that

7k
df \df = |dx dy dz| =2(dy N dz,dz A dx,dz A dy).
. de dy dz
More precisely, for two R3-valued 1-forms o and 3, their wedge product is defined to
be
aAB(X)Y)=a(X)xB(Y)—alY) x B(X).
Note that

alNB=BAa.

From this definition, we have
df AdF(X,Y) = df(X) x df(Y) = df(Y) x df(X) = 2df(X) x df(Y).
Note that

df Ndf =d(f x df) = d(ydz — zdy, zdx — xdz, xdy — ydz).
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Afty)

Figure 8.1: The vectors df(X), df(Y) are two tangent vectors. df(X) x df(Y) is in the
normal direction. Its magnitude is the area element. Therefore df A df = 2No.

Or in matrix form
7k r 7k
df Ndf =|dx dy dz|=d|x vy =z
de dy dz de dy dz

e Mean curvature Normal

1 1
SAN A df = Zd(N x df) = HNo.

Suppose X; and X are the two principal curvature directions of f. That is, dN(X;) =
K1 df(Xl) and dN(XQ) = K9 df(Xg) Then

AN N df (X1, Xo) = dN(X1) x df (X3) — dN(X2) x df (X1)
= rdf (X1) x df (X2) — rodf (X2) x df (X1)
= (K1 + r2)df (X1) x df (X2)
= 2Hdf (X1) x df (X>)
= Hdf Ndf (X1, X5)

You can check that dN A df (X, X1) = Hdf A df(X2, X1) and dN A df (X1, X,) =
dN A df (X2, X5) = 0. Since {X, X} forms a basis of T,,(M), we thus conclude

AN A df = Hdf A df = 2HNo.

e (Gaussian curvature Normal

1 1
50N NdN = Zd(N x dN) = KNo.
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Figure 8.2: The vectors dN(X), df(Y) are two tangent vectors. dN(X) x df(Y) is in the
normal direction. Its magnitude is the area element times the mean curvature. Therefore
AN Ndf =2HNo. dN ANdf = d(N x df). N x df(X) is the tangential direction and pull to
the normal to df (X).

Let X; and X, be the two principal curvature directions with dN(X;) = r;df (X;),
1 = 1,2. Following the same step as before, we have

AN A dN (X1, Xs) = 2dN(X1) x dN(X>)
= 2k kpdf (X1) X df (X2)
= Kdf Ndf(X1, Xz).

Following the same argument as previous step, we also get

AN A dN = Kdf A df = 2K No.

Figure 8.3: The vectors dN(X), dN(Y') are two tangent vectors. They can also be viewed as
two tangent vectors on the unit sphere S? at N. dN(X) x dN(Y) is in the normal direction
with magnitude K. Therefore dN ANdN = 2K No.
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e Area form o = (N, df Adf) = det(N,df, df).
Here,
o(X,Y) = %(N, df A df(X,Y))
~[(N,df(X) x df(Y)) — (N, df(¥) x df (X))

"2
— det(N, df (X),df (Y)) := det(N, df, df)(X,Y).

e Volume form V = ¢ [, (f. df Adf).
If f(M) encloses a domain in R?, then its volume can be expressed as

1 1
—/:vdy/\dz+ydz/\da:—l—zda:/\dy:—/<f,df/\df>.
3 M 6 M

This follows from Stokes’ theorem, where

d(xdy N dz 4+ ydz N dz + zdx AN dy) = 3dx Ndy N dz.
e Gaussian curvature form: Ko = {(N,dN A dN). If f(M) is parameterized by
(u,v), then
1
—(N,dN AN dN)(0y,0p)du A dv = (N, N, X Ny)du A dv

The last term is the area element on the unit sphere. Thus, we obtain

/U Ko = Area(N(U)).

Theorem 8.1. Let f : M — R3 be an embedding map. Let us denote variation of f by f.

We have the following variational formulae
Var = [ (£, 800,
M
AM = / <f7N>2HU>
M
Hy = / (f,N)Ka,
M
Ky =0.
Remark The meaning of this theorem is:

e )V = No,
e VA=2NHo,
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e 0H = KNo.
where 6V is the variation of the volume V.

