HODGE DECOMPOSITION

YUCHEN CHEN

ABSTRACT. This is an expository paper on the Hodge Decomposition Theo-
rem. The aim is to give a proof of this theorem. Along the way we will discuss
some machinery involving Sobolev spaces and differential operators and an
application to de Rham cohomology.
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1. INTRODUCTION

This paper is an exposition on the Hodge decomposition theorem. We aim to
study p-forms by considering the action of the Laplace-Beltrami operator. This
is an extension of the Laplace operator in calculus. The kernel of this action are
special forms called harmonic forms. The space of harmonic forms turns out to be
finite dimensional which allows us to take orthogonal complements. This forms the
basis of the Hodge decomposition theorem.

The Hodge decomposition theorem has many useful applications. We will discuss
one application to de Rham cohomology which says that each cohomology class has
a unique harmonic representative, i.e. we have a correspondence between de Rham
cohomology groups H}p and p-harmonic forms.

We will mostly follow [5]. For this proof, we will need some background in
Sobolev spaces and differential operators. We will at least state all results needed
to prove the Hodge decomposition theorem in this paper but may refer the reader
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2 YUCHEN CHEN

to [B] for some of the proofs. For a more general exposition of this theory, one may
check out [I].

2. LAPLACE-BELTRAMI OPERATOR

We want to study p-forms by studying the action of a Laplacian operator. From
calculus, recall the Laplacian operator
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We want to extend this operator to an operator on p-forms. In this section we will
construct this operator, the Laplace-Beltrami operator.

2.1. Hodge Star. Let V be a finite dimensional vector space with an inner product
(-,-). We can extend this inner product to exterior powers /\k V' as follows. On
decomposable tensors, « = a3 A--- Aag and 8= 81 A--- A Bk, define

(o, B) = det({a, Bj))ij-

One can check that this extends to a unique inner product on /\k V.
We want to define an operator on the exterior algebra /A V. We will use the following
lemma.

Lemma 2.1. Let ¢ be a linear functional on V. Then there exists a unique v € V.
such that for allw eV

p(w) = (w,v).
Proof. See [3]. O

Given o € APV, we can define a linear functional as follows. Let 3 € A" "V,
so aAB € A"V, where n is the dimension of V. Let w € A"V be given by
determinant. Then since A" V is one dimensional, w is a basis. We can then write

Oé/\ﬁ = (ba(ﬁ)w

where the expression on the right is unique. Note that ¢, is a linear functional on

APV
Definition 2.2. Let « € A’ V. We denote by *a the element of A" "V such that

ba(B) = (B, *a),
as given by Lemma [2.1] We call this operator * the Hodge star operator.

The case we are most interested in is when we have a compact orientable Rie-
mannian manifold M. The Riemannian metric allows us to define the star operator
* taking p-forms on M to (n — p)-forms on M.

If we choose an orthonormal basis eq, ...,e, of V, we can write the Hodge star
operator more explicitly. Note that a choice of basis fixes an orientation on V.
That is if we have another basis fi, ..., f,, we have a unique linear transformation T
mapping e; — f;. If T has positive determinant, these bases have same orientation,
otherwise, they have the opposite orientation.
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Proposition 2.3. The Hodge star operator

* /\ V — /\ 1%
satisfies the property that for any orthonormal basis f1, ..., fn,

*(fl/\"'/\fk)::l:fk—i-l/\"'/\fn
where the sign depends on the orientation. Here we set
x(1)=xfi A A fn

and
x(fi N A fn) =£1

We can check that this follows from the original definition by expanding out with
the chosen bases.

The definition of the Hodge star operator may seem rather opaque. However,
there is geometric intuition behind this operation, particularly it encodes orthog-
onality. Suppose that ji,...,jr is an orthogonal basis of a subspace. By Gram-
Schmidt we may extend this to an orthonormal basis j1, ..., j, modulo some scaling
factors. The properties in Definition show that #(ji3 A -+ A jg) is the element
Jk+1 A - A Jpn, where jgi1, ..., Jn spans a subspace orthogonal to the one spanned
by Jji, e Jk-

This is most easily visualized on low dimensions of R™ which we illustrate in the
following examples.

Example 2.4. We first consider the plane R?. We choose the ordered basis dx, dy
on 1-forms. Following the properties in Proposition we can compute the star
operator explicitly.

x(1) =dz Ady

*(dx) = dy

*(dy) = —dx

*(dz Ady) =1

If we abuse notation and think of dz as the standard basis vector 7 and dy by 7,
We see that *(zi + yj) = —yi + 27, which rotates counter clockwise by 90 degrees.

*V

FIGURE 1. The star operator on R? corresponds to rotating coun-
terclockwise by 90 degrees

Example 2.5. Another easy case to visualize is R3. By choosing an ordered basis
dx,dy,dz, we can again compute the star operator explicitly.
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x(1)=de Ndy Ndz
(dx) =dy Ndz

(dy) =dz ANdx
(dz) =dxz Ndy
(
(
(

* % ¥

*(dx AN dy) = dz

dx Ndz) = —dy
*(dy N dz) = dx
*(de ANdy Ndz) = 1.

In particular if we abuse notation again and view dz, dy, dz as i, , ];Z, we see that
the star operator agrees with the cross product on R3. The cross product of two
linearly independent vectors u, v gives the normal vector to the plane spanned u, v,
which connects the star operator to orthogonality.

e 6 0 o o o o o
*

2.2. Laplace-Beltrami. Now we are ready to construct the Laplace-Beltrami op-

erator. Recall the Laplacian operator

82
2.6 —
(2:6) - 0x2.

