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Introduction

During the last years techniques from Algebraic Topology have been applied
to a variety of fields ranging from data analysis (30) to the construction of
numerical methods for PDE’s (28).

In this thesis we will focus on this second kind of application. In particular we
will deal with spaces (manifolds) which admits a "triangularization" and then
we will use the combinatoric of the data to deal with the problems. In fact we
will show how to create a model that solves a Poisson problem in dimension 2:
we will translate the smooth geometric techniques of Differential Geometry in
discrete form via Combinatorical Algebraic Topology .

The methods that we study go under the name of "cell methods", and have
been used mostly in computational electromagnetism (32; 33). In this frame-
work one uses the identification between de Rham and simplicial cohomology
and then in this way interpretates differential forms in terms of co-chains in the
simplicial setting. As a dividend of such a construction it is possible to write a
set of algebraic equations that representes the laws of nature (this construction
is explained in the third chapter of (32) for the case of Maxwell’s equations).
One of the paradigms of this method is the necessity of introducing two different
meshes that are oriented in a different way in order to discretize "natural " and
"twisted" differential forms (the difference between these two kinds of differen-
tial forms consists of the fact that the latter changes sign when the orientation
of the space changes while the former does not, motivations for the introduction
of the "twisted" differential forms can be found in (27; 32; 33; 34)). This
approach although gives a precise description of the physical quantities has a
drawback from the computational point of view. This is due to the fact that
the dual mesh gives not rise to a simplicial complex and so it is not possible to
build the Whitney forms on it.

What we propose in this thesis is an approach to the cell method based on a
single mesh. We show that it is possible to find a discrete counter part of all
the smooth operators working just on one mesh. We find converge results for
the discrete operators although we notice that the definition of the Hodge star
operator is problematic from a computational point of view since it involves a
non perfect pairing (3.2.0.3).

The thesis is divided in three chapters:

e) In the first chapter we recall the mathematical background needed in the rest
of the thesis. We introduce the concepts of (co)homology and duality, and in

the last paragraph we define some concept of Riemannian Geometry that we



will need later on.

e) In the second chapter we will propose an extension of Wilson’s work (23) to
manifold with boundary. Wilson has introduced a discrete interpretation of the
differential constructions as Hodge operator and codifferential which we have
introduced in chapter 1 once the manifold has a simplicial structure. We will
extend his work to the manifold with boundary and we prove that the operators
that we define in the discrete setting converges to the smooth ones when mesh
goes to zero.

e) In the last chapter we describe a model to solve a Poisson problem in di-
mension 2 (which later we have found to be equivalent to that one described
in (31)). We test it on a problem of which we know the exact solution and
we prove that the approximate solution converges to the analytic solution when
the mesh goes to 0. Moreover we compare our result with the one given by the
Matlab function "AssemPde" and we see that the convergence rates of the two
methods are the same.
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1 Mathematical Background

In this chapter, I will briefly present all the basic concepts that we will need
during the rest of the thesis.
I will often skip the proofs, but in those cases, I will indicate some reference
where it is possible to find them.

1.1 A Glimpse on Category Theory and Homological al-
gebra

We can say (co)homology theory is a way to associate to some topological
space a sequence of abelian grups, in such a way that these associations respects
a "natural" set of rules.

In order to make this definition formal we need a framework in which we can
work, for this reason in this paragraph we will briefly introduce the basic notions
of Category theory and Homological Algebra.

Main references for this paragraph are (9; 13).

Definition 1.1.0.1. A category C is made by A class of objects Ob(C) and for
every X, Y € Ob(C) a set of morphisms that satisfies the following composition
law” o7 :

Vf € Home(X,Y) and Vg € Home(Y,Z) 3 go f € Home(X, Z) such that
the composition operation is associative and VX € Ob(C), I x € Home(X, X)
such that folx =fVf: X =>Y and1lxog=9gVg:Y — X.

Example 1.1.0.2. The simpler example of category is Set where the elements
are sets and morphisms are morphisms between sets.

Other useful categories are:

1) Top where the objects are topological spaces and the morphisms are continu-
ous maps.

2) R — Mod where R is a ring, the elements are left R modules and the mor-
phisms are R-linear maps.

3) Ab where, the elements are abelian groups and the morphisms are group
morphisms.

Remark 1.1.0.3. Most of the notion that we will define are not defined in
every category, so during the whole section we suppose that all the categories
are Abelian.

The definition of Abelian Category can be found in (18), Definition A.4.2.



Definition 1.1.0.4. A covariant functor F between two categories C and D
associate to each C € Ob(C) a unique element F(C) € Ob(D) and Vf €
Home(X,Y) a unique element F(f) € Homp(F(X),F(Y)(a functor is said
to be contravariant if F(f) € Homp(F(Y), F(X)).

Definition 1.1.0.5. A congruence in a category C is an equivalence relation on
Home(X,Y) VX,Y € Ob(C) such that if f ~ f in Home(X,Y) and g ~ g in
Home(Y, Z) then go f ~g o f in Home(X, Z).

Example 1.1.0.6. The most important example of congruence in a category is
the homotopy relation in Top.

Two maps f,g : X — Y are homotopic if exists F : X x I — Y such that
F(=0) = f and F(—,1) = g, where I = [0,1]. Moreover if there are two maps
f: X —=>Y and g :Y — X such that fog ~ Idy and go f ~ Idx then
the spaces X and Y are said to be homotopic. hTop is the category that has
topological spaces as objects and Homp1op(X,Y) = Homrep(X,Y)/ ~ where ~

s the homotopy relation.

Definition 1.1.0.7. An exact sequence in a category C is composed by a set
of objects {C;}icz and a set of morphisms {f; : C; — Cit1}iez such that
Im(f;) = Ker(fit1)-

A short exact sequence is an exact sequence of the shape:

0-4LBS 50 (1)

Definition 1.1.0.8. A chain complex over a category C is a pair (X;,d;)iez
where X; € 0Ob(C) and d; : X; — X;—1 such that d;i—1 od; = 0.
A morphism between two complezes (X;,d )iez and (Y;,dY )iez is given by a
sequence of morphisms ¢; : X; — Y; such that ¢;_1 o d¥ = d? o ¢; i.e the fol-
lowing diagram is commutative:

iy ax d¥,
— X; *> X1 —— ...

F yuy (2

i>Y*>Yz | —

~—

Definition 1.1.0.9. Given a chain complex (X;,d;) over a category C the n*

Ker(d,) cC.

homology of the complex is Hyp(X,) = Tmtd i)

Lemma 1.1.0.10. Any morphism of complexes induces naturally a morphisms

between the homology groups of the complexes.



Proof. Let ¢, : X, — Y, be a morphism of complexes it’s enough to prove that:
1) Let a € ker(d:X) then ¢,(a) € ker(dY) .

2) Let b € Im(d;y, ;) then ¢,,(b) € Im(d} ;).

The commutativity of the diagram (2) implies that d} (¢, (a)) = ¢n(dX (a)) =0
and this proves 1.

Take ¢ € X, 41 such that di,;(c) = b then dY | (¢n+1(c)) = dnt1(diny1(c)) =
= ¢(b) and this proves 2. O

Theorem 1.1.0.11 (Zig-Zag lemma). Any time we have a short exact sequence
of morphism:

0-Xi—=Y.>Z, -0 (3)

we will have a long exact sequnce in homology of the shape:
o Hoy(Xy) = Ho(Y)) = Ho(Z) S Hy (X)) — ... (4)

and the morphisms § are called connecting morphisms.

Proof. Theorem 1.3.1 in (13). O
Proposition 1.1.0.12. A morphism between two short exact sequences of chain
complexes:
0 A, — B, s 0
lf Jg lh (5)
0 X, v, g 0

induces a commutative diagram on the homology groups of the shape:

. — H,(A,) —— H,(B,) —— H,(C.) —— H,_1(A,) —— ...

lHn(f) lfmg) lHn(h) lHn(f)

w—— Hy(X,) —— H,(Ye) —— Hp(Z,) —— Hp1(Xy) —— ..
(6)
Proof. Proposition 1.3.4 in (13). O

Remark 1.1.0.13. The notion of chain complex have a natural dual that is the
notion of cochain complex, the latter is defined in the same of the former with
the only difference that the arrows are reversed i.e 6™ : X™ — X"t in this case

we define the cohomology groups of the cochain complex as H™(X*) = ffj(gﬁf‘fﬁ),

of course the same theorems above hold with the only caution of reversing the

arrows.



1.2 (Co)Homology Theories

Now that we have a formal framework in which we can we work, we can
define the (co)homology theories that we will need during the thesis, these
theories will be defined as sequences of (contra)covariant functors from some
category of topological spaces to Ab.

Main references for this paragraph are (5; 10; 6).

1.2.1 Simplicial Complexes

Simplexes and simplicial complexes are crucial tools both for Simplicial and
Singular (co)homology theories, for this reason this section will be used to in-

troduce these objects and to explain their fundamental properties.

Definition 1.2.1.1 (Convex envelope). The convex envelope of the points po, ..., Dk
k k

in RN with k < N is the set of points {Z AiDil Z)‘i =1,)\ > 0} and it is
i=0 i=0

denoted by [po, .., Pk

Definition 1.2.1.2. The points {vo, .., vz} in RN are affine independent if

{v1 —vo, .., v —vo} are linearly independent, in this case they span a k-simplex

s = [vgy ..., vg], and the {v1 — vg,.., vk — v} is the set of vertices of s and it is

denoted by Vert(s).

Remark 1.2.1.3. The concept of simplex is easy to visualize in fact for k =0
it is a point, for k =1 it is a line segment, for k = 2 it is a triangle, for k =3

it is a tetrahedron and so on..

Figure 1: 0,1,2,3-simplexes.

Notation 1.2.1.4. If s = [vg, .., vk is a simplex :

k is the dimensions of s.

A face of s is a simplex s such that Vert(s') C Vert(s) in this case we write
s <s, if Vert(s') C Vert(s) s’ is a proper face of s and we write s’ < s.

The union of the proper faces of s is the boundary of s and it is denoted by



Bd(s).
The interior of s is denoted by Int(s) and it is the complement is s of the

boundary, sometimes it is called an open simplez.

Definition 1.2.1.5 (Simplicial Complex). A simplicial complex K is a collec-
tion of simplexes in some euclidean space such that:

1) if s € K, then every face of s also belongs to K.

2)if s,t € K then s Nt is either empty or a common face of s and t.

We write Vert(K) to denote the vertices set of K and |K| is the union of all
the simplexes in K and it is called "polytope pf K.

Figure 2: K;, K5, K4 are simplicial complexes while K3 is not.

Definition 1.2.1.6 (Subcomplex). If L is a subcollection of K that contains all
faces of its elements, then L is a simplicial complex in its own right; it is called
a subcomplex of K. One subcomplex of K is the collection of all simplexes of
K of dimension at most p; it is called the p-skeleton of K and is denoted K.
Clearly K(©) = Vert(K).

Definition 1.2.1.7 (Trinagulation). A topological space X is a polyhedron if
there exists a simplicial complex K and a homemorphism h : |K| — X. The

ordered pair (K, h) is called a triangulation of X.

Definition 1.2.1.8 (Star of a simplex). If o is a simplex of K, the star of o
in K, denoted by St(o, K), is the union of the interiors of those simplexes of K
that have o as a face. Its closure, denoted W, is called the closed star of
o in K. It is the union of all simplexes of K having o as a vertex, and is the
polytope of a subcomplex of K. The set St(o, K) \ St(o, K) is called the link of
o in K and is denoted Lk(c, K) (When the simplicial complez is clear from the

context the K is removed from the notation).

Definition 1.2.1.9 (Simplicial map). Let K and L be simplicial complexes. A
simplicial map ¢ : k — L is function ¢ : Vert(K) — Vert(L) such that any
time {po, .., pr} spans a simplex in K then {p(po), .., ¢(pr)} spans a simplex in
L.

10
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Figure 3: Triangulation of a torus

Theorem 1.2.1.10. If K consists of all simplicial complexes and all simplicial
maps (with usual composition), then it is a category, and underlying defines a
Junctor | | :KC — Top.

Proof. Theorem 7.2 in (10). O

Definition 1.2.1.11 (Orientation). An oriented simplicial complex K is a sim-
plicial complex with a partial order on Vert(K) whose restriction to the vertices

of any simplex in K is a total order.

Definition 1.2.1.12 (Subdivision). Let K be a simplicial complex. A simplicial
complex K' is said to be a subdivision if :

1) Each simplex of K' is contained in a simplex of K.

2) Each simplex of K equals the union of finitely many simplezes of K'.

These conditions trivially imply that | K| = |K'|.

Definition 1.2.1.13 (Cone). Suppose that K is a simplicial complex in R,
and w is a point of Rl such that each ray emanating from w intersects |K| in at
most one point. We define the cone on K with vertex w to be the collection of
all simplezxes of the form [w, ay, .., ap], where [ag, ..., ap)] is a simplex of K, along

with all faces of such simplexes. We denote this collection w * K.

Definition 1.2.1.14. Let K be a complex; suppose that Ly, is a subdivision
of the p-skeleton of K. Let o be a p+ 1-simplex of K. The set Bd(o) is the
polytope of a subcomplex of the p-skeleton of K, and hence of a subcomplex of
L,; we denote the latter subcomplex by L. If ws, is an interior point of o, then
the cone wy x Ly, is a simplicial complex whose underlying space is o. We define

Lyt1 , to be the union of L,, and the complexes wy, * L, , as o ranges over all

11



Figure 4: Cone of a vertex along an edge.

p+ 1-simplexes of K. Can be shown that L,11, is a complex; it is said to be the
subdivision of KP* obtained by starring L, from the points w,-.

Definition 1.2.1.15 (Barycenter). If o = [vo, .., v,], the barycenter of o is
P

. 1

6= —u.
; p+1"

Lemma 1.2.1.16. If K is a complex, then the intersection of any collection of
subcomplexes of K is a subcomplex of K. Conversely, if K, is a collection of
complezes in R', and if the intersection of every pair |Ko|N|Kp| is the polytope
of a simplicial complex that is a subcomplex of both K, and Kg, then the union

U, Ko is a complex.

Proof. Tf {K,} is a collection of subcomplexes of K then for every s,t € [ K,
then all their faces are in (| K, and since sNt is a common face in every K, it
is a common face in [ K, and this proves the first part of the lemma.