Proof. 1. From V), = %fM(f, df A df), we take variation in f to get
. 1 . 1 ;
V=g [ i+ [ arndd)

:%/M<f‘,dedf>=/M<f,N>0-

In the second equality, we use
ddet(f,df, f) = d{f,df x f)
= (df A, df x f) = (f,df Adf)
= (df Ndf, f) = (f.df Adf).
and OM = ().

2. We use area formula 1
Ay = [ (odr n ),
2

Take variation in f, we get

1

Av =3 [ @drndp+ [ (arnaf

:/M<N,df/\df>

:/ (f,dN/\df}—/ ddet(N, df, f)
M M

:/M<f,df/\df>H— (f,N x df)

oM

:/M<f,N)2Ha—/ (f, N xdf).

oM

In the second step, we use df Adf = No and <N, N) = 0. In the third equality, we use

ddet(N, df, f) = d(N, df x f)
— (dNA, df x ) — (N, df Adf)
= (AN ANdf, f) — (N, df Adf)

3. We use the total mean curvature formula

HM:/MHa:%/A/N,dN/\df).
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Take variation in f, we get

Hy = 5/M <(N,dNAdf> (N, AN Adf) + <N,dN/\df>)

1

_ §/M ((N.dN A df)+ (N, dN A df))

_ %/M@f,djv AN — %/W (det(N, dN, f) + det(N, df, N))
1 1

:§/M<f,N)KU—§/aM ((f,Nde>+<N,N><df>>.

The second equality uses that det(N ,dN,df) = 0 because all of the three entries lie on
the 2D tangent plane. The third equality uses

ddet(N,dN, f) = (AN NdN, f) — (N,dN A df)
ddet(N,df, N) = —(N,df AdN).

4. The total Gaussian curvature is

1
KM:/ Ka:—/<N,dN/\dN>
M 2 M

Its variation in f gives

. 1 ) )
KM:—/<N,dN/\dN)+/(N,dN/\dN)
2 M M

= / det(N,dN, N)
oM
— —/ (N,N x dN).
oM
The second equality uses dN A dN(X,Y) = 2dN(X) x dN(Y) || N and N L N.The

third equality uses . _
ddet(N,dN,N) = —(N,dN A dN).

]

Proposition 8.1 (Conservation laws of curvature normals). Let f: M — R and U C M.
We have

/Na:1 fxdf
U 2 oUu

1
/HNU:— N x df
U 2 Jou

/KNa:1 N x dN.
U 2 ou
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Proof. This follows from

df Adf = d(f x df)
AN A df = d(N x df)
dN AdN = d(N x dN).

]

Remark Note that N x df is a 90° rotation of df. In two dimensions, this is exactly the
orthogonal complement of df. That is, N x df = *df. Thus,

2HNo =d(N x df) =d*df = Afo.

8.2 Discrete curvatures via Variational Approach

Or

In tis subsection, we would like to define normal, mean curvature and Gaussian curvature
for discrete surface. We take variation approach. This means that it will be in weak form.
Recall for discrete curve (yo, 71, -+ Yn_1), We have defined

Tangent: T; = (%;+1 - %)/|%’+1 - ’Yz‘|-

Normal on [y;, Yit1]: N; = —iT;

length weighted normal at ~;: ;1 N;_1 + ¢;N;, where ¢; := |v;1 — Vi
e Curvature: kK = Af, Af is the arc length distance between N; ; and N; on unit circle.

In this subsection, we will follow the same track. We will define several notions of normal:
area weighted normal, mean curvature weighted normal. We will also define Gaussian cur-
vature as the area of the polygon spanned by the normals on the unit sphere. They are
defined through an integration over a patch surrounding a vertex. Such definition preserves
conservation laws and make global geometric properties are valid in the discrete sense.