We would like to extend this operator to the space of p-forms QP. We will do this
as follows.

Definition 2.7. Define 6 : QP — QP~1 by
6= (—1)"PFOH g

On 0-forms this is the 0 map. The —1 term is added to be compatible with the —1

term in *2.

Definition 2.8. We define the Laplace-Beltrami operator, A, by
A = d + df.
We will call this operator the Laplacian.

We should check that on 0-forms, the Laplacian A matches the Laplacian oper-
ator (2.6)) on R™. The O-forms are just C* functions. Let f be such a function.
Then

Af = odf
= xd x df
_ of of
= xd * <axldx1—|—--~—|—axndxn>
= xd ﬁdl‘g/\"'/\dl‘n—i—'"—i—ﬁd.ﬁl/\"'/\dl‘n_l
oxy Oxy,
o f o f
o f o f
—(ax%+"'+axa)'

To get from the first line to the second line recall that J is the zero operator in
0-forms. To get from the fourth to fifth line, after expanding the exterior derivative,
the signs of terms with mixed partials cancel out due to the signs form *. Thus,
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it makes sense to consider the Laplace-Beltrami operator as an extension of the
classical Laplacian.
The star operator can also be used to define an inner product on QF by

@8 = [ an«p)

This can be extended linearly to > QP by requiring p and ¢ forms to be orthogonal
for p # q. This inner product is symmetric and positive definite. The importance
of this inner product is that it makes the Laplacian a self-adjoint operator.

Theorem 2.9. If o, 8 are p-forms, then
(A, B) = (a, AB).
We see that to prove this, it is enough to show that § is the adjoint to d.
Proposition 2.10. For a a (p — 1)-form, 8 a p-form, we have that
(da, B) = (@, 68).

Proof. We will compute [ 1 Al A xB) in two ways. First, by Stokes’ theorem and
that M is compact, we know that

/ d(a A =B) =0.
M
For the second computation, note that
%0 = (_1)n(p+1)+1 s xdx = —1 @~ D—p=1) g,

where we use that ** = (—1)P("~P), Then we see that

/d(a/\*ﬂ):/ da AN+ (—1)Ptandxp
M

M

:/ da A*8 —a A *60.
M
Then
0:/ da/\*ﬁ—/ aAx0f = (da, B) — (o, ),
M M
which completes the proof. O

Our goal is to prove the Hodge decomposition theorem which says that the space
of p-forms decomposes as the direct sum of the image and kernel of the Laplacian.
The elements of the kernel have a special name.

Definition 2.11. The p-forms in the kernel of the Laplacian, denoted
H? ={weQP(M) : Aw =0}
are called the harmonic p-forms.

Example 2.12. The harmonic 0-forms are constant functions. This is since if « is
a p-form then,

0= (Aa,a) = (0a, 0a) + (dov, dar).
Hence , da = 0. In particular, if « is a O-form, then « is a function, so it must be
constant.
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We would like to understand harmonic p-forms in general. Finding harmonic
forms is related to solving equations of the form Aw = 0, or more generally equa-
tions of the form Aw = «a. Thus, we will be interested in solving such equations.
This is not an easy task.

If we happen to have a solution w to the equation Aw = «, then we can form a
bounded linear function £ on QP by

U(B) = (w, B)-

Now given any v € QP we have that
K(AW) = <W7A"/> = <A(JJ,’V>,: <O[7’y>.

This observation gives the following definition.

Definition 2.13. A bounded linear operator ¢ on QP satisfying
U(Ay) = (a,7),

is called a weak solution of the equation Aw = a.

Weak solutions come from the theory of distributions. Distributions will not
be discussed in this paper but in a sense, they can be thought of as generalized
functions. The idea here is that we think of functions as objects acting on a class
of test functions. Then we can reformulate our differential equation using test
functions and try to find a solution in that sense. This is what is being done by
introducing the functional ¢. Here our test function are p-forms 5. We are defining
the weak solution as a functional that acts on test functions in the same way a real
solution w acts on test functions by inner product.

In general, it is much easier to find a weak solution. One trick that we will use
involves the Hahn-Banach theorem.

Definition 2.14. Let FE be a vector space over R or C. A function p : £ — R
satisfying
p(Ax) = Ap(x)
forallz € E, A\ > 0 and
p(z +y) < plz) +p(y)
for z,y € E is called a sublinear functional.
Theorem 2.15. (Hahn-Banach) Let G C E be a subspace, p a sublinear functional
and g : G — R a linear functional satisfying
g(x) < p(x)

for all x € G. Then we can extend g to a functional f : E — R on all of E such
that

f(z) < p(x)
forallx € E.

Proof. The proof is found in [I, Thm. 1.1]. O

The Hahn-Banach theorem can be used as follows. We have a subspace A(QP).
On this subspace, we can define a linear functional ¢ by

(A7) = (7).
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Then by proving some bound on the norm, which we use as the sublinear functional,
we can apply Hahn-Banach to extend ¢ to a linear functional on all of QP. By
definition, this is a weak solution to Aw = a.

Fortunately, it turns out that finding a weak solution is enough to find an actual
solution to the equation. In the next few sections, we develop the tools necessary
to prove this fact.

3. SOBOLEV SPACES

In this section, we introduce Sobolev spaces. Sobolev spaces will give us the
framework and tools to understand the behavior of weak solutions. In particular
to investigate regularity i.e differentiability of these solutions.