If s € |J, Ko then in particular s € K, for some « so all the faces of s are
in |J, K«, moreover if s,t € |J, K then if the they belong to the same K,
trivially they intersect in a common face, while if s € K, and t € K, their
intersection is in |K,| N |Kg| so it is a subcomplex of both K, and K3 so in

particular is a common face in (J,, K. O

Definition 1.2.1.17 (Barycentric Subdivision). We define a sequence of sub-
divisions of the skeleton of K in the following way:

1) Lo=K©,

2) L1 is the be the subdivision of the p + 1-skeleton obtained by starring L,
from the barycenters of the p + 1-simplexes of K.

The union of the Ly, is called first barycentric subdivision of K and it is denoted
by sd(K).

Lemma 1.2.1.18. The simplicial complex sd(K) equals the collections of all
simplexes of the form

[61,..,0p] such that o1 > 09 > .. > o).

12



Proof. The proof proceeds by induction on p.

If p =0 it is trivial since v = 0.

Suppose that each simplex of sd(K) lying in |K ()| is of this form. Let 7 be a
simplex of sd(K) lying in |K®*Y| and not in [K(?|. Then 7 belongs to some
0x L, with o being a p+1 simplex of K and L, the first barycentric subdivision of
the complex consisting of the proper faces of o, so using the induction hypotesis

and the definition of * we are done. O

dg ao

as ay

ai az ai az
as

Figure 5: Barycentric subdivision of a 2-simplex.

1.2.2 Simplicial (co)Homology

In this section we define the first of our (co)homology theories.
As we will see all the groups that are needed in order to define this theory are
finite dimensional.

In Chapter 3 we will use this fact to find a method of solving a Poisson’ system.

Definition 1.2.2.1 (Simplicial Chains). If K is an oriented simplicial complex
and g > 0 let Cy(K) be the abelian group with the following presentation.
Generators: the g+ 1-tuples (po, ..., pq) of vertices of K such that {po, ..., pq}
spans a q-simplex in K.

Relations: (pos .-, Pq) = 0 if some vertex is repeated and

(Pos -y Pq) = (5910) (Do (0)s -+ Po(q)) for any o permutation of {0, ..,q}.
Notation 1.2.2.2. The element of Cy(K) corresponding to (po, .., pq) is denoted
by < po,..,pq >.

Lemma 1.2.2.3. Let K be an oriented simplicial complex of dimension m.

1) Cy(K) is a free abelian group with basis all symbols < py,...,pq > where
{po, --+0q} span a g-simplex in K with py < p1 < .. < pq.

2) Cy(K) =0 if ¢ >m.

13



Proof. Lemma 7.10 in (10). O

Definition 1.2.2.4 (Simplicial Boundary Operator). We define the boundary

morphisms in the following way

q
On : Cy(X) = Cy—q1(X) < POy -y Pg >+ Z(—l)l < POy -y Pis-Pg > (7)
i=0
Of course can be easily proved that (C.(K),0s) is a chain complex and the
homology groups of this chain complexes will be called simplicial homology groups
of K and denoted by Hy(K,Z).

Remark 1.2.2.5. [t is possible to show that once we have a simplicial map
¢ : K — L this induces a morphisms of chain complezes ¢, : Ci(K) — C,.(L),
this is defined in a natural way, in fact sends the element < po, .., pq > of Cy(K)
to the element < ¢(po), .., p(pq) > of Cq(L).

As a consequence of this fact we have that the H, are covariant functors from
K to Ab (this fact is proved in Theorem 7.13 of (10)).

Definition 1.2.2.6 (Reduced Simplicial Complex). Define C1(K) as the free
abelian group generated by the symbol <> and 9y : Co(K) — C_1(K) such that
(X my <p>)= (X my) <>, and define the augmented simplicial complex:

Cu(K) =0 — Co(K) 225 . 28 0o(K) 25 0 (K) = 0 8)

We define the reduced simplicial homology groups by Hy(K) = Hy(C.(K))

Definition 1.2.2.7 (Relative Homology). If Kq is a subcomplex of K, the

quotient group gq((;é))) is called the group of relative chains of K modulo K,
q

and is denoted by Cq(K, Ky), clearly it is free abelian and it is generated by the
equivalnce classes of the q-simplexes of K that are not in Ky. Obviouvsly the
boundary operator O is well defined on the relative chain and so gives rise to a
chain complex (Cy(K, Ky),0x) and the homology of this chain is called relative
homology and it is denoted by Hy(K, Koy).

Proposition 1.2.2.8 (Long exact sequence). If Ky is a subcomplex of K we

have along exact sequence in homology:
= Hy(Ko) = Hy(K) = Hy (K, Ko) % Hy_1(Ko) — ... (9)

Proof. Clearly the inclusion map 7 : Ky — K is a simplicial map and so induces

a short exact sequnce:

0 — Cu(Ko) 2 CL(K) I O (K, Ko) — 0 (10)

14



where 7, : Cu(K) — CC *((II((O)) is the natural projection morphism, using the Zig-

Zag lemma this induces the long exact sequence that we were looking for. [

Theorem 1.2.2.9 (Exact sequence of triple). If K3 is a subcomplex of Ky that
1s a subcomlex of K we have a long exact sequence:

o = Hy (Ko, K1) — Hp (K, Ky) — Hy(K, Ko) 2 Hy_ 1 (Ko, K1) — ... (11)
Proof. Theorem 5.9 in (10). O

Theorem 1.2.2.10 (Excision). Let K be a complex; let Ko be a subcomplex.
Let U be an open set contained in |Ko| such that |K|\ U is the polytope of a
subcomplex L of K. Let Ly the subcomplex of |Ko| whose polytope is |Ko| \ U
then the inclusion induces an isomorphism:

Hy(L, Lo) = Hy(K, Ko) (12)
Proof. Theorem 9.1 in (5). O

Theorem 1.2.2.11 (Mayer-Vietoris). Let K be a complex; let Ky and K; be
subcomplexes such that K = KgUK;. Let A= KoNKy. Then there is an exact
sequence

w. = Hy(A) = Hy(Ko) ® Hy(K1) —» Hy(K) — Hy_1(A4) — ... (13)
Proof. Theorem 25.1 in (5). O

Definition 1.2.2.12 (Simplicial cochains). Let K be simplicial complex. The
group of p-dimensional cochains of K, with coefficients in G, is the group
CP(K,G) = Hom(Cp(K), G).

We can define a coboundary opeator § : CP(K,G) — CPTYH(K,G) defined in such
a way that if cP is p-cochain and c, a p-chain and < cP,c, > the evaluation of
c? at ¢, then < 0cP,cpp1 >=< P, 0cpy1 >, clearly the coboundary operator
inherits from the boundary operators the fact that 6 o § = 0, so (C*,6*) is a
cochain complex and the cohomology of the complex is the simplicial cohomology
of K with coefficients in G and it is denoted by HP(K,G).

Remark 1.2.2.13. If we have a simplicial map ¢ : K — L this clearly define
a map ¢* : C*(L) — C*(K) defined in such a way that

< PP(cP), cp >=< P, ¢p(cp) > where P € CP(L) and C), € Cp(K), this proves
that H* are contravariant functors from K to Ab.

With the same computation we did for Homology we can build relative coho-

mology groups and we have also the long exact sequence, excision property and

15



Mayer-Vietoris (but with the arrows reversed). ( the details are in Chapter 5 of

(4))-

1.2.3 Singular Homology

In this section we define Singular (co)homology theory, this is the most gen-
eral (co)homology theory that we have, indeed it is defined on every topological
space X and turn out to be equivalent to the Simplicial (co)homology theory
when the space X is triangulable.

Definition 1.2.3.1 (Standard n-simplex). A standard n-simplex is the set
k

A, = {(zo, ..., 2n)| Z% = 1,x; > 0}, this can be seen as the convex envelope
i=0
[€0, .-, ex] of the points eq = (1,0, ...,0),..,e, = (0,...,0,1) in R** in particular

for n =0 is a point, for n = 1 is a segment, for n = 2 is a triangle, and for
n = 3 is a tetrahedron.
Definition 1.2.3.2 (Face). Let A,, = [eg, ..., en] a face of Ay, is [eg, .., €i—1, iy €141, -y €n]
(where the hat means that the element is deleted.).
We can embed A,,_; into A,, using the morphism 6?71 that sends
(w0, oy T—1) = (%0, Ti—1,0,Ti41, .., Tp)
Definition 1.2.3.3 (Orientation). An orientation of A, = [eg, ..., €,] is a linear
ordering of its vertices, two orientations are the same if they have the same

parity as permutations of {eo, ..,en} otherwise the orientations are opposite.
An orientation of A,, induces an orientation on the faces in the sense

(_1)i[6(), ...,éi, ceny en],

€

O

€ &

Figure 6: 2simplex with orientation eg < e1 < eq
Definition 1.2.3.4 (Singular complex). Let X be a topological space. A (singu-
lar) n-simplex in X is a continuous map o : A, — X where A, is the standard

n-simplez.

16



Definition 1.2.3.5 (n-chains). Let X be a topological space. For each n > 0,
define S, (X) as the free abelian group with basis all singular n-simplexes in X ;
define S_1(X) = 0. The elements of S,(X) are called (singular) n-chains in X.

Now we have our groups S,,(X) so in order to build a chain complex we need
the morphisms 9, : S, (X) — S,—1(X), we will call them boundary morphisms.

Definition 1.2.3.6 (Singular Boundary morphisms). We define the boundary

morphisms in the following way:
On : Sp(X) = Sp—1(X) o Z(—l)io o€l ! (14)

Oy, is defined explicitly only on the singular n-simplexes and clearly is extended

by linearity on the whole S, (X).
Proposition 1.2.3.7. For all n € Z we have 0, 0 Op+1 = 0.
Proof. Theorem 4.6 in (10). O

Remark 1.2.3.8. Thanks to this proposition we know that (S«(X),0s) is a

chain complex so we can build homology groups from this.

Definition 1.2.3.9 (Singular Homology Group). H>™"9(X,Z) = %.
We will name the elements of Z,(X,Z) = ker(0,) n-cycles and the elements of

B, (X,Z) = Im(0Op41) n-boundaries.

Remark 1.2.3.10 (Reduced Singular Homology). With the same procedure of
the Definition 2.2.2.6 but using the symbol [ | as generator of S_1(X) we
can define the reduced singular complex 5*(X) (this construction is formally
explained at Chapter 5 of (10)).

Remark 1.2.3.11. The Theorem 4.23 of (10) proves that H, is really a co-
variant functor from hTop to Ab, this is made in two steps, the first is to show
that any time we have a map f from two topological spaces X and Y there is
a natural chain map from S.(X) to S.(Y) induced by f and it is defined send-
ing any generator o of Sy(X) to foo in Sy(Y), and the second step consist
in showing that the induced map preserve the homotopy class, i.e if f ~ g then
H,(f) = Hn(g). Of course thanks to the result that we have seen in the previuos
section this induces a map between the homology groups of X and Y .

Notice that as a direct consequence of the fact that two homotopic maps induce
the same morphism in homology we also have that two homotopic spaces have

the same homology groups.
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Remark 1.2.3.12. All the concepts that we have defined for simplicial homology
like relative homology, long exact sequences, Mayer-Vietoris etc.. are defined in
the same way also in the singular case. (look at Paragraph 10.7 of (2) for the
construction)

So now if we have an ordered simplicial complex K we can associate to it
both H,(K,Z) and HY™(|K|,Z) and those two classes of functors are a propri
different, but it is not difficoult to prove that those groups are isomporphic and
the isomorphism is induced by the map j. between the two reduced complexes
C.(K) and S,(K) defined in the following way:

1) j_1 sends <> to [ ] and is extended by linearity.
2) if ¢ > 0 jy,(< po,..,pg >) = 0 where 0 : A; — |K| is the affine map that
sends e; — ¢; and is extended by linearity.

All the details of the isomorphism are given in (10), Theorem 7.22.

Remark 1.2.3.13 (Homology of a contractible spaces). A space is said to be
contractible if it is homotopy equivalent to a point, so in particular if X is
contractible space H,(X) = H,({pt}), VYn €Z.

Now using (1.2.2.83) we have that Cq({pt}) =0, Vg >0 so also Hy({pt}) =
0, Vg >0, moreover can be proved that for every space X, Ho(X) = Z* where
« is the cardinality of the set of the path connected components of X (for the
proof look at Theorem 4.14 in (10)), so in particular Hy({pt}) = Z. So the
homology of every contractible space equal to 0 for every n > 0 and it is equal
to Z for n = 0, it is possible to prove that every convexr space is contractible

Theorem 1.7 of (10)) so in particular R™ is so for every n.
Y

Proposition 1.2.3.14 (Homology of the sphere). Let S® C R"*! be the n
dimensional sphere, i.e S® = {(zq, .., z,) € R"!| fo =1} then:

(2

H,(S")=7Z, k=0,n (15)
Hi(S") =0, k#0,n
if n # 0 while :
Hp(S%) =27% k=
Hy(S°) =0, k#£0
Proof. Theorem 6.5 in (10). O

We can notice that there is still some important difference between singular
and simplicial homology, the most obvious is that singular homology is defined

on every topological space while the simplicial homology is defined just on the
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spaces that have a triangulation, (there are topological spaces that doesn’t ad-
mit a triangulation), so singular homology gives rise to a more general theory,
but on the other hand from a computational viewpoint simplicial homology is
much more useful, this is due mainly to the fact that while the groups S, (| K|)
are infinitely generated, when K is finite (iff | K| is compact) the groups Cy(K)
are finitely generated and so the morphisms 9, can be represented by matrices

and this is clearly an advantage.

1.2.4 Universal Coefficient Theorem

In this section we are going to see how to change the coefficient group of the

(co)homology and how to pass from homology to cohomology.

Definition 1.2.4.1 (Tensor product). Let A and B be abelian groups. Their
tensor product, denoted by A ® B, is the abelian group having the following
presentation:

Generators: A X B, that is, all ordered pairs (a,b).

Relations: : (a+ a',b) = (a,b) + (a/,b) and (a,b+ V') = (a,b) + (a,V’) for all
a,a’ € A and all b,V € B.

The equivalence classes of the pair (a,b) in AQ B is denoted by a®b. The tensor
product has a lot of good properties ( that are proved in Chapter 9 of (10)) the
two that we will need later are:

1) F® G2 G for every free abelian group F and every abelian group G.