To begin with, we suppose we are given a discrete surface M with simplicial structure
K = (V,E, F). The embedding map f : V — R3. The vertices V = {py, ..., pn, }- The edges
are £/ = {e;;} and the triangles are F' = {¢;;,}. We would like to construct

e Areca normal
e Mean curvature normal

e (Gaussian curvature normal.

at a vertex p; (or its embedded image f;). Suppose p; is surrounded by triangles ¢;;,. We
denote it by p; < t;jx. We will mainly integrate df A df, df A dN and dN A dN over those
triangles ¢;;, with p; < ;.
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Area normal Let us consider a triangle ¢;;,. From the formula

/tijkdf/\df:/a%kfxdf /MNU
/

z

The right-hand side is

No = 1]kA1]k
Jk
For the left-hand side, let us integrate along an edge e;;:
1
| Ixd =3 ) ) = £ = Fix

We sum over all faces with common vertex p; to get

Z Nz]kAz]k_ Z f] ka

DPi<tijk DPi<tijk

@fz

This formula gives the gradient of volume, which is the area normal, in terms of the positions
of fj'

Mean curvature normal The mean curvature normal involves variation of area:

0A
U:/QHNa:/dNAdf N x df.
dfi U U
Let us take U = t;;, and denote f; — f; by u;;. We take variation of A;;;, with respect to f;.
We get
aAijk 1 1w X up
LS _Ni‘ X o= gL o TR X -
af, 2 kU= 5 ( 240 ik
Use the product formula: A x (B x C) = (A,C)B — (A, B)C, we get
OAu 1 (ujn, ujs) 1 (g, upi)
=5 Uki = 5751 Wi
af; 2 24, 2 2Ak
1 lujklugil cosar 1 |ugi|[ugs[cos B
2 Jujk||uji] sin o Mg g [ugj] sin B 7
1 1
= §cotauki + §cotﬁuji.
The variation of area With respect to f; is
A, 1
8f Z (‘9]‘3 =3 Z (cot az; + cot By) (fi — f7)- (8.1)
! DPi<tijk ! Pi=<tijk
We summarize the formula from variation of area:
0A
8f Q(HN Z szkujk = (Af) Z (COt Qjj + cot 6”) (fl — fj) (82)
¢ pz<tzgk pz<tijk

This gives the mean curvature normal in terms of the position function f;.
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Chapter 9
PDEs on Manifolds

We will discuss the standard Poisson equation, heat equation on manifolds.

Physical Units Physical laws are conservation of mass, momentum, energy, etc. Physical
quantities have units. We discuss some of them.

Density: p € Q3(M, R, kg). Its dimension is [p] = [kg/m?].

Temperature: u € Q°(M,RK). Its dimension is [u] = [K].

Velocity: v € Q'(M,Rm?/s). Its dimension is [v] = [m/s].

e Mass flux: J € Q*(M,Rkg/s). Its dimension is [J] = [kg/m?s].
The Hodge star x maps physical quantities with different units:
*p, 1 QF(M, Runit;) — Q" %(M, Runit,)

which encode a material property that relates unit, /m* with unit,/m™~*. For instance, the
Fourier law

Q=—xdl
relates temperature gradient with the heat flux. [Q] = J/sm?, where [dT] = [K/m].

9.1 Heat Equation

9.1.1 Continuous version

e The physical quantities are

— Temperature: u € Q°(M,RK)
— Heat Flux: Q € Q"'(M,RJ/s).
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e The Fourier law relates du and () by
Q = —K¥X dou.

The physical parameter  is called the heat conductivity. The temperature and energy
density is connected by physical property of the material:

CHour = E € Q"(M,RJ/s)
Here, C' is called the heat capacitance.

e The physical law is the conservation of energy, which reads

C xoty = —dQ = drs % dou.\

e Let us make life simpler by taking x and C being constants and x/C' = 1. The equation
now reads
Uy = *aldn,1 *1 dou = Au.

If there is a heat source 5(t) € Q"(M,RJ/s), then the equation is

*oUp = _dQ + 67

or
uy = Au+ %, 5.

e We plot the commuting diagram:

9.1.2 Discrete Heat equation — Discrete Exterior Calculus Ap-
proach

Let M be a discrete n-manifold with simplicial complex K. Let K* be its Voronoi dual
complex.

e Physical quantities:

— Temperature u is defined on vertices. That is, u € C°(M,RK), where C* is the
k-cochain.
— The temperature difference dyu € C'(M,RK) sits on edges.