To define Sobolev spaces, we need to understand differentiability in the weak
sense.

Definition 3.1. Let f be a function on R™. Let « be an index, i.e. a n-tuple of
natural numbers. We say g is the o' weak derivative of f if g satisfies integration
by parts with all test functions ¢ € C'(R™) with compact support. That is

[ oo =0 [ go.

For notation, we will denote g by D*f as well.

As a remark, weak differentiability is related to distributions as well as we are
characterizing a derivative by how it acts on test functions. Here "acting” is satis-
fying integration by parts.

Example 3.2. A canonical example of a nondifferentiable function with a weak
derivative is the absolute value function f(z) = |z| on R. From calculus, we know
that f is not differentiable at 0. However, f has a weak derivative given by

Qﬂm—{l e

-1 x<O0.

The idea here is that the nondifferentiable part of f is just a single point, but
integration doesn’t care about measure zero sets. By the same reasoning, we also
see that weak derivatives are not unique. This is since we modify the weak derivative
on a measure zero set but this modification can’t be detected by integration.

Definition 3.3. We define the Sobolev space WP (R") to be the space of all (C™
valued) functions f € LP(R™) whose weak derivatives up to order k also belong to
LP(R™).

The Sobolev space WP comes with a norm

[flwes = Iflo+ D 1Dl
loe| <k
given by taking the sum of the L? norms of the function and its weak derivatives
up to order k£ making it a Banach space.
We are particularly interested in the case when p = 2 For notation, we will
denote
Hy, = W2,
Note that it is more standard to denote the indices by superscripts but we will use
subscripts to avoid confusion with the notation for harmonic forms. We use the
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notation H to emphasize that in the p = 2 case, the Sobolev space is actually a
Hilbert space. It has an inner product

(f.9)k = (f.9)2+ Y (D*f.D%g)s
|| <k

induced by the inner product on the Hilbert space L?(R™).
Equivalently, we can define Hy in terms of Fourier series.
Denote by S the space of vectors in C™ indexed by n-tuples of integers & =

(fla agn)

Given u = {u¢} € S, we view u as a formal Fourier series
Z u§e“’£.
3
In this situation, we view weak derivatives as taking formal derivatives of Fourier
series
D%y = Zfauge”g.
3

We have inner products

() = (14 [€1%)* ug] - [vel,
§
which gives the norm
Julf = > (14 [€1%) " Jue .
3
Definition 3.4. We define the Sobolev space

Hy:={u€S:|ulp <o}
For notation, we will denote by H_ ., the union of all H.

The equivalence to the Sobolev spaces defined earlier can be seen as follows.
Let u be a function and {u¢} denote its Fourier coefficients. Then for a positive
constant ¢, we have the inequality

k
o1+ € uel? < 3 1Dl < (14 1¢) uel?
|a|=0

showing equivalence of norms.

There are a number of properties and inequalities that we will need. These will
be stated without proof. Proofs of the following can be found in chapter 6 of [5].

Let P denote the space of C™ valued C*° functions on R™ which are 27-periodic.
Then by viewing each function by its Fourier coefficients, we see that P is a subspace
of Hy, for all k. Moreover, P is dense as it contains the sequences with only finitely
many terms nonzero.

Proposition 3.5. If u € Hy |4, then
D%l < |ulpt(a)-
Proof. See |5, Thm. 6.18(h)]. O

The upshot here is that D® is a bounded operator from Hj (o) to H.
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Proposition 3.6. If u € Hy4y, then

lire = sup L0,
VEHL_y |’U|k}7£

Proof. See [5, Thm. 6.18(f)]. O
This result will be applied in the case when ¢ = 0. This tells us that we can check

for equality by testing against elements of Hy. That is, u € Hy, is 0 if and only if
(u,v) = 0 for all v € Hy.

Proposition 3.7. (Peter-Paul Inequality) If ¥ < k < k" and u € Hyn», then for
€ > 0, there is a constant ¢ depending on € such that

|u|i < €|'U,|i// + c|u|i/.

Proof. See [5, Thm. 6.18(g)]. O

We have two more inequalities regarding periodic functions.

Proposition 3.8. Let w be a C™° complexr valued periodic function on R™. Then
for any ¢ € P, we have constants ¢, ¢ such that

wepli < clwloo| el + ¢/ @lk-1-
Proof. See [5l Thm. 6.18(i)]. O
Proposition 3.9. Let w be as before and u,v € Hy. Then there is a constant c
such that
[(wu, v}k = (u, Wo) k| < c(lulk|vfe-1 + [ulk-1|v]k).

Proof. See [5l Thm. 6.18(j)] O
3.1. Sobolev Embedding. Suppose we have some u € Hy. We view u as a formal
Fourier series ZE uge'™S. We want to know when u is an actual function, i.e. when
does the Fourier series converge, and moreover if it does converge, how differentiable

the function it converges to is in the classical sense. These questions are answered
by the Sobolev embedding theorem.

Theorem 3.10. (Sobolev Embedding) If uw € Hy, where k > [n/2] + 1+ m, then u
is a C™ function.

This is a case of a more general Sobolev embedding theorem, see [I].
The proof follows from the following results.

Lemma 3.11. (Sobolev Lemma) Let v € Hi(R™). If k > [n/2] + 1, where []
denotes the least integer function, then Zg u§e”5 converges uniformly.