2) Any time that we have two group homomorphisms f : A— A’ andg: B — B’
we can induce a unique group homomorphism f Q@ g: A®Q B — A’ ® B’ such

that (f © g)(a @ b) = (f(a) © g(b)).
3)If B 5% B % B” — 0 is an exact sequnce of abelian groups then B' @
G ls, g 22199, Br oG — 0 is ezact too ( the same holds also tensoring

on the left).

Definition 1.2.4.2. Let (X, A) be a pair of spaces and let G be an abelian
group. If (S«(X, A), D) is the singular chain complex of (X, A), then the singu-
lar complex with coeflicients G is the complex:

o®Id, o®Id,

- St (X A) @ G =5 Su(X, A) @ G — o8Idy

n—l(Xv A) & G

(17)
The n* homology group of (X, A) with coefficients G is the n'" homology group
of this chain complez.

19



Remark 1.2.4.3. Notice that
Sp(X)®G = {Zgg(ﬂa A, = X,90 €G,9, =0 a.e o} (where a.e means
all but finitely many of them).

Definition 1.2.4.4 (Tor). For any abelian group A it is possible to build a short
exact sequence:
05RLHF A0 (18)

where F' is a free abelian group.

For any abelian group B we define Tor(A,B) = ker(i ® 1g). Tor(—,B) is a
covariant functor form Ab to himself and has a lot of good properties in particu-
lar we will use the fact that Tor(A,B) =0 VB if A is torsion free. (Corollary
3.1.5 9 in (13)).

Theorem 1.2.4.5 (Universal coefficient Theorem for Homology). 1) For every

space X and every abelian group G, there are exact sequences for alln > 0:

0— H.(X)®G S Hy(X,G) — Tor(H,—1(X),G)) =0 (19)
where o([(0)] ® g) = [0 @ g].
2) This sequence splits, i.e:
H,(X,G) = (H,(X)®G)® Tor(H,—1(X),G). (20)
Proof. Theorem 9.21 in (10). O

Corollary 1.2.4.6. If G is the additive group of Q,R,C then:
H,(X,G)=H,(X)®G (21)
Proof. All those groups are torsion free. U

So now we have a formula that allow us to pass from the homology with
coefficients in Z to the homology with coefficients in any group G, in particular
we will use it to find the homology coefficints in R.

Now with a similar argument we are going to find a formula that allows us to

pass from homology to cohomology.

Definition 1.2.4.7 (Ext). For each abelian group A, choose an exact sequence
0+ RS F — A— 0 with F free abelian, then for every abelian group G we
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can induce an exact sequence:

0 — Hom(A,G) — Hom(R,G) = Hom(F,G) (22)
then we define Ext(A, G) = cocker(i*) = %

Definition 1.2.4.8. An abelian group G is divisible if, for every x € G and

every integer n > 0, there exists y € G with ny = x.

Remark 1.2.4.9. The groups Q,R, C are divisible, furthermore the functor Ext
enjoys the property that Ext(A, D) = 0 for every divisible group D and every
abelian group A.( for a proof look at Chapter 12 of (10))

Theorem 1.2.4.10 (Dual Universal Coefficient). 1) For every space X and

every abelian group G, there are exact sequences for all m > 0:

0 — Ext(H,_1(X),G) = H"(X,G) 2 Hom(H,(X),G)) >0  (23)

where (B([9]))(zn + Bpn) = ¢(zn).
2) This sequence splits, i.e:

H"(X,G) 2 Ext(H,-1(X),G) ® Hom(H,(X),G)). (24)
Proof. Theorem 12.11 in (10). O

Corollary 1.2.4.11. If F is a field of characteristic zero (e.g. Q, R, or C),
then, for allm >0 H"(X,F) = Hom(H,(X), F)

Proof. Any field of characteristic 0 has a divisible additive group. O

Theorem 1.2.4.12 (Universal coefficient theorem for cohomology). 1) For ev-

ery space X and every abelian group G, there are exact sequences for alln > 0:

0 H" (X)®G S HY(X,G) — Tor(H" ™ (X),G)) =0 (25)

where a([z] ® g) = [zg] and zg : 0 — z(0)g for any n-simplex in X
2) This sequence splits, i.e:

Ho(X,G) = (H,(X) ® G) & Tor(H,_1(X),G). (26)

Proof. Theorem 12.15 in (10). O
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1.2.5 De Rham Cohomology

In this section we are going to present a cohomology theory that works
on smooth manifolds, this cohomology will turn out to be isomorphic to the
singular and simplical cohomology with coefficients in R and the isomorphism
will be given by the integration.

I’'m not going to present all the basic notions of differential geometry that can
be found in (11).

Definition 1.2.5.1 (Manifold). Ann manifold with boundary is a second count-
able, Hausdorff topological space M such that Yx € M exists U open neigh-
borhood of x, and an homeomorphism ¢y from U to an open set of R™ or
R x R*™1 such that ¢y o ¢yt dpy(UNV) = ¢p(UNV) is a C diffemor-
phism.

A pair (U, ¢y) is called a chart, while {(Uy, ¢u,)taca where {Ua}aea is an
open covering of M is called an atlas.

The boundary of M is the preimage of the points (0,21, .xy—1) € R>o x R,
and it is denoted by OM , the interior M is M \ OM.

M is manifold without boundary if OM = ().

A closed manifold is a compact manifold without boundary.

Definition 1.2.5.2 (Alternate form). Given a k-vector space V an alternating
multilinear n-form is a multilinear map o : V™ — k such that

a(Vg(1)s - Vo(n)) = sgn(o)a(vi, .., v,) for every o permutation of {1,..,n} and
every {vy,..,v,} C V.

As a consequence of the definition we have that if the characteristic of the field
is different from 2, a(v1, ..,vn) = 0 whenever v; = v; for i # j.

The space of alternating multilinear k-forms is a vector space over k and it is
denoted as A¥(V).

We can also define an exterior product A : A"(V)RA5(V) — A"T5(V) such that:

(f A g)(’Ulv ~-7U'r+8) = 7 Z (Sgn(g))f(vo(l)a --avcr(r))g(va(r+1)a --avo(r+s))

(27)
for all f € A™(V) and g € A%(V) where S,1s is the set of the permutations of
{1,..,7 + s}. The wedge product is bilinear, associative and graded alternating,
e fAg=(=1)"gAf.

Given {e1,..,en} a basis of V and {e7, .., el } the corresponding dual basis of V*,
then a basis of A*(V') is the set {e} A ..,Aej li1 < .. < i} so the dimension of
ARV is (7).

x

22



Definition 1.2.5.3 (Differential forms). If we have a differential smooth n-
manifold M, then for every x € M the tangent space T, M has the structure of
vector space so we can define AF(T,M) and we can define also

AFM = H AR (T, M), a smooth section of A¥M is a differential k form, and

reM
the set of differential k-form is denoted by QF(M).
Locally any differential k-form can be represented as
indxi A Adz (using Eistein convention) where w;, ., are C> maps.

(details on this construction are in Chapter 9 of (11)).

k

Definition 1.2.5.4 (Exterior derivative). We define the exterior derivative d° :
QF (M) — QFFL (M) inductively:

1) If k=0, w € Q¥(M) = C>®(M) and d°w = (%‘;dxj.

2)Ifk>0, and w = w;, ;. dz* A.. Adz™ then

d*(w) = d(wi, .., ) Adx® A A dat®

Definition 1.2.5.5 (De Rham Cohomology). Can be proved that d* o d*+' =0
( Proposition 1.4 of (4)) so we can define the De Rham cochain complex:

0 QM) L Q' (M) = ... L5 k() 0 (28)

The cohomology groups of the complex are the De Rham cohomology groups of
M, and it are denoted HEL(M).

Now we want to compare De Rham and simplicial cohomology of a smooth
manifold M.
Notice that if we have a p-simplex o : AP — M and a p-differential form w then

if o is a C*° map we can integrate w over o in the following way:

/ow B /(AP) o (29)

so if we define Sp°(M) to be the groups of C*° chains , those are subgroups of
Sp(M) and are preserved by 0. so from this chain complex we can build a C*°
singular homology HZ°(M).

Theorem 1.2.5.6 (Stokes’ Theorem). For every ¢ € Sp°(M,R) and w €

QOF~Y(M) we have:
/ w:/dw. (30)
do o

Thanks to the Stokes” Theorem, we have a morphism of cochain
[ Q*(M) = Hom(S2(M),R), and it is proved in (12) (Theorem 3.3) that it
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induces an isomorphism in cohomology. Now we want to show that the singular
homology groups and the C*° singular homology groups are isomorphic.

The second statement is completely proved in (12)(Theorem 2.4) and the proof
is based on the following lemma.

Lemma 1.2.5.7. For every k-simplex o : A, — M there exists a continuous
map Hy : Ay X I — M satisfying the following:

1) H, is an homotopy from o to a smooth k-simplex &.

2) For each boundary face inclusion F; p, : Ap_1 — A:

Ho'OFi,k('ryt) = Ho’(Fi,kat) (31)

for (x,t) e Ak —1x 1
2) If o is smooth then H, is the constant homotopy.

Proof. Lemma 2.3 in (12). O

Theorem 1.2.5.8. The inclusion i : S2°(M,R) — S.(M,R) induces an iso-
morphism in homology.

Proof. Theorem 2.4 in (12). O

Both the proofs are quite long and technical so I will not provide them but
should be clear that thanks to the first statement of the lemma every k-chain
lies in the equivalence class of a smooth k-chain so it is reasonable to have the
isomorphism.

Now recall that thanks to the Universal Coefficient theorem Hom(Hy(M),R) =

H*(M,R) so using the previous theorem we have:
Hin(M) = Hom(H(M),R) = HS (M,R) = H*(M,R).  (32)

Definition 1.2.5.9 (Smooth triangulation). Let M be a compact manifold then
a triangulation f : |K| — M, is said to be smooth if for every n simplex in K
exists an open set A" C U CR"™ (or R>o x R"™1) and an extension F of fian
to U that is a smooth embedding of U in M.

Theorem 1.2.5.10 (de-Rham Theorem). Let M be a compact manifold, pos-
stbly with boundary, with a smooth triangulation on M.
Consider the map RF : QF(M) — C*(M,R), called de-Rham map, such that

< R(w), AF >= / w, then according to the Stokes theorem Rd(w) = dR(w) so
Ak
R induced a map in cohomology R* : Hjp(M) — H*(M).

The de-Rham map induces an isomorphism in cohomology.
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Figure 7: The sets F; and G;.

Proof. (Sketch) The full proof is at Section 5.3 of (17) in the case of a closed
manifold, but applies with no restrictions to the case of a compact manifold
with boundary.

We will build an inverse of R*. Let Vert(K) = {v1,..,v,} and x; the barycentric
coordinate associated to the vertex v; ( with z; = 0 for any point outside
St(v, K). Define F; = {z € M|z; > n%_l} and G; = {r € M|z; < n%u}, let \;
a non negative smooth function which is positive on F; and vanishes on G;.
The function A(x) = Aj(x) + .. + An(2) is non negative and the Fj’s cover M

since the sum of the barycentric coordinates at any point equals 1, so at least

one of the is at least n%_l Now define p;(z) = ):\i((;)) and associate to each
o* € C*(K) dual to the simplex o = [vj,, .., v;,] :
k . ~
Wk(é'k) = k‘!Z(—l)]ﬂ,ijduio /\../\d/,éij A A dps, (33)
§=0

extending W* by linearity gives a morphism W* : C¥(K) — QF(M), we now
want to show that W* induces a morphism in cohomology and that it is in fact
an inverse of R*, this will be done in many steps.

1) W* is a cochain morphism.

We have to show that dWo* = Wdo* for all o = [v;,, .., v, ]-

AWo* = (k + Dldpiy A .. A dpgy, since (—1)7d (g, dpig A oo Adpg, Ao Adpg,) =
= (—1)7dui, A dpig.. N dﬂij A AN dp,, = dpig A .. A dpg,, for every j.

We know from the definition of d that d(c*) is the sum of the dual of simplexes

25



of the form [vy, vy, .., v, ] SO

K
W(d(o™)) = R+ ppdpigAeNdpti,—> (1) i, dpipdpio Ao Aty A Adpi, )

P j=0

(34)
where the sum is extended to all the p such that [vy, vy, .., v;,] € K&+ using
Z w; = 1 after some straightforward computation it’s possible to show that
the term on the right hand side is equal to (k + 1)!du;, A .. A dpi, -

2)If I = Z p* then W(I) = 1.

pek(©
From the definition W(I) = Z(W(p*)) = Z,up =1.
p P
3) If o* is the dual of ¢ = [v;,,..,v;,] then W(c*) vanishes identically on a

neighborhood of M \ St(o).

Both p; and du; vanish identically on G; so W(o*) vanishes identically on

G, U..UG,;, and this contains M \ Star (o).

4 RoW = Id.

This can be proved by induction on k, if & = 0 then R(W (v}))(v;) = / W} =
vj

= W (v})(vj) = pi(v;) = & where we used that if i # j then v; & Star(v;).

Now let & > 1 and the hypothesis holds for £ — 1 and ¢* be the dual of
o = [Vig,.., i), by 3 we know that R(W(c*)) = 0 on any k simplex differ-
ent from o, it remains to show that /(W(J*)) = 1, this can be done using

Stockes’ formula and the induction hypgthesis.

5) W* o R* = Id, this part of the proof differs from the one that you find in
(17).

We want to prove that [w] = [W*(R*(w))] for every w € H*(M), using the iso-

morphism between simplicial and singular homology and (1.2.4.11) it’s enough

to show that / w= / (W*(R*(w))) where {01, ..01} are generators of H;(K).

In order to do so notice that [R(w)] = [Z(/

g4

w)o;] and so/ (W*(R*(w))) =

i Ti

= Z(/ w/ W(o3)) = / w, where we have used / W(o}) = (5;- that we
J o; o o 73

proved in 4. O

1.2.6 Fundamental Class

In this section we introduce the fundamental class for an n-manifold with
boundary M, this will be an element [M] € H5™9(M,0M).
The fundamental class will be used to prove the Lefschetz Duality (1.3.2.1)
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and its counterpart in simplicial homology will be used in (2.1.0.7) to define

the pairing that we need for the definition of the Hodge star operator.