— Heat flux Q is defined on the dual (n — 1)-cell. That is, Q@ € C"~1(M*, RJ/s).
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The Fourier law is given by the Hodge * operator:

) e
*1 = diag (’M’)

where e € K! and e* is its dual face in K*"~!. This is an n; X n; matrix.
The connection between temperature and energy is

*oU = E.

where
*xo = diag(|Cy|), C; is the dual cell centered at vertex i.

The conservation of energy reads

*oUp = _dn—l *1 dou.

QO(M) —2 5 QY(M)
O (M) < QLA

We have seen that do(K) = 97 (K), an n; x ny matrix. Note that, there are 1-1
correspondences: K° ¢« K, K!' < K=Y For d,_;(K*) on the dual cell, it is
OT(K*), an ng X n; matrix. But this is exactly 9;(K). We summary these relation

QoK) = 0T (K),  du-a(K) = 0L (K*) = 01(K).
dua (K7) = dE (K.

Thus, we rewrite the above equation as

*olp = —dg *1 dou, Mu; = Lu.

For a 2-manifold M, let us compute x; now. Suppose e;; = [ij] € K' is an edge. e;; is its
dual. Let t;;; and t;; be the two triangles with e;; as their common edge. Let afj and Ozfj
be the angles of the triangle at k and ¢. Then

|€;<j|

1 k ¢
o3| =3 (cot a;; + cot ozij) :

We get that

L = —d§ * dy,

(Lu); = % Z (cot ayj + cot Bij) (u; — u;).

pi=eij

M = diag|C;|, C; is the Voronoi cell at vertex i.
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9.1.3 Discrete Heat equation — Finite Element Approach

e Finite element basis In finite element method, we first choose finite element basis ¢'.
Here, we choose the Whitney element ¢’, which is a piecewise linear function on (M, K)
with

¢ ([7]) = &i;-

The approximate space is Q) (M), spanned by {¢’|[i] € K°}. Here, h is the maximum
of |e;;| with [ij] € K'. A function u € Q°(M) is approximated by

e Project the equation to Qy(M). The heat equation in weak form is

| o= [ vy

for all v € C'(M). Here, u := Ou/dt. We now take u = 4 and v = ¢' to get
(@) i) = —(d¢', > ddluy).
J J

This leads to

J J

In matrix form
Mu = Lu.

where

M = *SEM = (<¢i7¢j>)no><nov
L= —dy %™ dy = ((d¢',d&"))ngxny-
M and L are called the mass matrix and the stiff matrix, respectively.

For surface, one can show that

(Lu); = % Z (cot ayj + cot Bij) (u; — u;),

pi=eij

where «;; and 3;; are the angles of opposite vertices across from e;; in the two adjacent
triangles.

148



Figure 9.1: «;; and f3;; are the angles of opposite vertices across from e;; in the two adjacent
triangles.

Time Discretization Let us discretize time axis by nAt. At is called a temporal mesh
size. We denote u(nAt) by u™. The equation

Mu = Lu

is a system of ODE. There are standard time discretization method. The simplest two are
the forward Euler method and the backward Euler method, which are

n+l _ ,n
M <u> — Lu"

e Forward Euler Method:

e Backward FEuler Method:

For forward Euler method, we have

"t = (I 4+ AtM7L) u”.
For backward Euler method,

= (M — AtL)t Mu™.

In numerical PDE, the above scheme is called stable if ||u"|| remains bounded for all n > 0
( uniformly w.r.t. n). This is necessary for convergence. Because for a fixed t = nAt, we
expect u"” — u(t) as At — 0, or equivalently, n — oo. The convergence of u" leads to
boundedness of ||[u™||.