Proof. We will show absolute convergence. Note that |uge?®| = |ug|. Then,
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D lugl= Y (L HIEP) A+ (€)M P ug]

lE|<N |E|<N
S AHIEDTD D A +IEP)M 2 ue))
|€]<N [§l<N
= (D A+IEP)IEOD A+ [P fue*)/?
[§l<N |€]<N
= () (+ ™) ulk.
lEl<N

The lemma then follows from the fact that (1 + |€]2)~F converges for k >
[n/2] + 1, and by sending N to oo. O

If we apply the Sobolev lemma to derivatives, we get the following result.

Corollary 3.12. Let v € Hy and k > [n/2] + 1 + m. By the Sobolev lemma,
u(z) = Zg uge™ is a continuous function. Then for |a| < m, the derivatives

D%y := ZE fo‘u5eix5 converge uniformly.

Proof. D*u belongs to Hy_|4. Applying the Sobolev lemma to D%u and using
Proposition shows that 25 E%uget™S converges uniformly. O

The Sobolev embedding gives a partial converse to the following statement.

Theorem 3.13. If f is a C™ function, then its Fourier coefficients, u,, are
o(ln|™™).

Proof. By integration by parts we know that the norm of the Fourier coefficients
of the kth derivative of f is |n|¥|u,|. Then |n|™|u,| goes to zero since f is C™. O

Then we know that C™ C H,,_1. This doesn’t quite match up with the Sobolev
embedding. To know a function is C"™ from only its Fourier coefficients, we need
the stronger condition that it is Hy for k& > [n/2]4+1+m. For example, the absolute
value function has Fourier coefficients which are o(|n|”?) but it is not differentiable.

3.2. Difference Quotients. A useful technique to see the differentiability of func-
tions in terms of Sobolev spaces is to consider their difference quotient.
Recall from calculus that given a function f, we have the difference quotient

fle+h) ~ f(z) _ Tuf) ~

h(p) —
i) ] ]

where
Tu(f)(@) := f(z + h)
is the translate of f by h.
If ¢ is a periodic function with Fourier coefficients ¢¢, then T}, (¢) has Fourier
coefficients e ¢¢.
Then it makes sense to define translates and difference quotients on Hj in the
following way.
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Definition 3.14. Let u € Hy. We define the translate by
Ty (u) := {e" ug}

and the difference quotient by

B (S5

Some computations show that T} is an isometry, that is

|Th(u)|x = |ul

and that if uw € Hp4q then
"k < Julsr-
We also have a converse to this statement which will be important.
Lemma 3.15. If u € Hy and for all h the difference quotients
"], < C
are bounded by some constant C, then u € Hyy1.

Proof. We use two tricks. The first trick is to truncate the sequence u. That is
for every positive integer N, define un to be the sequence such that (un)e = ue
if |¢] < N and 0 otherwise. Then as long as |uy|k+1 is bounded uniformly in N,
|t|k+1 is bounded which will show that u € Hyy.

The second trick is to restrict to a line te; where e; is a standard basis vector of
R"™. Let h = te; for some constant ¢t. We know that

eihf_l
Z 1+ |§|2)k\u§|2|T|2 < |uly < C2.

lEl<N

Now take t — 0. Then lim;_,q % is just the derivative of & with respect

to t so this is &e'*¢ which has norm &;. From this, we know that

3+ 1P Pl < 2.

l€I<N

Then
lunlfin =Y (14 € fug]?

l€|<N

= > A+ EP) Juel + D (14 (€ uePle)?
l§I<N |£|<N

< )+ P \Ug|2+z D L+ EP) ue Pl
l€|<N i=1[¢|<N

< |ulf +nC?.

This shows that |un|g+1 is uniformly bounded which completes the proof. O
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4. DIFFERENTIAL OPERATORS

In this section, we will introduce differential operators. We are interested in a
specific type of differentiable operator called an elliptic operator. The highest order
part of these operators is strictly positive.

Definition 4.1. A differential operator L of order £ on complex valued C*°(R™)
functions is an operator of the form

4
L= a.D*

|a|=0

where the coeflicients a, are complex valued C'*° functions on R"™ and for some
la| = ¢, aq # 0.

A differential operator L = Zfa\:(} a,D® is periodic if the coefficients a, are
periodic.

Definition 4.2. A differential operator L of order £ on C™-valued C*°(R™) func-
tions is a m by m matrix {L;;} where each L;; is differential operator on complex
valued C°°(R™) functions, and is periodic if each matrix entry is periodic.

Remark 4.3. We can similarly define differential operators on other function spaces
such as the periodic functions P.

There are a couple of inequalities that will be useful.

Lemma 4.4. Let L be a differential operator on P, the periodic functions, of order
£. Let M be a bound on the norms of the coefficients of L. Then we can find
constants ¢, ¢ such that for all ¢ € P,

|Lolk < eM|olkte + ¢ |@|sto-1-

Lemma 4.5. Let L be a differential operator of order £, and w a C° periodic
function. Then for u € Hyy, there exists a constant ¢ such that

(L(w?u), Luy, — |L(wu)[i] < e(julkelulpre—1)-
For proofs see [5] 6.25, 6.27.
4.1. Elliptic Operators. We now turn to elliptic operators.