Remark 1.2.6.1. Using ezcision it is easy to prove that for every point in the
interior of M, H,(M, M \ {z};Z) =2 H,(R",R™\ {0};Z) = Z, for the details
refers to Chapter 3.3 of (6).

Notation 1.2.6.2. For every A C M, H,(M,M \ A;Z) will be denoted as
H,(M|A;Z).

Definition 1.2.6.3 (Local Orientation). Let x € M, with M a smooth manifold
without boundary, a local orientation of M at x is a choice of a generator uy; of
H,(M|x;Z).

Definition 1.2.6.4 (Orientation). An orientation for a manifold M, is a func-
tion x — u, assigning to every point in x a local orientation, such that each
x € M has a neighborhood U = R™ in M, containing an open ball B around
x, such that for every y € B pu, is the image of pp € H,(M|B;Z) under the
natural map H,(M|B;Z) — H,(M|z;Z),

Definition 1.2.6.5 (R-orientation). The same definition can be generalized to
the homology with coefficients in any ring R, in this case a local orientation will
be a generator of H,(M|xz; R) and an orientation of M is defined in the same

way as before.

Definition 1.2.6.6 (Covering space). For any ring R, the covering space Mg
1s defined as:
Mg ={az|z € M,a, € H,(M|z; R)} (35)

It is possible to give a topological structure to Mg, a section of the covering
space is a continuous map M — Mp such that any point x € M in sent to an
element of H,(M|x; R) , an R orientation of M is a section that sends each x

to a local orientation.

Lemma 1.2.6.7. Let M be a manifold of dimension n and let A C M be a
compact subset. Then if x — u, is a section of the covering space Mg then
there is a unique class aq € H,(M|A; R) whose image in H,(M|x; R) is a for
all x € A.

Proof. Lemma 3.27 in (6). O

Definition 1.2.6.8 (Fundamental class). An R-fundamental class of M is an
element [M] € H,(M; R) whose image in H,(M|x; R) is a generator for every
x.
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Definition 1.2.6.9 (Collar neighborhood). Let M be a compact manifold with
boundary OM then a collar neighborhood of OM in M open neighborhood home-
omorphic to OM x [0,1) by a homeomorphism taking OM to OM x {0}.

Proposition 1.2.6.10. If M is a compact manifold with boundary, then OM
has a collar neighborhood.

Proof. Proposition 3.42 in (6). O

Definition 1.2.6.11 (R-Orientation in Manifold with boundary). A manifold
M with boundary OM is R-oriented if M \ OM is R-oriented as a manifold

without boundary.

Definition 1.2.6.12 (Fundamental Class for manifold with boundary). Us-
ing excision we have H;(M,0M;R) = H;(M \ OM,0M x (0,¢); R) = H;(M \
OMI|M \ (OM x (0,¢))), if M is R orientable then M \ OM is R orietable and
we can use (1.2.6.7) to define an element in H,(M,0M; R) such that the im-
age in H,(M|xz;R) is a generator for every x & OM x (0,¢€), since this can
be done for every e, we can define the fundamental class of M as the ele-
ment of H,(M,0M;R) whose image in H,(M|xz;R) is a generator for every
xeM\OM.

1.2.7 Cap/Cup product

In this section we define both a cap and a cup product, these will be funda-
mental tools in the proof of the Lefschetz Duality (1.3.2.1).

Definition 1.2.7.1. For an arbitrary space X and coefficient ring R, define an

R bilinear cap product:

N:CL(X;R) x CY(X;R) = Cr_(X;R) k>1

(36)
(0,0) = D(0|[vg,...01)) T [ur...00]

Proposition 1.2.7.2. The cap product induces a product in (co)homology
Hy(X;R) x H'(X;R) — Hy(X; R).

Proof. Is a consequence of the formula:
done)=(-1)((do)N¢ —aNéo) (37)

the complete proof is at Pag. 240 of (6). O
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Remark 1.2.7.3 (Relative case). The same procedure can be applied to the

relative case and gives rise to the products:

Hi(X,A;R) x H(K;R) — Hj_ (X, A; R)

38
Hy(X, A; R) x H'(K, A; R) = Hy—1(X; R) o

moreover a similar cap prudcut can be defined also for the simplicial (co)homology,
when the space is triangulated.

Definition 1.2.7.4 (Cup product). For an arbitrary space X and coefficient
ring R, define an R bilinear cup product, from C*(X; R)xC!(X; R) — C**(X; R)
such that for any o : A**l — X :

(PUY) (o) = (0| 1wg,...00)P(Tfor,...v0 1)) (39)

Proposition 1.2.7.5. The cup product induces a product in (co)homology
H*(X;R) x H(X;R) — H**Y(X; R).

Proof. Is a consequence of the formula:
3(pU) =8¢ Uy + (~1)"pU by (40)
. the complete proof is at lemma 3.6 in (6). O

Remark 1.2.7.6 (Relative case). The same procedure can be applied to the

relative case and gives rise to the products:

H*(X;R) x H(K, A; R) — H*"' (X, A; R)
H*(X,A;R) x H(K; R) — H**'(X, A; R) (41)
Hip(X, A;R) x H(K, A; R) — H*YY(X, A; R)

moreover a similar cup prudcut can be defined also for the simplicial (co)homology,

when the space is triangulated.

Proposition 1.2.7.7 (Connection between cap and cup product). Let ¢ €
CF(X;R), v € CYX,A;R) and a € Cp (K, A; R) then:

Plane) = (pUy)(a) (42)

Proof. Section 3.3 of (6). O
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1.3 Dualities

In this paragraph we will study Lefschetz and Alexander duality, the first
will give us a way to connect homology and cohomology of complementary di-
mensions while the second will be useful to connect the homology of a region in
the space with the cohomology of its complement in the space.

These dualities are the corner stone for the applications of (co)homological meth-
ods in Electromagnetic Theory, for details look at (1).

1.3.1 Lefschetz Duality with Triangulation

Definition 1.3.1.1 (Relative n-manifold). A topological pair (X, A) is called
a relative homology n-manifold if for each point x of X not in A, the local ho-

mology group H;(X, X \{z}) is equal to 0 if i # n and it is infinte cyclic if i = n.

Definition 1.3.1.2 (Orientation). Let (X, A) be a compact triangulated relative
homology nmanifold. We say that (X, A) is orientable if it is possible to orient
all the n-simplices o;, of X not in A so that their sum v = Zai is a cycle of
(X, A). Such a cycle v will be called an orientation cycle for (X, A).
Notation 1.3.1.3. A simplex is said to be locally finite if each vertex belongs
to finitely many simplezes of K.

Definition 1.3.1.4 (Dual block decomposition). Let X be a locally finite sim-
plicial complex, and Sd(X) the first barycentric subdivision. The simplexes of
sd(X) are of the form: &;,...6;, where o;, > .. > 0, (where & is the barycenter
of o and o; > o iff 0; is a proper face of 0;). We shall partially order the ver-
tices of sd(X) by decreasing dimension of the simplexes of X of which they are
the barycenters; this ordering induces a linear ordering on the vertices of each
simplex of sd(X). Given a simplex o a of X, the union of all open simplexes of
sd(X) of which & is the initial vertex is just Int(o), i.e o \ do.

Define D(o) to be the union of all open simplexes of sd(X) of which & is the
final vertex; this set is called the block dual to o.

We call D(o) the closed block dual to o. It equals the union of all simplexes of
sd(X) of which & is the final vertex. We let D(c) = D(o)\ D(0).

Lemma 1.3.1.5. If 0,7 are k-simplexes then D(o) N1 = 0 if 0 # 7 and is
equal to {6} ifo =1

Proof. Lemma 1.6.12 in (7). O
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Dfcd)

Figure 8: Dual block decomposition of a simplicial complex X, sd(X) is indi-
cated with dotted lines.

Theorem 1.3.1.6. Let X be a locally finite simplicial complex that consists
entirely of n-simplexes and their faces. Let o be a k-simplex of X. Then:

a) The dual blocks are disjoint and their union is | X|.

b) Wis the polytope of a subcomplex of sd(X) of dimension n — k.

¢) D(0) is the union of all blocks D(7) for whiz T has o as a proper face. These
blocks have dimensions less then n — k.

d) D(0) equals the cone |D(c) x &].

e) If H(X,X\6) 2 Z ifi =n and it is 0 otherwise then (D(c), D(c)) has the
homology of an n — k cell modulo its boundary.

Proof. Theorem 64.1 in (5). O

Definition 1.3.1.7. Let X be a locally finite simplicial complex that is a ho-
mology n-manifold. Then the preceding theorem applies to each simplex a of X.
The collection of dual blocks D(o) will be called the dual block decomposition of
X. The union of the blocks of dimension at most p will be denoted by X, and
called the dual p-skeleton of X. The dual chain complez D(X) of X is defined by
letting its chain group in dimension p be the group Dy(X) = Hp(X,, Xp—1). Its
boundary operator is the homomorphism O, in the exact sequence of the triple
(Xp, Xp—1, Xp—2).

Theorem 1.3.1.8. Let X be a locally finite simplicial complex that is a homol-
ogy n-manifold. Let X, be the dual p-skeleton of X. Let D(X) be the dual chain
complez of X.

a) The group H;(X,,X,_1) vanishes for i # p and is a free abelian group for

i = p. A basis when i = p is obtained by choosing generators for the groups
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H,(D(0), D(c)), as D(c) ranges over all p-blocks of X, and taking their im-
ages, under the homomorphisms induced by inclusion, in H,(X,, Xp_1).

b) The dual chain complex D(X) can be used to compute the homology of X.
Indeed, D,(X) equals the subgroup of Cp(sd(X)) consisting of those chains car-
ried by X, whose boundaries are carried by X,—1. And the inclusion map
D,(X) — Cp(sd(X)) induces a homology isomorphism; therefore, it also in-

duces homology and cohomology isomorphisms with arbitrary coefficients.
Proof. Theorem 64.2 in (5). O

Definition 1.3.1.9. Let A be subcomplex of X, it is said to be a full subcomplex

of the complex X if every simplex of X whose vertices are in A is itself in A.

Definition 1.3.1.10 (Deformation retract). A space A C X is said to be a
deformation retract of X is exists a map r : X — A such that roi ~ Ids and
ior ~ Idx where i — X is the natural inclusion.

Naturally if A is a deformation rectract of X they have the same homology

groups.

Lemma 1.3.1.11. Let A be a full subcomplex of the finite simplicial complex
X. Let C consist of all simplexes of X that are disjoint from |A|. Then |A| is
a deformation retract of | X|\ |C|, and |C| is a deformation retract of | X|\ |A|.

Proof. Lemma 70.1 in (5). O

Theorem 1.3.1.12 (Lefschetz duality). Let (X, A) be a compact triangulated

relative homology n-manifold. If (X, A) is orientable, there are isomorphisms :
H*(X,A,Z) = Hy—1.(1X] \ |4, 2) (43)
Hy(X,A,Z) = H"*(|X|\ |A],Z) (44)

Proof. (Sketch) The complete proof is at Theorem 70.2 in (5).

Let X* be denote the subcomplex of the first barycentric subdivision of X
consisting of all simplexes of sd(X) that are disjoint from |A|. Now |A| is the
polytope of a full subcomplex of sd(X). By the preceding lemma |X*| is a
deformation retract of |X|\ |A|. Therefore, we may replace | X|\ |4| by X* in
the statement of the theorem. Consider the collection of blocks D(o) dual to
the simplexes of X. It is possible to prove that:

The space | X*| equals the union of all those blocks D(o) dual to simplexes a of
X that are not in A. Now from the above theorem we have that the inclusion
D(X*) — C(X™) induces an isomorphism in the homology and cohomology.
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Recall that C*(X, A) can be considered as the subgroup of C*(X) consisting
of all cochains of X that vanish on simplexes of A so it is free abelian and
it is generated by ¢* such that o is not in A, can be proved that the map

¢ : C*(X,A) = D, _(X*) that sends o* to a generator of H,_x(D(c),D(0))
and is extended by linearity induces the isomorphism in homology that we were

looking for. The other isomorphism is given by the dual of the map ¢. O

Theorem 1.3.1.13. Ifh: |K| — M is a triangulation of M then, h=*(OM) is
the polytope of a subcomplex of K.

Proof. Theorem 35.3 of (5). O

Definition 1.3.1.14. Let o be a p simplex in X and 7 an n — p dual simplex
then the intersection number I(o,T) is defined as :

1 if T=¢(c*)
I(o,7) =4 -1 if T=—¢(c*) (45)

0 otherwise

where ¢ is the morphism defined in the proof of the Lefschetz duality, it can be
extended by linearity to a map I : Cp(X) ® Dy—p(X) — Z, moreover if A is full
subsimplex of X, I can be restricted to a pairing

I:Cp(X,A)® Dy, p(X*) = Z where X* is defined as in (1.3.1.12).

Remark 1.3.1.15 (Case n=3). The isomorphism ¢ is built recursively starting
from k =n, when n =3 we define p(c*) = &, for k =2 ¢(c*) = [6, 70| + [6,71]
where 19, 71 are the 3-simplexes of which o is a face, (notice that D(o) = [6,71]U
[6,71]), k=1 if o is a face of {7;}iz0...r can be proved (Theorem 70.2 in (5))
that ¢(860*) is a generator of Hy(D(c)) and using the ezact sequence

0 — Hy(D(0), D{0)) 2+ Hi(D(0)) = 0 (46)

define ¢(c*) such that 0.(¢(c*)) = ¢(do), so using (1.3.1.8) we have that
[6(e")] = D(o).

Now let Q) be a compact three dimensional manifold with boundary, thanks to
(1.8.1.183) if we give a triangulation to Q we can use the above theorem with
X =Q and A = 0, we have a pairing : I : Co(Q,09) ® D1(Q*) — Z, where
O* is defined as in the proof of (1.3.1.12) such that :

(o,7) = I(o,7) (47)
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We want to prove that the pairing induced in homology is perfect.

Using that the homology groups are torsion free as it is proved in (1.3.3.7), we
know that the paring is perfect if and only if the induced map

Hy(Q,09Q) — Hi(Q*)* is an isomorphism and this is true since, D1(Q*) is gen-
erated by ¢(a7) for where o; are 1 simplexes in C1(Q,0Q) and (01, ¢(07)) = (5{
implies that I(—, ¢(0‘;)) = 0} so the map induced in homology is the inverse of
the map ¢ defined in the proof of the Lefschetz Duality.