For forward Euler method, the stability condition is that the At should satisfy

At 1

<z
h? — 2
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where h = max{|e|le € K'}. For backward Euler method, it is unconditional stable. One
way to prove such a result is to use maximum principle. This means that we can show that

u™*! is convex combination of u™. That is, for any i € V, we can show that

n+1l __ n
’LLz- = E aijuj,

JeV
Q4 > O, Zai]’ =1
J

Such a result can lead |u"|, remain boundedness. This is a stability result in L> sense. I
shall not give details of stability results.

9.2 Mean Curvature Flow

Let f: M — R? be an imbedding map. If f also depends on time, f(¢) can describe surface
motion. A particular example is the mean curvature flow, where the surface moves in its
mean curvature normal direction at speed equals to the mean curvature of the surface. We
have seen that

Af=2HN.

Thus, the mean curvature flow satisfies

The mean curvature can smooth the surface because it is a diffusion process. Usually, it will
shrink to a point. During the shrinking process, it may develop singularities.
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Chapter 10

Surface Parametrization

10.1 Conformal structure

Following the notation of previous chapter on surface, let f : M(C R?) — R? be an imbedding
map. In this chapter, we want to parametrize the immersed surface f(M) such that the map
h : M — C preserves angles. First, we can define a conformal structure J on M by: for any
peM,

J:T,M — T,M, df,(JX)= N, xdf,(X) for all X € T,M.

Such J has the following property:
J? = —id.

where id is the identity map. Such J is called a complex structure. It just a 90° degree
rotation. A Riemann surface is a surface with a complex structure .J.

The complex plan C also has such a complex structure. That is, i2 = —1. We look for
h : M — C such that

dh(JX) = idh(X) for all X € TM.

This means that it preserves the complex structure. Such function h is called a holomorphic

function. When M is endowed with a metric, then this also means that: if X 1 Y, then
dh(X) L dh(Y). That is, dh preserves right angles. In this case, in fact, dh preserves all
angles. This is the following proposition.

Proposition 10.1. Suppose A : R"™ — R"™ is linear and preserves right angles. The latter
means that if (X,Y) =0, then (AX, AY) =0. Then A is an angle preserving map:

(AX,AY) (X,Y)

[AX]|AY] XY

Proof. Suppose A = (ay,...,a,), a; are the column vectors of A. Then a; = Ae;. From
(€i,e5) =0, we get (a;,a;) =0 fori # j. From (e;+¢;) L (e; —e;), we get (A(e; +¢;), A(e; —
e;)) = 0. This leans to |Ae;| = |Aej| for all ¢ # j. Thus, A = sR, where R is a rotation
matrix (i.e. RTR = id) and s # 0. This leads to the angle preserving property. O]
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immersed surface

=/

abstract domain parameterization

Figure 10.1: Copied from Crane’s note. The map z : M — C is holomorphic. The holomor-
phic function z is the function h in this note.

Remarks

1. Conformal structure is a structure weaker than the inner product structure. The former
has only the concept of 90° turn, or the concept of orthogonality. The latter has the
concepts of both angle and length. In inner product spaces, a map which preserves the
conformal structure also an angle preserving map. But it may not preserve length. A
length-preserving linear map also angle preserving. Such a map is called an isometry.

2. Let h : M(C R?) — C be holomorphic. Let us write h(z,y) = (u(z,y),v(z,y))T. The

differential
dh:[%’uﬂ

Vg Uy

is conformal means that dh has the form
a —b
b a |’

Uy = Vy Uy = —Vy,

This leads to

called the Cauchy-Riemann equations. If we write h = u + v, then the above Cauchy-
Riemann equations have a simpler form

0,h = i 0,
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or

dh(J0,) = idh(0,),
where JO, = 0,.

. We can express the Cauchy-Riemann equation in terms of differential form and Hodge
* operator. Recall xdxr = dy. We have

*xdh = x(h,dx + hydy) = h,dy — hydz.
On the other hand,
—dh o J(0,) = —dh(0,) = —hy, —dho J(0,) = —dh(—=0,) = h,.

Thus,

*dh = —dh o J.
The Cauchy-Riemann equation now reads

|xdh +idh = 0.]