Let L be a differential operator of order £.
For each matrix entry L;;, we look at the highest order part

Z a D>
|| =£
Replacing D with £%, we get a function on R"
P(€)(z) = ) ad(2)€”.
|a|=2¢
Definition 4.6. The symbol of L is the function p on R™ x R™ given by (£, x) —
{£i()(x)}-

Definition 4.7. A differential operator L is elliptic if, for all x and nonzero &,
p(§, x) is nonsingular.
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Definition 4.8. If L is an operator on P, with entries

4
Lij= ) aiD",
la]=0

we define its adjoint L* to be the operator with entries

4
L;‘j: E D%all.
|a|=0

The adjoint L* satisfies the adjoint property for the Lo norm on P. That is for
all p, 9 € P, we have that
(Lo, o) = (p, L"Y).
This follows from integration by parts. We restrict to operators on periodic func-
tions P since the boundary term in integration by parts is 0.
We look at a couple of examples of elliptic operators.

Example 4.9. The simplest differential operator is L = %. The symbol of this

differential operator is the 1 by 1 matrix (£) which is nonsingular at each nonzero
&. Thus, this is an example of an elliptic operator. To find its adjoint, we use
integration by parts. We see that

(L, ) =/s0’@=/s0@/ = (o, LY).

Thus, integrating by parts tells us that the adjoint L* = L which matches the
definition given.

Example 4.10. Consider the operators

2 2
L
ox2  0Oy?
and 52 o2
Lo=2+ 2
27 022 * oy?

The operator L; has symbol (£2 — £2) = (0), so it is not elliptic. The operator
L has symbol (2£?) so it is an elliptic operator.

The second operator is the classical Laplacian operator. Since it is elliptic, we
wonder if the generalization, the Laplace-Beltrami operator, is also elliptic. How-
ever, this question doesn’t make any sense since the Laplace-Beltrami operator
is defined on p-forms and isn’t a differential operator according to our definition.
Using the manifold structure, the Laplace-Beltrami operator locally defines a differ-
ential operator. We can then investigate the ellipticity of these induced operators.

Since M is a manifold we have a collection of coordinate charts. Fix a coordinate
chart U. Using transition maps, each p-form can be thought of as a C'*° function
from R™ to R™ where R™ where R™ is identified as the p'" wedge of the space of
1-forms which has dimension n, so m = (Z)

Under this process, the Laplacian A induces an operator L on C*° functions
from R™ to R™. Now we can talk about the ellipticity of the operator L.

Theorem 4.11. The induced operator L is an order 2 elliptic differential operator.

Proof. The proof is in 6.35 in [5]. O
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We need to be careful that this is invariant under coordinate changes.

Proposition 4.12. Let ¢ : U — V be a diffeomorphism and L an order € elliptic
operator on U. Then (¢~ 1)*Ly* is an order { elliptic operator on V.

Proof. The computation can be found in [4]. The idea is that changing coordinates
doesn’t affect the highest order part which preserves order and ellipticity. (I

Why do we care about this specific class of differential operators? The main
reason stems from the fundamental inequality which we prove next. In essence, it
says that we can understand something about higher order derivatives using lower
order ones.

This idea will be applied in the following framework. We are looking at some
equation Lu = f, and we have a weak solution. We will see that this corresponds
to finding some u € Hj, satisfying the equation. But now we can use the special
property of ellipticity to gain more derivatives of u in the weak sense. We will
continuously repeat this process to get higher and higher derivatives. Then the
Sobolev embedding theorem will tell us something about the regularity class, i.e.
which C™ the function u belongs to.

Theorem 4.13. (Fundamental Inequality) Let L be an elliptic operator on P of
order £. For all w € Hy,, there exists a constant ¢ > 0 such that

ulkte < (| Lulk + [ulk).

We will prove this inequality in three steps. We will first show that this inequality
holds for elliptic operators which have constant coefficients. Step 2 will show that
this inequality holds in a neighborhood of every point. Step 3 will show that we
can patch these local solutions to a global one.

One piece of machinery we will use is partitions of unity.

Definition 4.14. Let (U,) be cover of the manifold M. A partition of unity
subordinate to this cover is a collection of C'™ functions ¢; such that ¢, > 0, each
¢; has support in some U, and for all p € M, Y. ¢;(p) = 1. Another variation of
partitions of unity has Y, ¢?(p) = 1.

Theorem 4.15. If M is a differentiable manifold and (Uy) is an open cover, then
a countable partition of unity (and the variation) subordinate to this cover exists.

Proof. See [, Thm. 1.11]. O
Now we will prove the fundamental inequality. We follow the proof in [5, Thm.

6.29).

Step 1: First consider the case when L is an elliptic operator of order ¢, with only
degree ¢ terms with constant coefficients and let p denote its symbol. Since
we have constant coefficients, p only depends on ¢ and not on x. We have

that
Lulf = Ip(&)ue*(1+ €]*)k.
§

Let £, ¢ be arbitrary of norm 1. By ellipticity, we know that |[p(&)e|? >
0. By compactness of unit sphere, we have that [p(¢/)p|*> > ¢ for some
ug

constant c¢. Now applying this with &' = I%I and ¢ = Tacl gives that

Ip(&)ue)?® > c|&]*|ue .
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Since the coefficients are constant, ¢ doesn’t depend on u. Thus, we get
that

|Luli = Y 1p(©ue* (1 + €1 = e Y [6[*|ue (1 + [€%)*.
¢ ¢

Now we have that
(ILuly + lulg)? > |[Lulf + |ul?
> e ) P ueP A+ 67+ Jue P2+ [€12)"
13

€
=D lug P+ €)1+ cle*)
¢

=d Z lug|*(1 + €]"74)2 + additional terms
3

> S JueP(1+ €)% = ulire
3

where ¢’ a constant depending on c. This shows the fundamental inequality
in this case.