In summary we have proved that there is a perfect pairing

Hi(Q*) ® Hy(,00) — Z such that if {y1,..,7n} is basis of H1(Q*), and
{£1,..5,} is a basis of Ho(Q,00) the matriv A = (a;j)1<ij<n that repre-
sents the pairing is defined in such a way that a; ; = I(v;,%;). This pairing
have a geometrical interpretation, indeed thanks to (1.8.1.5), the pairing really
counts the "oriented” number of intersection between 1 and 2 simplezes.

Theorem 1.3.1.16 (Poincare’ Duality). Let X be a compact orientable trian-
gulated homology n-manifold, there are isomorphisms:
H*(X,Z) = Hy—1(1X|,2) (48)

Proof. The previous result with A = (). O

1.3.2 Lefschetz Duality without triangulation

Theorem 1.3.2.1 (Lefschetz Duality). Suppose M is a compact R orientable
n manifold with boundary OM, [M] € H,,(M,0M;R) a fundamental class and
Dy HY(M,0M; R) — H,,_1(M;R) given by Dy(¢) = [M] N ¢, then Dy is

an isomorphism for every k.
Proof. Theorem 3.43 in (6). O

Corollary 1.3.2.2 (Perfect Pairing). The pairing
HE(M; R) x H" ®(M,0M; R) — R given by (¢,1) — (¢ U)([M]) is a perfect
pairing, when R is a field or R = Z and the torsion part of the groups is factored

out.

Proof. Using (1.2.7.7) we have (¢ U ¢)([M]) = »([M] N ¢) = (Dar(9)).
Consider the composition of maps:

H*(M; R) LN Hom(Hy(M;R),R) Dia, Hom(H" *(M,0M;R),R)  (49)

is the composition of D}, is the map dual to Dj; and h is the map of the
Universal coefficient theorem, then an element ¢ € H¥(M;R) is sent to the
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morphism ¢ — Y([M] N ¢) = Y(Dp(h)), now D}, is always an isomorphism,
while h is an isomorphism when R is a field or R = Z and the torsion is factored
out, so we are done. O

1.3.3 Alexander Duality

In the application sometimes we need a way a to connect the (co)homology
of R?\ Q and the (co)homology of Q where 2 is an open bounded 3-manifold
inside R3, (for instance look at (24)), it is possible to do so thanks to the so
called Alexander Duality theorem, in this section we are going to prove it and
we are going to see how to use it in our situation.

The main reference for this duality is (3).

Notation 1.3.3.1. Q. =R3\ Q

Claim 1.3.3.2. H'(Q.) = H{(Q), the proof of the claim will be given at
(1.3.3.8).

Theorem 1.3.3.3 (Alexander Duality, original version). Let M be a compact
orientable n-manifold, A a closed subset of M, and U = M \ A the complemen-
tary set. Then the relative homology group H, _,(M,U;G) is isomorphic to the
Cech-Alexander-Spanier cohomology group Fq(A; G).

Remark 1.3.3.4. The Cech-Alexander-Spanier cohomology group HQ(A;G) is

defined as lim HY(M \ K), in general this is not equal to H1(A) when A
KCU,Kclosed
1s just a closed subset of M but they are equal when A is a compact submanifold

of M ( in particular the duality works in our case, a proof can be found in
Proposition 18.4.9 in (2)).

Proof. (Sketch) The complete proof can be found at Proposition 6.3 of (3) .

I will just explain how the isomorphism is made. If K is a closed subset of U we
have an in inclusion of pairs I : (M \ K,U \ K) — (M, U) which induce isomor-
phisms in the relative homology groups by the excision property. Moreover we
have a cap product H4(M \ K) ® H,(M \ K,U\ K) % H, (M\K,U\K).
We denote with p the orientation on M and with p4 the image of in H,, (M, U).
So we can go from HI(M \ K) to H,_4(M,U) in the following way

HY M\ K) ———— H, (M \ K,U\K) li H,_o(M,U)  (50)
~®U (1a) .

Now passing to the limit over K we get the isomorphism from H’(A) to
H,_ (M, U). 0
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Remark 1.3.3.5. In our situation Q is contained in R> so we cannot use
directly the above theorem, since R3 is not compact, but we can always embed
R3 in S? using the stereographic projection so we can think to Q as embedded in

S3, that is compact.
Lemma 1.3.3.6. If A is a closed subset of S®, Ho(S3,S? \ A) = H (S?\ A).
Proof. Since S \ A < S3 we have the long exact sequence

o= Ho(S?) — Ho(S3,S3\ A) — H (S \ A) — H (S?) — ... (51)
Clearly H»(S?) = H1(S?) = 0, so we have the claim. O
Lemma 1.3.3.7. The integral (co)homology groups of Q are torsion free.

Proof. (Sketch) Call Q. the image of Q in S? under the stereographic projection
and Q° = $3\ Q..
Clearly Q¢ is a closed subset in S* so we can use the cohomological version of

the previuos lemma and the Alexander duality theorem we have:
H* (08, Z) = Hy(Qe,Z) q=0,1,2 (52)

So if we call T'(+) the torsion part of the (co)homology groups we have:

T2 = Ty(Q) ¢ =0,1,2 (53)
since the 0-(co)homology groups are always torsion free we have Tg(flc) =0.
Thanks to the Universal Coeflicient Theorem we have T?(-) = T,_1(-) so we
have:

To(%) =0 = THQ) =0 = Ta() (54)
So we have:
To(Qe) = T1(2) = To() =0 (55)

and using the Universal Coefficient Theorem:
To(ﬁc’) = TI(QC) = TQ(QC) = Tg(QC) (56)

Now because the image of €2, under stereographic projection, can be contained
in a neighborhood of ). of which he is a deformation retract, one may substitute
Q for . BEq. (43), (44) and (45).

The last thing to show is that 73({) = 0, this can be done using similar argu-
ments, for the proof look at Section 2 of (8). O

Corollary 1.3.3.8. If Q is a compact submanifold of R?, H'(Q,) = H,(Q).

36



Proof. Using the stereographic projection we see Q as a compact submanifold of
S3. Alexander-Duality together with the above lemma give H!(Q) = H,(S?\Q).
Now Q. = R3N(S*\ Q) and S? = R3 U (S?\ Q) we have the long exact sequence

o= Hy(S?) — Hi(Qe) — Hi(R?) @ H(S*\ Q) — Hy(S?) — ... (57)

Since Hy(S?) = H1(R?) = H1(S?) = 0 we have H;(Q,.) = H1(S*\ Q).

So up to now we have proved that H;(Q.) = H'(Q). Since we can always find
an open neighborhood of €2 that is a deformation retract of Q, H*(Q) = H'(Q),
so we have Hy(€.) = H'(Q2). Now using universal coefficient theorem we have :

HY(Q) = Hom(H,(Q),Z) ® Ext(Hy(Q),7Z) (58)

since Hp(2) and Hy(Q) are torsion free we have H'(Q) = H;(Q). With a
similar argument can be proved that H'(€2.) = H;(f2.) and this concludes the
proof. U

Proposition 1.3.3.9. H,(0Q) = H;(R3\ Q) © H,(Q).

Proof. From 09 = (R3\ Q)N Q and R® = (R3\ ) UQ we have a long exact

sequence:
o = Ho(R?) — H1(09) — H(R*\ Q) @ Hy(Q) — H1(R?) — ... (59)

Since Hy(R?) = H;(R?) = 0 we have the result.

1.4 Riemannian Structure and Hodge Decomposition

In this paragraph we will define, on any Riemannian manifold, an operator
* that in the three dimensional case transform 2-forms into 1-forms and vice-
versa, this operator is often used in the discretization process of the Maxwell’s
equations (for a reference look at (15; 16)).
Moreover in the second section we prove that, if the manifold is compact, the *
operator provides also a decomposition of Q¥(M), using this decomposition we
will find another version of the Lefschetz duality for Riemannian manifolds.

Main references for this paragraph are (14; 19).
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1.4.1 Hodge star operator

Definition 1.4.1.1 (Riemannian Metric). Given a smooth manifold with bound-
ary M, a Riemannian metric on M is a family of positive definite inner prod-
ucts:

gp : Ly,M xT,M - R, peM (60)

such that for all smooth vector fields VW the map p — gp,((V(p), W(p)) is
smooth. A Riemannian Manifold (M, g) is a smooth manifold equipped with a
Riemannian metric, where smooth means C>.

Definition 1.4.1.2 (Orthonormal Frame). Given a Riemannian manifold (M, g)
and an open set U C M a local orthonormal frame on U is a set of (not neces-
sarily smooth) vector fields {E1, .., E,} on U that are orthonormal with respect
to the Riemannian metric at each point p € U, that is, g,(E;(p), E;(p)) = &7

Can be proved that for every p € M there exists a local orthonormal frame on

an open set containing p.

Definition 1.4.1.3 (Inner Product on A*(TM)). Let (M,g) be an oriented
Riemannian manifold, let p € M be a point and let {F1,...,E,} be an or-
thonormal frame at p and {ey, ..,e,} the corresponding dual frame. A basis for
AF(Tx M) is then given by the set: B = {e;, A .. Nei,lis < .. <ir}. We define
an inner product < -,- >4 on A¥(T* M) such that:

1
<w,n >g= o > w(Ei, .. Ei)n(E:,, .. Ey,) (61)

1< <. . <ir<n

This inner product is independent of the choice of orthonormal frame and is
hence well defined.

Proposition 1.4.1.4 (Riemannian volume form). There exists a unique ori-
entation form called the Riemannian volume form, on M, which we denote by
wg, and which has the defining property that wy(En, .., E,) = 1 for every lo-
cal oriented orthonormal frame {Ey, .., E,}, where oriented frame means to be
pointwise positively oriented w.r.t the orientation induced by the orientation of
M toT,M, i.eifn is an orientation of M given by a non vanishing smooth n dif-
ferential form then {E1 p, .., Ey, p} is positively oriented if n,(Eh p, .., Enp) >0,
otherwise it is negatively oriented.

Moreover given (U,x) an oriented local chart, then wy = \/det(G)dz' A .. A dz"

where G is the matrix that represent g in this chart.

Proof. Let {ey |p,..,en,|p} an oriented orthonormal basis of T,,(M) and define
{e‘lp, €} as its dual in 75 (M), and wy, = e‘lp/\ .. Aef,, this form is well defined
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since or any other positively oriented basis of T),(M), {é1,p,..,ép,p} With B
transition matrix, w, = €|1p Ao Nep, = det(B)éllp A .. A€, but in this case the
determinant of B is 1 since both the basis are positively oriented.

Now let x oriented local coordinate chart near p then and A, the transition
matrix from {eq |, .., e, |p} to {a%l’ o %}‘p we have

wp(%,.., a%ﬂ) = det(Ap)wp(e1|p, - n,p) = det(Ap) = (/det(ALA,), now by

the definition of G’ we have that (G) = (A} A,) so we are done. O

Remark 1.4.1.5. Applying < -,- >4 pointwise to differential forms yields the
map:
<>t QF (M) x QF (M) — (M) (62)

and if M is compact, integrating < .,. >4 over M get an inner product of
QF (M), in the following way.

<n,w>=(/ <nw >p wy) (63)
M

Definition 1.4.1.6 (Hodge star operator). We define the Hodge operator
* 1 QF (M) — Q* (M) such that for a k-form n the identity (An =< (%' > w,
holds for all ¢ € Q" *(M).

Lemma 1.4.1.7 (Finite dimensional Riesz representation theorem). Let V' be a
finite-dimensional vector space endowed with a nondegenerate inner product g,
and let f be a linear functional on V. Then there exists a unique vector v € V.
such that:

fw)=gv,w) YweV (64)

Proof. Let {uy,..,u,} be an orthonormal basis then define v = 3" f(u;)u; then
if w= Z w;u; we have:

flw) = szf(uz) = Zwif(uj)g(ui,uj) = g(w,v) (65)

For the unicity suppose v’ that satisfies the same property then
glv—v',w) = g(v,w)—g(v',w) = f(w)—f(w) =0forallw € Vsov—v' =0. O

Proposition 1.4.1.8. Let (M,g) be a Riemannian manifold with boundary.
The Hodge star operator is the unique automorphism on Q*(M) that maps the
k-form n to the (n — k)-form xn. Moreover, for each k € {0,..,n}, the map %,

18 an isomorphism from the space of k-forms to the space of n — k-forms on M.
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Proof. Every top differential form on M can be written as fw, for some smooth
function f on M. Fix n € Q¥(M) then ¢ An € Q*(M) for all ¢ € Q" *(M),
and thus:

CAn = fp(Quyg (66)
where f,)(¢) is smooth and f,, : Q"% — C°°(M) is linear over C°°(M). Moreover
fr is uniquely determined and at each p € M the map:

fnlAn—k(T;M) : Anik(T;M) - R (67)

is a linear functional, so using the previous lemma we obtain 6 € Q"~*(M) such
that f,(¢) =< ¢, 0 > 4x, now call ¥ 1n = 0.

* is C>°(M) linear since f, is so, moreover if ( An = 0 for every ¢ € Q" (M)
then 7 = 0 so * is injective so using that dim(QF(M)) = dim(Q"~*(M)) we are
done. O

Proposition 1.4.1.9. Let (M, g) be a Riemannian manifold with boundary.
The following definitions of * are equivalent:

1) Let n € QF(M), then x~tn € Q""F(M) such that:

CAn=<(*xnp>w, VCeQ ). (68)

2) Let n € QF(M), then »n € Q"=*(M) such that:

CAHn =< (o >w, YCEQFM). (69)

3) Let {e1,..,en} be an orthonormal coframe defined on some open subset
UCM ando €S,:

* (Ea()A. Aey(ny) = SIUT) s (k1) A - A Eg(n) (70)
4) Let {E1, .., E,,} be an orthonormal frame defined on some open subset U C M
and let n € QF(M). Then *n is defined on U to be the (n — k)-form for which:

(*n)(Eg(k+1)7 ..,Ea(n)) = sgn(o)n(Ed(l), ey Ea(n)) Vo € S, (71)

Proof. The first two are clearly equivalent using 1 = xox 17, while the last two

come the definition of wy given in (1.4.1.4). O

Corollary 1.4.1.10. Let (M,g) be a Riemannian manifold with boundary.
Then *1 = wy.
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Proof. From the point 4) of the previous proposition. O

Corollary 1.4.1.11.
xoxn = (=1)"n=kly (72)

Proof. Corollary 2.19 in (19). O

Corollary 1.4.1.12. The inverse map 1+ : Q*(M) — Q*(M) is equal to x

when n is odd and it is (—1)* when n is even.
Proof. Corollary 2.21 in (19). O

Proposition 1.4.1.13. If M is compact the same inner product defined in the

(1.4.1.5) can be defined as < (,n >= / ¢ A\ *n, moreover this inner product
M

1s preserved by the star operator.