. To find such a holomorphic function, we seek for minimum of the conformal energy

1
Eclh] := 7|« dh + idh]?

subject to some suitable constraints. Here, the norm || - || for a complex 1-form is
defined in the next section. If there exists a nontrivial minimum with zero minimal
value, then this minimum satisfies the Cauchy-Riemann equation. There are basically
two approaches to find such a holomorphic function.

e Fixed boundary approach: The boundary h(OM) is fixed during minimization
process. When M < is simply connected, a popular one is h(OM) = S!. That is,
we minimize

min{Ec[h] | h(OM) = S'}
and show that the minimal value is 0.

e Free boundary approach: That is, we let h(OM) be free during minimization
process. Since the kernel of § E¢ is too big, we need to impose some constraints
to exclude trivial solutions. One trivial solution is the constant 1. We impose

{(h,1)) = 0.

It means that h(M) is centered at origin on the complex plane. Another one is a
normalization: ||h||> = 1. This is due to the following reason. If we rescale h by
ch, its image on C is rescaled by ¢ and E¢[ch] = ¢*E¢[h]. When c is shrunk to 0,
E¢ is the minimal value. We get trivial solution. Thus, we choose our minimizer
to be

m}zn Ec[h]  subject to ||h]|> =1, (h,1)) =0.

and show that the minimal value is 0.
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We shall discuss this in the next section.

10.2 Variational Approach
10.2.1 Complex-valued differential forms
We introduce the following definitions.
1. For u,v € C, define (u,v) := awv.
2. For a, B € Q' (M, C), define
o A BLX,Y) = a(X)B(Y) — a(Y)B(X),
for X, Y € TM.
3. For a € Q'(M,C), define
*xo:=—aoJ and (a,f)o:=aN*p.
Here, o is the area form of M.

We have the following properties.

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

o (iu,v) = —(u,iv), (iu,w) = (u,v).

o Let h=wu+ . Thendu/\dv:%dh/\dl_z:—%dﬁ/\dh

Proof. dh A dh = d(u + iv) Ad(u — iv) = —2i du A dv.
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Proof. We show @ A% = 8 A *a. Let X € T,M and Y = JX. Then {X,Y} is a basis
of T,M. We have

BA*a(X,Y) = B(X)(—a(JY)) = B(Y)(—a(JX))
= B(X)a(X) + B(Y)a(Y)
Thus, we get
an*p =P Ax*a.
which leads to («, 5) = (6, «). O

Energy functional Define

(p)i= [ fad)o= [ anss, Jal? = (a.a).
M M
Here, recall that o is the area element on M induced by the imbedding map f.

10.2.2 Computing conformal energy

Continuous conformal energy

Proposition 10.2. Let h: M — C, define

1
Ec[h] := 7|+ dh +idh|*.

Then
Ec[h] = Ep|[h] — AlR],
1 ' _
Eplh] == =||dh||*, A[h] = —3/ dh A dh.
2 2 Ju
Proof.
(xdh + i dh,*dh + i dh) = (*dh,*dh) + (i dh,idh) + (xdh,idh) + (i dh,*dh)
= 2(dh, dh) + (i dh,*dh) + (i dh,*dh)
Note that B B
(i dh,xdh)Yo = (—idh) A x(xdh) = idh A dh,
we get

/ (kdh + i dh, *dh + i dh)o = 2((dh, dh)) + 2i / dh A dh.
M

M

155



1. Since

Alp) = —

/dﬁ/\dh:/du/\dv
M M

we get that A[h] is the area of h(M) in C.

N | .

2. From dh A dh = d(hdh), we get

Al[h] only depends on h(OM).