Now let L be any elliptic operator of order ¢. Let us consider this operator
locally at some point p € R™. We can define an operator Ly with constant
coefficients and only order ¢ terms as follows. Suppose the order ¢ terms of

L;; are
iJ o
E ay D,
|| =£

We can then define the operator Ly with matrix entries

LOz’,j = a’ij (p)Da'

«

Applying step 1 to the operator Lo, we see that
[ulkre < C(|Loulk + |ulk)
for some constant C'. Then,
|ulkse < C(|Lule + (Lo — L)ulk + ful)-

Using continuity of the coefficients of L, for a small enough neighborhood
U. the coefficients of the operator Ly — L have norm less than 1/(2¢C),
where c is the constant in Lemma[£.4] By possibly shrinking we can choose
a periodic operator L which agrees with Ly — L on U and the coefficients of
L have norm less than 1 /(2¢C) everywhere. Now we have that by lemma

4

~ 1
| Luly, < %|U|k+e + |l pge—1.
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Now if u has support in U, Lu = (Ly — L)u so
[ulkte < C(|Lulk + [(Lo — L)ulx + |ulk)
= C(|Lulg + |Luly, + |ulz)
< C(Lulk+ sglulise +€lulise +lul)

1
= C’|Lu|k + §|u‘k+g + C’c’|u|k+e,1 + C|u\k

By the Peter-Paul inequality,
1 /
[u|pye—1 < @|U|k+e + C'uly
where C’ is a constant. Plugging this in, we get that
gging ) g
1
Z|u|k+e < COnSt(|L’UJ‘k + |u\k)

The upshot is that for any point p, we can find a neighborhood U of p such
that the fundamental inequality holds for all functions with support in U.

Since we are looking at operators on 27 periodic functions P, the domain
is the torus T™. At each point p, we have a neighborhood U, such that the
inequality holds for all functions with support in U,. By compactness of T,
finitely many of these open sets Uy, ..., Us cover T". We have a partition of
unity ws, ..., ws subordinate to this cover such that

S

2
g w; = 1.
i=1

Then
|Plise = (0 P hre = O Wi, @) rpe = D (Wie, P)kte-
1

i
The second equality comes from the fact that >, w? = 1. Now by Proposi-
tion in <w§ap, ©)k+e we can move one of the w; to the other side which
introduces an error term of ¢|o|kr¢|@|it+e—1. We now see that

e <) {wio, wiphhse + cl@lrrelPlrre1-

3

But now w;¢p is supported in one of the neighborhoods constructed in step
2. We can then apply the fundamental inequality to each w;p. Some further
computations show that the fundamental inequality is satisfied.

5. REGULARITY

5.1. Periodic Elliptic Operators. We start by proving a regularity result on pe-
riodic elliptic operators. This shows how ellipticity is used to gain more derivatives.

Theorem 5.1. Let u € H_,, v € Hy and L a periodic elliptic operator of order

0. If

Lu =,

then u € Hyqy.
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Proof. By iterating, it is enough to show for the case when v € Hy and v € Hs_yp41.
Here we want to show that w € Hg11, i.e. we get one more derivative. The proof
then follows from using difference quotients and the fundamental inequality. We
define the operator L" to be the operator L where we replace its coefficients by
their difference quotients.

One can check that L" satisfies

(5.2) L(uh) = (Lu)" — L"(Thu).

The fundamental inequality states that
a5 < el L(u")[s—e + clu[s—s.

Using (5.2)), we see that
(5.3) [u"|s < e|(Lu)"|s_¢ + ¢| L (Thu)|s—e + clu”]s_.

Now since the coefficients of L are periodic and C°°, their difference quotients
are uniformly bounded. For |a| = ¢, |D*Thuls—p < |Th(u)|s by Then by using
the triangle inequality we see that

|L"(Thu)|s—e < M|Th(u)ls

where M is a constant depending on the bound of the coefficients of L". Also recall
that T}, is an isometry and that |Lu"|,_; < |Lu|s_¢y1. Then the right side of
is bounded by |Lu|s—g41,|u|s and |u|s—¢+1 which are all finite by our assumptions.
Then Lemma [3.15] tells us that u € Hqy.

5.2. Laplacian. The goal of this section is to prove the following regularity theo-
rem. For notation, we will denote (-, -)’ to be the inner product on QP given by the
* operator. We will use (-,-) to denote the standard Ly inner product.

Theorem 5.4. (Regularity) Let f be a differentiable p-form and ¢’ : ¥ — R a
bounded linear functional satisfying

U(Ap) = (f,9)
for all p € QP. Then there exists a differentiable p-form u such that ¢'(t) = (u,t)’
for allt € QP.

We will use the regularity theorem in the following way. This says that if we
have a weak solution to the equation Aw = «, we can find an actual solution.

Corollary 5.5. Let a be a p-form and { a weak solution to the equation Aw = a.
Then there exists a p-form u such that Au = «.

Proof. Using the regularity theorem, there exists a p-form u such that

((B) = (u, B)
for all p-forms . Now we compute ¢(AS) in two ways. By definition of weak
solution

U(AB) = {a, B).
We also have that
U(AB) = (u, AB) = (Au, B).
Now for all g8
(Au, B) = {(a, )
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so Au = a.
O

We now prove the regularity theorem. We follow the proof in [B, 6.32]. Recall
we have the following local situation. We make a choice of coordinate charts for
our manifold M. We work locally on a fixed chart U. Here we can view p-forms as
vector valued C*° functions on R™. In this setting, the Laplacian A is an order 2
elliptic operator we denote by L.