Proof. From the point 2 of (1.4.1.9) we know that ( A *np =< (,n > wy so the

first statement is trivial.

The second statement comes from:

< #Cyh >= / +¢ Aowy T (L) / *C A=
= (—1)2’“‘""“)/ NARC =< 0,( >=< (0 > .
M

1.4.2 Boundary Conditions

Definition 1.4.2.1 (Codifferential). Define 6% : Q¥(M) — QF~1(M) as
5k — (71)n(k+1)+1 *dnfk*'

Lemma 1.4.2.2. Let (M,g) be a Riemannian manifold with boundary. An

alternative expression for the codifferential is given by:
on=(=1)F«"Tdxn (74)
Proof. Proposition 2.24 in (19). O

Proposition 1.4.2.3. Let (M,g) be a Riemannian manifold with boundary.
Then for any ¢ € QF(M) and n € Q1 (M):

<dn>=< (00> + /8 QAT () (75)

where 1 : OM < M.
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Proof. Recall that d(w; Aws) = d(wy) Awa+(—1)F1wi Ad(ws) for all w; € QFi(M).

<di,y>= /Md(owy: /M d(C A ) — (—1)F /Mmd(w) (76)

now the first term on the right hand side of the equation using the Stokes’
theorem became / i*(¢) N i*(*n), while :
oM

— (-1 / CAd(xn) = (~1)F+ [ Cnd(a) = / CA*(—1)F T d(x) (77)
M M M

and using the previous lemma the term on the right hand side of the equation
became:

/ CAxon =< (,0n > . (78)
M
O

Remark 1.4.2.4 (Boundary conditions). From the previous proposition we see
that if the manifold is without boundary the differential and the co-differential are
adjoint w.r.t the inner product induced by the metric, i.e < d(,n >=< (,dn >.
This is not always true when the manifold has a boundary, but clearly it is true
when i*(() = 0 or i*(xn) = 0 these two conditions will be called Dirichlet and

Neumann boundary conditions.

Lemma 1.4.2.5. If (M, g) is an oriented Riemannian manifold, exists a unique
outward pointing vector field v such that g,(vp,vp) =1 and
9p(Vp, Xp) = 0,YX,, € T,0M.

Proof. Lemma 5 in (26). O

Definition 1.4.2.6 (Vector Field Decomposition). Given a vector field X on
M its normal component n(X|onr) := g(v, Xjonr) - v and its tangential compo-
nent ¥ Xonr) = Xjomr — n(Xjonr). This allows to define the tangential and
normal component of a differential form w € QF(M) over the boundary by
twionr) (X1, -, Xi) = wion (H(X1), .., (Xy)) and n(wjanr) = wan — Hwanr)-

Proposition 1.4.2.7. Let (M,g) a Riemannian manifold with boundary and
i: OM — M be the inclusion map of the boundary, and n € QF(M). Then:

=0 iff i*(n) =0 (79)

Proof. Proposition 5.1 in (19). O
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Proposition 1.4.2.8. Let (M,g) a Riemannian manifold with boundary and
n € QF(M). Then:

* () = t0m) o (8n) = n(xn) (80)
Proof. Proposition 5.2 in (19). O

Definition 1.4.2.9 (Laplace de-Rham operator). Let (M,g) a Riemannian
manifold with boundary. The Laplace de-Rham operator A" : Q" (M) — Q"(M)
is defined as A" = §"Hd" 4 dr16"

Proposition 1.4.2.10. The Laplace-de Rham operator commutes with *, o and
d.

Proof. Proposition 3.1 in (19). O

Definition 1.4.2.11. 1) Dirichlet boundary condition

Qb (M) = {w € QF(M)|tw = 0}.

2) Neumann boundary condition Q% (M) = {w € QF(M)|nw = 0}.

8) Harmonic forms H*(M) = {w € QF(M)|d*(w) = 0,6%(w) = 0}, following
the points 1) and 2) we define also HE, (M) and H%,(M).

4) CF(M) and E*(M) are the closed and exact k forms, while cC*(M) and

cE*(M) are coclosed and coexact.

Proposition 1.4.2.12. Let (M, g)a Riemannian manifold with boundary, then:
QF (M) = {w € QF(M)|t(+w) = 0} (81)

Proof. By definition w € QK (M) iff nw = 0, since % is an isomorphism, this

happens iff xnw = 0, using (1.4.2.8), *nw = t(*w). O

Proposition 1.4.2.13. Let (M, g) a Riemannian manifold with boundary, the
differential preserves Dirichlet boundary condition while the codifferential pre-

serves Neumann boundary condition.

Proof. Let w € Q¥%(M) then tw = 0 so by (1.4.2.8) i*(w) = 0 and since

the differential commutes with the pull back, i*(dw) = d(i*(w)) = 0 and so

t(dw) = 0.

The second statement is made in a similar way using the previous porposition.
O

Definition 1.4.2.14. In the previous proposition we proved that (7, (M),d*)
is a cochain complex, so we can define H*(M,0M) as the cohomology groups of

this complex.
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Proposition 1.4.2.15. Let (M, g) a Riemannian manifold with boundary then
the x operator provide the following isomorphisms:

1) CH(M) = cCmH (M),

2) E*(M) = cE™*(M).
3) H*(M) = H™ ’“( )-
4) Eb(M) = B} ().

5) HE (M) = HYF(M).

Proof. Let w € QF(M) using (1.4.1.11) together with the definition of §, dw = 0
iff 6 x w = *xd % *w = + *x dw = 0, this gives the first isomorphism.

In a similar way w = dn iff xw = *dn = £ * 1 and so we have also the second
isomorphism.

The other isomorphisms are proved in the same way, the complete proof is at
Proposition 5.4 in (19). O

Theorem 1.4.2.16 (Hodge-Morrey-Friedrichs Decomposition). Let (M,g) a
compact oriented, smooth Riemannian n-manifold with boundary. Then QF(M)

decomposes as the orthogonal sum:
QF (M) = cBY (M) @ HF (M) @ ER (M) (82)
moreover, the spaces of harmonic k forms decomposes as:
HE(M) = HE (M) @ EcCH(M) = 1Y (M) & CeEF(M). (83)

where EcC*(M) = {w € QF(M)|éw = 0,w = dn} and
CcEF(M) = {w € QF(M)|dw = 0,w = én}.

Proof. Corollary 2.4.9 in (20) O

Theorem 1.4.2.17. Let (M,g) a compact oriented, smooth Riemannian n-

manifold with boundary, then:
1) HF(M) = HE (M).
2) H*(M,0M) = Hk (M).

Proof. 1) We want to show that for every w € H¥(M) exists a unique wy €
HE (M) such that [w] = [wy]. Using the Hodge-Morrey-Friedrichs decomposi-
tion we have that for every w € QF(M) we can write, w = da + 8 + dv, the
condition dw = 0 implies dda = 0. Then we have:

0=<dba,a >=< da, 0 > (84)
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so 6a = 0. Now using the decomposition H*(M) = HX (M) & EcC*(M), we
can write 3 € H*(M) = wy + dn, this implies that w = wy + d(y +7) and so
W] = [wnl.

2) We want to show that for every w € H¥(M,0M) exists a unique wp €
HEY (M) such that [w] = [wp]. Using the Hodge-Morrey-Friedrichs decomposi-
tion we can write Q% (M) = (cEX (M) N QY (M)) @ HE (M) @ EX (M), so write
w = da+wp +d, as before the condition dw = 0 implies dao = 0 so w = wp +dy
and [w] = [wp]. O

Corollary 1.4.2.18 (Lefschetz Duality for Riemannian manifolds). Let (M, g)

a compact oriented, smooth Riemannian n-manifold with boundary, then:
H*(M) = H"*(M,0M) (85)

Proof. Using the previous theorem we have H*(M) =2 HX (M) and
H"*(M,0M) = H%%(M) and using (1.4.2.15) we know that x defines and
isomorphism between H% (M) and H5 " (M). O
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2 Discrete Hodge star Operator

In this chapter we consider a smooth compact Riemannian manifold with
boundary (M, g) with a triangulation K. Our objective is to find a discrete
counterpart in the simplicial cohomology of K for the smooth operator *.

We will extend the construction made by Wilson in (23) to the case of a compact
manifold with boundary, in order to manage boundary conditions we need to
define two * operators, %, : C¥(K) — C" *(K,0K) and %, : C*(K,0K) —
C"*(K), where OK is the triangulation induced by K on the boundary of M
(that exists because of (1.3.1.13)).

In order to do so, we need a pairing (-,-) : C*(K) ® C"*(K,0K) — R and
two inner products < -,- >4: C¥(K) x C*(K) = R and < -,- >,: CF(K,0K) x
CF(K,0K) — R.

Once we have both the inner products and the pairing we can define %, (o), for
every o € CF(K), such that < %,0,7 >,= (0,7) for every 7 € C"*(K,0K)
and viceversa, for ¥.

2.1 Pairing

In order to build our pairing we will use a cup product
U: CHK)® CYK,0K) — CF(K,0K) that mimics the work of the wedge
product in the smooth setting, this cup product will be different from the one
that we defined in (1.2.7) but using the Theorem 4 in (20), the product induced
in cohomology will be equal and so also the pairing induced in cohomology will
be the same of the one defined in (1.2.7) .

Lemma 2.1.0.1. Let ¢ € CF(K,0K) then (W ($)) = 0, where W is the Whit-
ney map defined in (1.2.5.10).

Proof. We know from (1.4.2.7) that t(W(¢)) = 0 iff i*(W(¢)) = 0, moreover
we can suppose ¢ = o* with o = [po, .., px] with pg &€ OM, then using the step
3 of the proof of (1.2.5.10), the barycentric coordinate p,, vanishes on the
boundary and so by (33), i*(W(o*)) = 0 too. O

Remark 2.1.0.2 (Boundary conditions). From this lemma we see that C*(K,0K)
18 a good discrete analogue for QkD (M), unfortunately we don’t have a good coun-
terpart for QK (M) too.

Definition 2.1.0.3 (Discrete Cup product). Leta € C¥(K) andb € CY(K,0K),
then we define aUb € CKT{(K,0K) as:

aUb=R(W(a) AW (b)) (86)
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Theorem 2.1.0.4. Let 0 = [pay..,Pa,;] € Cj(K) and 7 = [pgy,..,ps,] €
Cr(K,0K) and o* € CV(K), 7 € C*(K,0K) their dual, then o* UT* is zero
unless o and T intersect in exactly one vertex and span a (j + k)-simplex v, in
which case, for T = [Pa;,Pa, 1 Py ] We have:

k!

ocruUTt = E(U,T)mv

(87)
where €(o,T) is defined in such a way that
orientation(o)-orientation(r) = €(o, T)-orientation(v), and v = [pay, - Pa,, i)

Proof. For any simplex o, W(a*) = 0 in M \ St(«a), o* UT* = R(W(c*) A
W(r*)) = 0if Vert(o) N Vert(r) = 0 since this would imply St(c) N St(r) = 0.
If they intersect in more than one vertex W(o*) A W (7*) = 0 since it would be

a sum of terms containing dp,, A dite, for some i. Thus, up to a reordering the

vertices of K, it suffices to show that for o = [po,..,p;], T = [pj,..,pj+x) and
v = [po, .., pj+k] we have o* U T*(v) = €(o, T)(ji'izll)'
By the definition of W and R we have:

j+k

o*UTH(v) = /W(U*)/\W(T*) :j!k!/Z(—l)mmjdqu..Ad,liA../\dqu
v V=0
j+k
Now, Z w; = 1so dug = — Z dp;, so the last expression in equal to
i i=1

j+k
j'k'/ (_1)Zﬂiﬂj(_dﬂi) ANdpy AN ANdpg NN dpgyr =
V=0
j+k
= j!k!/,uj Zﬂidﬂl A ANdpg = j!k!/ujdul A .. A dpjqr, where in the last
v i=0 v
equation we have used Z w; = 1.

3

Now call A = /delil A ANdpjqy clearly A = /usdul N .. Ndpjyy for any s,

1
using /dul A .. Ndpjtr = £——— (it is the volume of the standard (j + k)-

(G + k)
1
simplex), we get (j +k+1)A = /d,u1 A ANdpjy, = :I:m and so
1

where the sign is defined by €(o, 7).
U

A= sdur N o NANdpip = F————
/vﬂ 1431 Hj+k (j+k+1)!

Remark 2.1.0.5. Notice that this cup product can be seen as the restriction to
CH(K) x C¥(K,0K) of a cup product C¥(K) x CV(K) — C**(K) defined in
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the same way, and thanks to the previous theorem the latter cup product satisfies
TU¢ = ¢UI = ¢, for every ¢ € C*(K) where I € C°(K) is equal to Z p*.

peVert(K)
Theorem 2.1.0.6. The element of H,(K,0K) that correspond to the funda-
mental class [M] € Hp,(M,0M) is the orientation cycle for the pair (K,0K)
defined in (1.3.1.2).

Proof. The isomorphism between the simplicial homology of K and the singular
homology of M is given by the map that associates to each n simplex

o = [vg,..,vy] in K, the map 6 : A™ — M that sends e; — v; and is extended
by linearity.

The fundamental class of M is characterized by the fact that for every x in
M\ OM, the map H, (M) — H,(M|xz) sends [M] into a generator of
H,(M|x). So to prove the theorem we have to show that for any o, n simplex of
K, the map & generates H,,(M|z) for every x interior point of o. Using excision
and a chart of M it’s enough to prove it for R™, and using again excision
reduces to show that the identity map on A" generates H, (A" A™\ {z}) =
H,(A™ 0A™).

This will be done by induction on n. If n = 0 Ho(A% dA®) = Hy({pt}) so the
result is trivial.