3. Dirichlet energy:

EMM:%&WWM:%Z;%AMh

Discrete Conformal Energy

1. By taking finite element approach, choosing ¢* be the Whitney element with vertex
1€V, we get

1 - 1-
ED[h] = 5 Z h,ZL”h] = §hTLh,

ijev
1
Li; = 5 (cot oyj +cot ;)  when e;; € E

1
Lii = —5 Z (COt Qjj -+ cot 6”)

Pi=eij

2. In the discrete setting, let Ey be the edges of M, then

A[h] = —% > /ﬁdh

eijGEa €i
i h; + h;
6ij€Ea
1 _ _
= > hihj — hjh.
eij€Fy

3. Discrete conformal energy
1-
Eclh] = 5hTCh, C =L - 24,

where _
_ 2 _ —
L= (Lij)|V|><\V\a hTAh = _Z Z hlhj - h]hl

e;;€Eg
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10.2.3 Fixed boundary approach

1. Suppose M is simply connected. In this fixed boundary approach, we require h(OM) =
S*. Since A[h] is the area of h(M), which is fixed now, we get

min E¢lh| := min(Ep|h| + A[h|) = min Ep[h].

2. Note that

min{Ep[h]||h| =1 on OM} = min min{Ep[h]|h =g on OM}

g OM—Sl h

The last minimization problem is the standard Dirichlet problem:

1
min Eplh| := = dh,dh)o, h=gon oM
2

M

Its variation is
. d .
<($ED[h], h) = d—€|5:0ED[h + 8h]

:%%koxyﬂh+%%ﬂh+dma

:—[%AmMa

Here, h:M — C with h =0 on dM. Thus, the corresponding Euler-Lgrange equation
is

Ah = 0.

The standard elliptic theory shows that such minimum exists uniquely and satisfies
the Laplace equation

Ah=0in M, h=gon JdM.

Such function A is called a harmonic function with Dirichlet boundary data g. We
denote it by hy. The minimization problem now becomes

min{Eplhy]lg : OM — S'}
3. In the discrete setting, we look for

min Edmzémbm C=L-2A.

In the continuous setting, the condition |h| = 1 gives fixed area(h(OM)). In the discrete
setting, however, |h| = 1 may not be enough to give a fixed area of the polygon h(0M).
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Nevertheless, we impose such fixed area condition. Namely, we look for i such that
the variation of the area hAh is fixed. This gives the condition

h € Ker(A).

The minimization problem now reads
1_
min{ahTLh\h € Ker(A)}.

Note that the operator A only depends on h on OM. Let us denote hlgys by g. The
above problem becomes

min{%hTLhVL =g on OM}

Thus, h satisfies
Lh=0in M, h =g on OM.

But this is equivalent tp
h e Ker(L)N Ker(A).

4. The existence of h follows from Riemann mapping theorem: A conformal mapping
between a simply connected domain and the unit disk always exists. Such solution is
unique up to Mobius transforms with dimension 3. A Mobius transform 7 : C — C of
the form

() = (z —20)(21 — zo)’
(z — 29)(21 — 22)
which is conformal and maps (2o, 21, 22) to (0,1, 00). Given (zo, 21, 22) and (wg, wy, ws),
we can construct a Mébius transform 7, 71 to map (2o, 21, 22) to (wo, w1, wy). If z; and
w; are all on S, there are three degrees of freedoms of such transforms. In order to
have a unique solution for our conformal map, we should fix three boundary point
images, or one interior point image and one boundary point image.

5. We can use gradient descent method, or an iteration between g and A to minimize F¢
to find a minimum.

Ref.

e M.-H. Yueh, W.-W. Lin, C.-T. Wu, and S.-T. Yau, An Efficient Energy Minimiza-
tion for Conformal Parameterizations, J. Sci. Comput. 73(1): 203-227, 2017.

e Gu and Yau, Computational Conformal Geometry, 2008.

10.2.4 Free boundary approach

1. In this approach, we let h(OM) be free and solve the following constrained minimization

problem:
mhinEC[h] subject to |h||* =1, {h,1)) =0.
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The discrete version is
1- _ _
min §hTCh, subject to ATMh =1, hTM1=0,
where
O — L — 2A, Mz] - <<¢l, ¢]>>

is the mass matrix.
. The minimization of A" C'h subject to the first constraint leads to an eigenvalue problem

Ch = AMh.

This together with
R"Mh=1, hTM1=0

is our generalized eigenvalue problem.