We let C§° denote the space of C™ functions with compact support. For any
subspace V, we denote by C§°(V) to be the C*° functions with support in V. If
V is contained in a 27 cube, we can identify C§°(V) as a subspace of the periodic
functions P by extension. Moreover, by extending by 0, any element of C§° is a
complex-valued p-form.

An issue we run into is that we now have two inner products. One inner product
(+,-)" is induced by the star operator (compose the inner product by charts).
The other is the standard Lo inner product which we denote by (:,-). Note that
these inner products are integrals of the metric on M and the standard dot product.
Thus there exists a hermitian positive definite matrix A such that

(o, ) = (p, A).

We denote by L* the adjoint of L under the Lo inner product.
Now we define the functional £ on C§° by

Up) =t(A™"p).

We wish to show that there exists a C* function w such that ¢(¢) = (u,t) for
all t € C*°. Hence we have now reduced the problem on our fixed chart to one
involving elliptic differential operators acting on functions. Here £ is a weak solution
to Lu = f where we view f as a function. We want to show that this weak solution
can be represented by some u € C°.

The idea of the proof is as follows. At each point p, we wish to find a neigh-
borhood W), such that for all C>° functions ¢ with support in W, we have that
£(t) = (up, t) for some u, € C§°. These u, glue together to a C° function u which
solves the problem on the chart U.

Lemma 5.6. Let p € R™. There exists a neighborhood W, of p and u, € C§° such
that for all t € C§°(Wp)

Ut) = (up, 1)

Proof. We will use the general framework described earlier. First we show that on
a neighborhood, ¢ corresponds too some element in H_,,. In the next step, we
show using periodic elliptic regularity that after restricting to a possibly smaller
neighborhood, this element actually belongs to Hj for all k. Finally, we use the
Sobolev embedding theorem to show that this corresponds to a C* function.

Step 1: Choose V' to be an open set containing p such that V is contained in a 27
cube. Let ¢ denote the restriction of ¢ to C5°(V). We will use two facts

about /. _
First, £ is bounded. That is, for all ¢ € C5°(V'), we have that

[€(@)] < clel

for some constant c.
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Next, we have that { is a weak solution to Lu = f- That is, for all
p € C§°(V), we have that

UL*0) = ([, o).

Using that s bounded, we can extend { to a bounded linear functional
on Hj using Hahn-Banach where the sublinear functional is the Lo norm.
Then we can find a uw € Hy such that

ot) = (u,t)

for ¢t € Hy. This is almost what we want, except we need differentiability.
This is where ellipticity is needed. We will use the differentiability of Lu = f
to get more and more derivatives of u.

Let Op be a neighborhood of p contained in V' such that on O there is
a periodic elliptic operator L which agrees with L. We then choose a
sequence of neighborhoods as follows. Let O be a neighborhood of p such
that O C Ogy. Now for each n choose a neighborhood O,, of p such that
O C O,, and O,, C O,,_1. For each n, let w,, be a C*= function, 0 < w,, < 1,
and w,, equal to 1 on O,, with support in O,,_.

Now set v1 = wiu € Hy. Eet M, denote the operator Zwl — wli. This
is an order 1 operator since L is order 2. We see that

fvl = wlfﬂ + Mju.
Since M is order 1 and u € Hy, Myu € H_; using Proposition
Next we want to show that wiLu = wy f. Using Proposition we just
need to show that for all ¢ € P, we have that
(Wi Li — wi f, ) = 0.
Notice that
(1L, ) = (LT, w1 p) = (U, L*wi) = (L wip).

The first equality comes from Proposition [3.9 The second equality from
adjoint and the final equality comes from the construction of w.
We also have that

(wif, ) = (fywip) = UL wip).
Here the first equality comes from Proposition [3:9] again, and the second

equality comes from the fact that ¢ is a weak solution to Lu = f.
Then by additivity

<wlza - wlfv 90> = 07

so w1 L = w1 f. In particular w L is C§°, so it belongs to every Sobolev
space. But now we see that Evl belongs to H_1. Then periodic elliptic
regularity tells us that v; belongs to H;.

Now suppose that that v,_1 = w,_1u € H,_1. We want to show that
v, = wptt € H,. Set M, = an — wnf. Now u = v,_1 on O,_1 since
wp—1 is 1 on O,_1. Then since M, has support on O,_; we see that
My vp,_1 = zvn — wnzﬂ. Thus,

Evn = wnzﬂ + M, vp_1.
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By similar computation as before, wnzﬂ € C§°. The operator M,, has
order 1 and by assumption v,_1 € H,,_1, so M,v,_1 € H,_2. Then Evn S
H,,_5 so by periodic elliptic regularity, v, € H,.
Step 3: Now choose W, to be a neighborhood of p such that W, C O, and w a
function between 0 and 1 with support in O such that it is exactly 1 on
Wp. Then wu = wwy, so wu € Hy, for all n. Then the Sobolev embedding
theorem says that wu is a C*° function which we denote by u. The function
u has support in a 27 cube, so u € C§°. Now if t € C§°(W,), then

() = It) = () = (wit,#) = (u,t).
Take u, to be this u.
O

With this lemma we are ready to complete the proof to Theorem Note that
for any two points p, ¢, and any t € C5°(W, N W,) we have that

(up, t) = £(t) = (ug,t)
, 50 by proposition [3.6] we have that u, = u, on W, N W,. Then these u, glue to
form a C'°° function u which restricts to u, on each W,.
Now let ¢; be a partition of unity for the cover given by the open sets Wp,. For
any t € C§°,

0t) =D Uit) =D (up, ¢it) = > (u, ¢it) = (u,1).