If n = 1 consider the short exact sequence:
0 — Hy(AY,0AY) % Ho(0AY) 5 Ho(AY) — 0 (88)

with Al = [eg, e1] and DA = {eq, €1}, here Hy(OA') = Z®Z and it is generated
by [eo] and [e1], the kernel of i, is given by K = {a[eg] + ble1]|a + b = 0}. Since
the sequence is exact Id : At — Al generates Hy (A, 0A) iff §(Id) generates
K. Looking at the construction of the connecting morphism 4, it’s clear that
0(Id) = [eg] — [e1] and so it’s a generator of K.

Now if n > 2, define A™ as the set of all but one boundary simplexes in A™, this
is contractible to the vertex opposite to the face that is not contained in A™.

Now we have:
Ho (A", 0A™) S5 H, 1 (OA™) = H,_1 (DA™, A™) = H,_ (A" 1,9"1) (89)

the identity in A™ is sent by ¢ to the alternated sum of the identities of the
simplexes in the boundary, and so by excision this is sent to the identity in
AL

So the result for A®~! implies the one for A”™.
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Definition 2.1.0.7 (Pairing). Let [M] € H,(K,0K) be the fundamental class
of M, then we define the pairing:

(,-): CHK) x C"®(K,0K) - R

(90)
(¢, 9) = (¢ UY)([M])

Remark 2.1.0.8. As we pointed out in the introduction to this section this
pairing induces in cohomology induces in cohomology the same non degenerate
pairing defined in (1.2.7), but at level of chains we have no hope of building
a non degenerate pairing since the dimension of C*(K) and C"~*(K,0K) are
different, in chapter 8 we will see that this does not allow to use the discrete

Hodge star operator that we define in this section to solve a Poisson system.

Proposition 2.1.0.9. Let 0 = [pay, - Par] € Ci(K) with pay < .. < Do, and
T = [PBy, -+ DB, _s) With pg, < .. < pg,, then:
k!(n—k)!

(0*’7_*) _ (n+1)!
0 otherwise

if o and T share only 1 vertex and span an n simplex

(91)

Proof. If o and 7 share more than one vertex or they do not span an n simplex
then from (2.1.0.4) their cup product vanishes.

In this case o* U 7* = ¢(o,T) kégrll)“,)'v* with v = [po, .., pn] is spanned by o
and 7, since [M] = Z w then o* U 7*([M]) = awkégﬂr_ll)ﬂ)!, with a,, =
we K )

€(o,7) - (v*,w) = £1 where (v*,w) is equal to 1 if v and w have the same
orientation and it is equal to —1 otherwise. O

Lemma 2.1.0.10. Let a € C*(K) and b € C"*(K,0K) then:

(QM:AJW@AW@) (92)

Proof. From the definition (a,b) = (a U b)([M]) = R(W (a) AW (b))[M] =
= / W(a) A W(b), from (2.1.0.6) we know that [M] is equal to the sum of
(M]

the n simplexes of K, oriented in such a way that if 7 is an n — 1 simplex of K

and it is a face of oy and o5 then the orientations of 7 in o1 and o3 are opposite,

m/ W@AW@:/ﬁw@AW@. O
[M] M
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2.2 Inner products

In this section we are going to define the inner product that we need to
build the Hodge star operators, thanks to this inner product we will also able to
build a discrete counterpart of the harmonic forms that we defined in (1.4.2.11)
and also an orthogonal decomposition that is equivalent to the one defined in
(1.4.2.16) .

The inner product that we use was firstly defined by Eckemann in (18) and
then used by Dodziuk in (25; 21).

Definition 2.2.0.1 (Inner products). Let 0,7 € C*(K) then we define

< 0,7 >.=< W(o),W(7) > where the inner product of the Whitney forms is
the one defined in the (1.4.1.13).

In the relative case we see C*(K,0K) as a subsapce of C*(K) and define

<oy Zp=<yr >4|CF(K,0K)-

The fact that these two products are non degenerate depends on the fact that the
Whitney map is injective so if < 0,0 >=< W(o),W(c) >=0 then W(o) =0
from the non degeneracy of the inner product in QF(M) and so o =0 from the
injectivity of W.

Since the two inner products are defined in the same way we will refer to them
Just as < -, >.

As we pointed out in the introduction of the paragraph 1.3.3 the Hodge

star operator should model the material properties of the medium, so we expect
also the discrete Hodge star operator to do so.
The idea behind the choice of this inner product is that this characteristic of the
operator depends on the choice of the inner product and not on the choice of
the pairing and so the inner product is built using the continuous inner product
(and so the continuous Hodge operator).

Definition 2.2.0.2 (Codifferential). We define 6 : C*(K) — C*~Y(K) such
that:
<do, 7 >=< 0,61 >, YoecCO"YK),TeCK) (93)

the same can be done for the relative case.

Definition 2.2.0.3 (Discret Harmonic Forms). Define
HF(K) = {0 € C*(K)|do = 0,50 = 0}, and in the same way H*(K,0K).

Theorem 2.2.0.4 (Discrete Hodge Decomposition). The following two orthog-
onal decompositions hold:

1) CH(K) = d(C*1(K)) & H¥(K) & 6(CFTL(K)).

2) C¥(K,0K) = d(C*Y(K,0K)) ® H*(K,0K) ® §(C* (K, 0K)).
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Proof. 1) First we prove the orthogonality, let do € d(C*~1(K)), 7 € H*(K)
and §¢ € §(CFH1(K)), we have:

<do, 7T >=< 0,0 >=0
<do,0¢p >=< 0,609 >=0 (94)
< 71,00 >=<dr,¢ >=0.

so it’s enough to prove that dim(C*(K)) = dim(d(C*~Y(K))) + dim(H*(K))+
+dim(§(C*T1(K))).

Let 6% : CF(K) — C*~1(K), then we will show that

Ker(6k) = H¥(K) @ §*1(C**1(K)). The orthogonality of the two subspaces
follows from the previous computations, so we just have to show that for every
o € Ker(6%), if we denote 7o the orthogonal projection of ¢ in §¥+1(C*+1(K))
then d(o — wo) = 0, this is true because < d(o — 7o), d(c — 7o) >=

=< dd(0c —o),0 — o >= 0, where we have used that o — 7o is orthogonal to
5k+1(0k+1(K).

Now we have dim(C*(K) = dim(Ker (%)) + dim(6*(C*(K))) = dim(H*(K))+
+dim(SFH(CFHL(K))) + dim(5%(CF(K))).

The last thing to show is that dim(6*(C*(K))) = dim(d*~1(C*~1(K)), but this
is true since both d*~! : 6*(C*(K)) — d*~1C*~1(K) and

§F  dF1OFY(K) — 68 (CF(K)) are injective.

2) As the proof of 1). O

Corollary 2.2.0.5. 1) H*(K) = R(H%,(M)).

2) R(HY (M) = H*(K,0K) = H* (K, 0K).

Proof. 1) Using the point 1 of (1.4.2.17) for every [o] € H*(K) there is w €
HE (M) such that [w] = [W ()] and so [R(w)] = [o].

2) The first isomorphism is proved in the same way of the one in point 1 with
the support of (2.1.0.1), while the second isomorphism can be proved in the

same way of the point 2 of (1.4.2.17), using the discrete Hodge decomposition
of C¥(K,0K). O

Remark 2.2.0.6. The result contained in the last corollary can be viewed as
another form of the Leschetz Duality in a triangulated Riemannian Manifold.
2.3 Hodge star

Definition 2.3.0.1 (Hodge star operator). Let o € C*(K) thenx,0 € C"*(K,0K)

is defined in such a way that:

< ko0, 7 >= (cUT)([M]), VreC"*K,OK) (95)
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While for T € C*(K,0K) then .7 € C"*(K) is defined in such a way that:
<o, %, >=(cUT)([M]), VYoeC" FK). (96)

Remark 2.3.0.2 (Matricial form). Since %, is a linear operator from C*(K)
to C"k(K,0K), we can write his associated matriz.

Let P* to be the matriz associated to the pairing C*(K) x C"*(K,0K) — R
, i.e PR(i,j) = (0y%,7;%), where {o;}i—o. n+ are the k simplezes in K and
{r},=0, nn-r are the (n—k)-simplexes in K that are not in the boundary, then
we have (0*,7%) = o*T PEr*. Moreover if M"~* is the matriz associated to the
inner product in C" (K, 0K), we have < %ko0*, 7% >= ka0 T M F1% s0
the equality (95) became % ,0*T = o*T P* . (MP—F)~1.

The same argument applies to prove that the matrix associated to Y. is
(Mn=k)=1. pF,

Using (1.4.2.2) it’s easy to show that, in Q*(M), xd = (—1)¥*1«, in the

following lemma we prove that this property holds also in the discrete case.

Proposition 2.3.0.3. The following holds:
1) For every o € C*(K) then %qdo = (—1)*15%,.
2) The same result for % .

Proof. 1) Let 7 € C"~*~1(K,0K) then:
< %qdo, T >=do U T([M]) (97)

using the properties of the wedge product do U T = R(W (do) A W (1)) =

= R(d(Wo) A\WT) = R(d(Wo AT) + (=1)FWa AW (dr)) and

R(d(Wa AT))([M]) = 0 since it is the evaluation of an exact cochain on a closed
chain, so the right hand side of (97) became:

(—1)k+10 Udr([M]) = (—1)’“‘1 < Wo0,dT >= (—1)’“"'1 < 0%q0, 7>  (98)

since this holds for every T we have the result.
2) The proof is the same.

O

Proposition 2.3.0.4. Let a € C*(K) and b € C"*(K,0K) then:
< *qa,b>=<a, k,b>= /M W(a) AW (D). (99)
Proof. TIs a direct consequence of (2.1.0.10) O
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A property that we would like to have is that Wy = xW, but since in
general xW is not a Whitney form we cannot expect to have such result, so in
the following proposition we prove a weaker results, but it will be enough to
prove to convergence of the discrete Hodge star operator in the next section.

Proposition 2.3.0.5. Let 7l : QI(M) — W(C’(K,0K)) and

7 QI(M) — W(C"F(K)) be the orthogonal projections of (M) onto
W(C/(KOK)) and W(C"*(K)), then:

1) Va € CHK), Wkaa =7""*xWa.

2)Va € CF(K,0K), We,a=nr""kFxW.

Proof. 1) We have to show that < Wy ga, Wb >=< xWa, Wb >, Vb € C"*(K,0K).

< Wakga, Wb >=< %qa,b > (2:804) / Wa AWb=<xWa,Wb>. (100)
M

2) As the point 1). O

2.4 Convergence Results

In this section we use the techniques developed by Dodziuk in (24) to show

that ¥ converges to x where the triangulation gets denser.

Definition 2.4.0.1 (Standard Subdivision of a Complex). Let o = [po, .., Pm]
be a simplex in R¥, k > m, the vertices of So are the points, Dij = %(pi +pj),
i < j. We define a partial order of the vertices of So by setting p; ; < pr.a if
1>k andj <lI.

The simplexes of So are increasing sequences of vertices w.r.t the above ordering.
If T is face of 0 ST equals the subdivision made by the simplexes of So contained
i 7. This allows to define the standard subdivision of an ordered simplicial
complex L in a natural way.

Moreover we define inductively So(L) = L and S, 1L = S(S,L).

Definition 2.4.0.2. Let o0 = [po, .., pm| and o’ = [qo, .-, ¢m] be two simplezes in
R™, we say that they are strongly similar if exists A > 0 such that:

Ao —po) = 0" —qo (101)

where o — pq is the rigid translation of o that takes py to the origin, trivially we
can see that this defines an equivalent relation of m simplexes in R™.
Moreover we say that o is well placed if it’s strongly similar to [0, e1, .., €] where

{e1,..,em} is a standard basis of R™.
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Figure 9: Standard Subdivision of a tetrahedron.

Definition 2.4.0.3. We say that an n simplex o of a smooth triangulation of
M is well places in a coordinate chart (U, @) if :

1)z CU.

2) ¢z : 7 — R" is linear.

3) ¢(o) is well places in R™

Lemma 2.4.0.4. There exists a finite set U of coordinate charts of M with the
following property. For every integer k > 0 and every n-dimensional simplex T
of SLK there exist a coordinate chart (U, ¢) € U and an n-simplex o of K such
that:

1) 7 is well placed in (U, ¢).

2)rcacCU.

Proof. Lemma 3.4 in (25). O

Definition 2.4.0.5 (Mesh). Let ny = nx(K) = sup diam(o), where diam(o)
oceSKK
18 measured in metric induced by the euclidean distance in a coordinate neigh-

borhood in which o is well placed, we call ny, the mesh of Sy K.
Lemma 2.4.0.6. lim 7 = 0.
k—o0
Proof. Lemma 3.6 in (25). O

Notation 2.4.0.7. We define Wy, and Ry, the Whitney and de Rham maps
defined on the triangulation S K of M.
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Lemma 2.4.0.8. Let o = [po,..,pn], N = {1,..,n}, I = {i1,..,im} C N and
O-}— = [p‘l'7pi17~-apim]- Then

W (V") = mldu;, A .. Adps, — Z W(o7") (102)
TEN\I

Proof. Let dpy = dpi, N .. ANdps,, and dpi = dpg, A .. A dﬂis Adp,, .
m

By definition %W(O’?*) = podur + Z(—l)suisd,u,o Adpg, now using Z i =1
s=1

as we did in the proof of (2.1.0.4), the term on the right hand side became:

(1= o) + (1), (= 3 ) A s =
r=1 s=1 r=1

= dur =Y pedpr =, (dps, + Y dpe) Adpi =

r=1 s=1 reN\I
=dpr— Y pedpr =Y i, (Y dpy) Adpi = (103)

TEN\I s=1 reN\I

m

=dpr— Y (uedpr + Y (=1)° i dpy A dpy) =

reN\I s=1

1 *
=dpr — — > W(eth).
reN\I

O

Theorem 2.4.0.9. Let wy,€ (M) and wy € QF(M), then evists a constant
C(w1,ws) independent of k such that:

(Wi (RBe(w1) U R (w2))(p) — w1 Awa(p)lp < C7(wi,w2)nk (104)
almost everywhere on M.

Proof. The proof is based on the techniques developed in (24) and (22).