. All eigenvalues of C' w.r.t. M are non-negative because C' > 0. We look for an eigen-
vector corresponding to the zero eigenvalue and also perpendicular to 1. This solution
set is Ker(C) N1+, We apply the inverse power method to find such an eigenvector.
To apply the inverse power method, we replace

C+— C+ XM, X>0 (some small constant)

in order to take C~! in the inverse power method. Now, C' > 0. We look for

1o ~ _ _
min §hTCh, subject to AT Mh =1, ATM1=0.

The eigenvector corresponding to g is the one satisfying Ch = 0. The algorithm is
the inverse power method-2 in the next subsection.

10.2.5 Inverse Power method for solving generalized eigenvalue

problem

A standard numerical method to find a largest eigenvalue and the corresponding eigenvector
is the power method. A variant of the power method, called the inverse power method, is to
find a smallest eigenvalue and the corresponding eigenvector. Let us make a short description
on power method. Then go to the inverse power method with constraints. Below, B is
symmetric positive definite matrix.

Power method-1 To find Az = Az, ||z|| = 1 with largest |\|.
Here, Residual(A, z) := Az — (27 Az)z.
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Algorithm Power Method 1
Input: A, 2°(initial guess)
Output: z,\ = 7 Az, z, the largest eigenvalue in magnitude.
1: while Residual(4, 2" 1) > ¢ do
Yy« Azt
" y/ly
end while
return z”, A

Algorithm Power Method 2
Input: A, z°(initial guess)
Output: z, \ = 7 Az, the largest eigenvalue in magnitude.
1: while Residual(A,z"') > ¢ do
2 y + Az"!
3 2"« y/\y By
4: end while
5. return z”, A

Power method-2 To find Ax = ABz, z7 Bz = 1 with largest |\|. Here, we define
Residual(4, z) := Az — (z7 Ax) Bx.

Inverse Power Method-1 The inverse power method is to find the smallest eigenvalue

(in magnitude) of A. This is equivalent to find the largest eigenvalue of A=1. The algorithm
reads

Algorithm Inverse Power Method — 1
Input: A, z°(initial guess)
Output: z, A = 7 Az, the smallest eigenvalue in magnitude.
1: while Residual(A,z"!) > ¢ do
Yy A7 tgn!
" < y/yl
end while
return z”, A

Inverse Power method for generalized eigenvalue problem wit constraints Let
A, B are Hermitian matrices and B > 0. We assume the smallest eigenvalue of A is A\g. We
want to solve Ax = \gBx, 27 Bxr =1 and 27 B1 = 0.
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Algorithm Inverse Power Method — 2

Input: A, z°(initial guess)

Output: z, \ = 7 Az, the largest eigenvalue in magnitude.
1: while Residual(A,z"!) > ¢ do

2 oy Algn?

3: y<+y—1y'B1/(17B1)

4: " < y//y' By

5: end while

6: return z", \

Figure 6.2: Result of using the first non-zero eigenvector to parameterize the VW bug model. Note
that this model is path connected but not simply connected.

Figure 10.2: Copied from Chern and Schroder’s lecture note
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Chapter 11

Vector Field Design

Definition of vector fields Vector fields on manifolds are those tangent vector valued
functions on manifolds. Directional fields are those vector fields that we care only on its
direction, not magnitude. N-vector fields are referred to that at each point p € M, we
associate it with N vectors.

Applications of vector field design include
e Mesh generation

Parametrization

Deformation

Shape analysis

Texture mapping and synthesis

Architectural geometry

Framework of design
e Representation of vector fields

e Set up an objective function and constraints, formulate the problem as an optimization
problem with constraints.

objectives include:
e Parallelity

e Orthogonality
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e Coons interpolation

Constraints are

e Alignment

Symmetry

Differential constraints

Topological constraints
o
A good review article is

e Amir Vaxman, Marcel Campen, Olga Diamanti, Daniele Panozzo, David Bommes,
Klaus Hildebrandt and Mirela Ben-Chen, Directional Field Synthesis, Design, and
Processing, EUROGRAPHICS 2016.
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