Remember that each u, € C§° so it is viewed as a p-form. These glue together
to a p-form u with support in the coordinate chart U. For any ¢ a p-form with
support on U, we see that

() = t(Ap) = (u, Ap) = (u, ¢)".
Thus, we have solved the problem locally on the chart U. But by similar argu-

ment as before, the p-forms u we get on each chart agree on the overlaps so they
glue to a global p-form.

6. HODGE DECOMPOSITION

With the regularity theorem, we are now ready to prove the Hodge decomposition
theorem. We need one additional lemma.

Lemma 6.1. Let (ay,) be a sequence of p-forms on M such that for a constant c,
lan| < ¢ and |Aay,| < c. Then there exists a Cauchy subsequence of ().

Proof. See [5, Prop. 6.33]. O
Corollary 6.2. The space of harmonic p-forms HP is finite dimensional.

Proof. Suppose that H? is not finite dimensional. Then we can find an orthonormal
basis of infinite length (). The norms of elements of this basis are 1, and since
they are harmonic for all n, Aa, = 0. Then this sequence satisfies the conditions
in Lemma [6.1] so there is a Cauchy subsequence. However, this is absurd since the
distance between any two basis elements is 1. (I

Corollary 6.3. Let 3 € (HP)L. Then there exists a constant c¢ such that
18] < c|AB].
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Proof. Suppose no such constant exists. Then we can find a sequence (;) in (HP)*
such that |3;| = 1 and |AB;| — 0. Using Lemma we have a Cauchy subsequence.
Without loss of generality, we suppose (3;) is Cauchy. We can define a functional
£ by

£(6) = im(3:,6)
and the limit exists since (5;) is Cauchy. Using self-adjointness of the Laplacian
((Aa) = lim(B;, Aa) = UIm(AB;, ) = 0,

so £ is a weak solution of the equation Aw = 0. Then regularity tells us that there
exists an actual solution 8 such that Ag =0, so f € HP. On the other hand, we
know lim(f;, Aa) = (8, Aa) for all o, so 8 = lim §;. But then 8 # 0 since |5;| = 1,
so |3] =1 and 8 € (HP)* since 3; € (HP)*. This is a contradiction. O
Theorem 6.4. (Hodge Decomposition) Let M be a compact, Riemannian n-manifold
and 0 < p < n. Then we have an orthogonal direct sum decomposition

QP (M) = A(QP) @ HP.
Proof. Since HP is finite dimensional, we have an orthogonal decomposition
O = HP @ (HP)*.

Then it is enough to show that (HP)~ = A(£?). One inclusion is easy to see.
Suppose that w € QP and o € HP. Then by self-adjointess of A we see that

(Aw, a) = (w, Aa) = (w,0) = 0.

Thus, w € (HP)* so (HP)L D A(QP).
It remains to show that (HP)* C A(QP). Let a € (HP):. We can define a
operator £ on A(QP) by
U(Ag) = (a, ¢).
Let H denote the projection operator to the space of harmonic forms. Consider
Y = ¢ — H(¢). In particular, ¢ € (HP)* and A¢ = At). Then

[L(AY)| = e, )] < [af[¥].
Since ¥ € (HP)*, we can use corollary so there exists a constant ¢ such that

Y] < c|Ad.
Now
[6(Ag)| = (6] < clal[Ay| = clal|Ag].

This shows that we can apply the Hahn-Banach theorem with the sublinear
functional p(¢) = c|al||¢| to extend £ to all of QP. Then ¢ is a weak solution of Au =
«, so by regularity, there exists a p-form w such that Aw = «a. Thus, a € A(QP)
which shows the other inclusion. (I

We end with an application to de Rham cohomology.

Let a € QP be a p-form. From Hodge decomposition, we can write « = A+ Ha
where H is the projection to harmonic p-forms. We denote 8 by G(«). The operator
G is called a Green’s operator.

Lemma 6.5. The operator G commutes with d.

Proof. See [5, Prop. 6.10]. O
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Theorem 6.6. Every de Rham cohomology class has a unique harmonic represen-
tative.

Proof. A cocycle in de Rham cohomology is a closed p-form a. Then we have by
Hodge decomposition

a=AGa+ Ha=déGa+ 6dGa+ Ha = déGa + §Gda + He.
Since « is closed, da = 0, so
a=déGa+ Ha.

Coboundaries consist of exact forms, so & and Ha belong to the same cohomology
class. Thus, we have a harmonic representative. We claim that this representative
is unique. If o,/ are two harmonic forms in the same class, they differ by some
exact form, i.e. @’ = a+df. Then since o is harmonic ddd3 = 0. Using adjointness
(6dB,8dB) =0, so 6d3 = 0. Then da’ — dae = 0. Now

(dB,a —a) = (B,5a — §a’) = 0.

Now we have 0 = df + (o — ') and df and (« — ') are orthogonal. But then by
uniqueness of orthogonal decomposition, d3 = 0 which shows that a = «/. O
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