Fix k, the n — 1 skeleton of S K has measure 0 so we can suppose that p € o
for a unique n simplex ¢ in S K. Let (U, ¢) be a coordinate chart in which o is
well placed, we can identify U as a subset of R™, and since o is well placed we
can suppose that o = [0, hey, .., he,] for some h > 0, here we can suppose that
wy = fdx1 A..Adz; and wy = gdzo, A.. Adz,, , and the baycentric coordinates

corresponding to 0, hey, .., he,, are :

i=1 (105)



Let N ={0,..,n}, J={1,2,..,5} and K = {aq, .., ) }, then:

RWl - Z (/ wl)[pﬁapla 7p]]
BEN\J [ps.p1,-:p;]

Rwsy = Z (/ WQ)[p'yapau-'vpaj}

’YGN\K [p'yvpalw-apnk]

(106)

Now using (2.1.0.4), Rw; U Rwy = 0 if J and K intersect in more then one
element, so we have to study the cases in which the intersection is empty or
consists of 1 element, we will study the two cases seprately.

1) INK ={m :j},we can suppose K = {j,j+1,..,j+k—1}
Using the notation JJ = [pg:P1,-0jls Ok = [PysPass--Pay) the cup product
05* Uoj isnon zero iff 3 #~v€Q =N\ (JUK). We define:

[pS7pJ7pK] psaplv'ap]7pa1a',pak]

w1 =
/[q] [1)571)17 7p] (107>
forf

[‘5] [P57Pa17~-7pak]

and compute
1!

Riwi U Rpwse = m (/ wl)(/ L«.}g)[pﬁ,py,p‘hp](] (108)
BAeQ. By [Pl g

from which we have:

k!
Wi (Rrwr U Ryws) = Grks1)! Z (Ap )W (a77) (109)
B,EQ,B<y

where 077 is the dual of [pg, p, pJs, pr] and Ag ., = (/ wl)(/ wg)—(/ wl)(/ wa),
(8] (] (] (8]
using the definition of W and (105) we can prove that:

. k) 1 n Jj+k—1 n .
Wi (c%P) = (]h;lk) (dXx? - E( Z z;dX" + Z Z (—1)iz:dXPY)
i=j+k i=1 s=j+k,s#£8
. | J+k—1 _
Wi(o?7) = (ff]i_kﬁ)l (xpdX" — x,dXP + Z (=1) e d X P

=1

(110)
where Xmi’j =dx; Ndx; ANdxy A . Adxi—1 Adxigq A .o A dejpg—1, notice that
|dz;], < 1 for every ¢ and every p € & so it’s using triangle inequality it’s enough
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to give an estimate to to the coefficients of Wy (Rrwi U Riws), those are of two
kind:

I) hﬂ:'k AOB
II) h]+k+1 Ag v
In order to bound I) notice that S; = , is the volume of [, 1,.., 5] and Sy = f}:
is the volume of [I,5,j+1,..,j+k—1] for every i,] € (), so using the mean value

f(xl, cy Ly 0, ..,O)dl‘l..dl‘j

theorem }%/ wp = [0 = f(p) for some p € o,
(o] 5

repeating the same argument for the other integrals we have that:
ool = 1 )aa) — F@)a(s))| <
RER P9l <

<If(gla) = f®9(d)+|f(P)g(d) — fF)9(d)| =
=1f®llg(a) — 9(d)| + lg(d)|f(p) — fF()] <
< sup | f] sup IVglni. + sup ] sup IV flnk = Cnie

(111)

1J
Now for II) notice that / flx1, 25,0, h(1—— E ),0..0)dx;..dx;
[ b

[0]
and the same clearly holds for / ws too.

18]
So we have:

/wl—/ w1 /(f(a:l,..,xj,O..O)—f(xl,.x],o h(1
[0] B _ 70
Sj

S;

3‘\'—‘

J
Z ),0..0)dz1..dz;

= (f(@1,..,7;,0..0) — f(F1,..7;,0.., h(1

g

;~\P—‘

(112)

moreover

J
(f@1,..7;,0.0) — f(T1,.7;,0.,h(1— £ > 7),0..0)
i=1
| . |

<sup| S| <

(113)
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Finally we can write:

L P g Ly / o] =
T a1 A8, Ts wl/ WQ—/ w1/ W2||Ts| =
h”k“ ! h”k“ 18] B I
L oo o[ o]
T w1 w2 + w1 wo — w1 wo+
h”k“ M Jis o Jg) o Jig
+/ Wl/WQ*/ wl/ w2+/w1/ wz*/wl/(«@*/ wl/ wallzs| <
[ﬂ 0 [ﬁ 0] [0] [0] [0] (8] (7]

| / th - / wo — //3] wal) - N + other terms of the same kind
(114)

where we used |z;| < 7.
Now the second term in the product was in bounded in (113), while the first
term in the product is bounded by sup, |f|, and this ends the first part of the
proof.
2)JNK = (), we can suppose K = {j+1,..,j+k}. Notice that there are exactly
j+ k + 1 products of the form:

[pg: ps] U [Py PK] (115)

that equals a non vanishing multiple of [p,,ps,pk], for every 7 € @Q and them
are given by:

=1, veJ
y=1, BeEK (116)
/B:’y:’]‘

so we have:

jlk! / /
R U R = T ’ )
() U Rw2) = 20 . ( ” wi)( . wa)[po, P, pxc]+
(117)
+ 5 S w] wnllprpapn)
reQ\{o} || 1] o
where Z is the sum over all 8 and v in (116).
Is]
now using 2.4.0.8 we know that:
W(0%) = (j + k)ldps Adux — Y W(o™) (118)

TeQ\{0}
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So we can write :

|W (Rwy U Rws)|, = +',f'+1 %:/ / wa)dpy A dpg — wi (p)wa(p)|p+
k!
T w1 wa) — w)( [ w2))W (o),
+(j+k+1)!|T€QZ\{O}<%j</W ></M ) %:(/m ></m W (™)
(119)

Now the second term in the sum can be bounded in the same way of IT in the first
part of the proof, while for the first term notice that dujAdux = hj%dxj Ndx g,

SO we can write:

1k B
T2 o /{m ) /M wa)diiy A dp — w1 (p)oa(p)ly =

o]

v
= et DU, @0 9 Sl Adeil, <
“ ) (120)

/ = )
§|+ w w w wo)) |+
hitk(j 4+ k+1) o] 18] ! [] 2) 0] ! [0] 2

jlk!
e [ e [ o2 S00)

where we used that Z contains exactly j + k 4+ 1 summands, moreover each of

(0]
these summands have 5 or v equal to 0, if 5 = 0 we can write:

k!
bR /[O] /W wz—/[o]wl/[o]wz hﬂ/ 1||hk+1/ wo — /W2||h|
(121)

and here the first term is bounded by sup |f| the second term is bounded by a

constant as in (113), and |h| < g, so we just have to bound

|}fjfk / w1 [ wa— f(p)g(p)| and this can be done using mean value theorem
(0] (0]

as in (111), and this concludes the proof. O

Corollary 2.4.0.10. Let wy, € (M) and wy € QF(M), then exists a constant
C(w1,ws) independent of n such that:

Wk (Ri(w1) U Ri(w2)) — w1 Aws| < Clwr, w2)k (122)
Proof. By the definition of this norm we have:
[[Wi(Ri(w1) U Ri(wa)) — w1 Awsl[* =

_ /M Wi(Ri(w1) U Ri(w2)) — w1 A wa(p)[2dVolas < (123)

< C?(w1,w2)npvol(M)?
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where C(w1,ws) = max, C7(w1,wz) and vol(M) is finite since M is compact.
O

Corollary 2.4.0.11. Let w € Q/ (M) then:
[[Wi(Re(w1)) — wil| < Clwi)n (124)

Proof. Use wy =1 € Q°(M), then Ry(ws) = I defined in the (2.1.0.5), and so
Ry (w1) U R (w2) = R (wr). O

Theorem 2.4.0.12. Let w; € QgV(M) and wy € Q%(M) then:
1) || % w1 = Wi (Kka(Bi(wi)))]] < Clwr)m-
2) || xwa = Wi (Jer(Ri(w2))| < Clwz)mi

Proof. 1) using (2.3.0.5) we have

1% wi = Wi (ka(Ri(wi)))l| = [ xwr — 777 % (Wi(Ri(w1)))]] <

< [ xwr = *(Wi(Ri (W)l + [ (Wi (Ri(wn))) — 7277 % (Wi (Re(w)))]] <
<[ Meor = (Wa (B (w))| + [+ (Wr(Ri(wr))) = Wi (Ry(xw1))]] <

S I IC" @) + 1% (Wi(Re(w1))) = xwr]] + || x w1 = Wi (Ri(ewn))[] <

< 2] #]IC" (wr)k + Clxn ) = Clen )

(125)
where in the second inequality we used that 7777 x (Wi (Ry(wy))) is the ele-
ment of Wy (C"7(K,0K)) of minimum distance from (W (Ry(w1))) and that
*wy € Q;lj_j (M) since the Hodge operator sends Qn (M) in Qp (M) and vicev-
ersa (1.4.2.8), moreover we used that the Hodge star operator preserves the
metric as it is remarked in (1.4.1.13).

2) as the first part. O
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3 Poisson Problem

In this chapter we will use the framework defined in the chapter 2, to find a
discretization of the Laplacian problem in dimension 2, the same construction

is carried out in (31) for the n dimensional case.

3.1 The Model

The problem is defined on a triangulated compact manifold with boundary
M, embedded in R2, and the task is to find a smooth function w on M that

satisfies:
—Au=f
(126)
UM — 0
where f is a smooth function over M, and A = divo V.
So we have to find a the right analogues for f,u, div, V in the simplicial complex
of K, where K is the triangulation of the M.
Clearly f,u can be considered as elements of Q°(M) , so we start writing ex-

plicitely the complex Q*(M):
0— QM) % QL (M) <L Q2(M) — 0 (127)

where the 2 dimensional curl is defined, locally, as the map that sends

w = a(z,y)dz + b(z,y)dy to (L — g—;)dx A dy.

As we can see the divergence operator does not appear in Q*(M), so what
we want to prove now is that —div : QY(M) — Q°(M) is the the coadjoint
of V. There are two equivalent ways to prove this fact, indeed we can use
both the definition of § given in (1.4.2.1) and the characterization given in
(1.4.2.3), in both cases we have to choose a metric on M, this will be Euclidean
metric induced in R2, in this case using the 2nd characterization of * defined in
(1.4.1.9) and wy = dx A dy, it’s possible to show that:

*1=dxANdy
*dr =d
Y (128)
*dy = —dx
*xdrx Ndy =1
so we can use the first definition of 4.
Take o € QY(M) then locally we can write a = a(z,y)dr + b(x,y)dy, in this
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case, we have:

ob  Oa

Sa = —xd" % (a) = — xd" (a(z,y)dy — b(z,y)dz) = — % ((8—x + a—y)dm ANdy) =
ob  Oa ob  Oa
——(%‘Fafy)—(—%—afy)

(129)
so the equation —A(u) = f translates into the equation, §'d°(u) = f.
The discrete counterparts of u and f are clearly given by R(u), R(f) € C°(K)
and, so we just need to find the matricial form of §' and d°.
1) Call DO the matrix associated to d°, then DP is matrix of dimension N, x N,

where N, and N, are the number of vertices in K, and :

1, if e =[v,v)]
D?)j = —1, Zf €; = [’Uj,’U] (130)
0, otherwise

this is a direct consequence of the definition of d° (1.2.2.12).
2) Now we have to find the matrix associated to 8!, we will call it D!, this is
a matrix of dimension N, X N, and it is defined starting from the definition of

the discrete codifferental (2.2.0.2), so we have:
al DY M, -b=at My-D*-b (131)

for all @ € CO(K) and b € C'(K), this led to, D* = My " - D - M;.
So the linear system of equation that we have to solve is:

(D§ - My - Do)R(u) = My - R(f) (132)

3.2 Numerical Experiment

We have implemented in Matlab the discretization model defined above on
a Poisson Problem defined on M = [0,1] x [0, 1] and with
f(x,y) = 2(x +y — 2% — y?), we know that the solution to this problem is given
by u(z,y) = (1 —x)y(l —y).
We have computed the L? and the H' errors from the exact solution, then we
have compared the error made by our model with the one obtained computing
the solution with the Matlab function "AssemPde", that implements a classical
FEM method.
As you can see from the figure, as the mesh goes to 0 the solution to our system
converges to the analytic solution, and the convergence rate is the same of the
FEM method.

62



€0

Assempde

—— L% norm —— L? norm
. ———(’)(hz) ) ———(’)(hz)
—2 -2
1077 ¢ — H'-norm 107+ — Hl'norm
-—-0(h) ---0(h)
§
1071} 1074}
1076 — : 1076 —
1073 1072 10! 10° 10°* 102 10!
h h

Figure 10: Both the L? and the H'! errors for both the methods

Remark 3.2.0.1. For the sake of the numerical implementation the fact that
M = [0,1] x [0,1], s not a manifold is not a problem, since it is a Lipschitz
bounded domain and so we can define on it an L? theory of differential forms
that extends our theory on smooth manifold, both the definition of Lipschitz
boundary domain and the definition of the theory can be found at chapter 3 of

(28).

Remark 3.2.0.2 (Physical System). This kind of Poisson problem appears in
many Physical models, for example in electromagnetism, where we can interpret
the function f as the electric charge density, and w as the electric potential, so
from the Mazwell’s equations (29) we have:

—Vu=F
eE=D (133)
div(D) = f

where E is the electric field, D the electric displacement and € is the permittivity,
the last one is usually represented as a type 2 tensor and usually represents a
property of the material.

When € is a constant we have the same kind of Poisson problem discussed in the
previous section, but there are cases in which this is not true, in these situations
we can modify our model in order to take the property of the material into

account, in this case it’s enough to consider a new inner product between one
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form defined as :
<w,77>€=/ €-wA*n (134)
M

so the only modification to the model defined in the above section is a slight

modification of the matriz M.

Remark 3.2.0.3 (Disretization of the Codifferential). Looking at the definition
of the smooth codifferential (1.4.2.1) one could ask why we haven’t defined the
discrete codifferential as (—1)"* D+ 13 0 "% o Y and actually this is the way
in which is defined the discrete codifferential in the numerical methods that uses
a secondary mesh (for instance look at (27)). Although our discrete Hodge
star converges to the smooth one as we proved in (2.4.0.12), it cannot be used
in a numerical method since, as we noticed in (2.1.0.8), the pairing involved
in the construction of the Hodge operator is not perfect and this causes an ill

conditioning of the linear system.
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