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1 Motivation

Any honest attempt to navigate and understand the world, both in the large and in
the small, is met with fierce resistance by the presence of boundary value problems.
As they lived out their lives, even the earliest humans could not avoid cliffs, shores,
and other interfaces. All of these are examples of boundaries. The modern world
demands that we rigorously understand natural phenomena through their descrip-
tion by partial differential equations. Almost always, the setting is a bounded region
within a geometric structure.

The aims of this book is to give a modern mathematical treatment of the linear
and elliptic aspects of this subject. Although relevant to the study of physical
phenomena, the narration of this topic will be motivated by perspectives emerging
from global analysis. The setting is elliptic differential operators acting on Hermitian
vector bundles over measured manifolds. A description of the maximal domain of
such an operator will be given in terms of a canonical operator built out of the
boundary trace map. Rather than focus on particular boundary conditions, all
possible boundary conditions described from a fundamental space on the boundary
called the Czech space.

Although we commence with a description of general-order operators, we will focus
our attention on first-order elliptic differential operators. An important objective of
this book is to exposit the recent developments due to Bar-Bandara in this setting.
The ability to characterise the toplogy of the Czech space via spectral projectors
associated to an adapted operator on the boundary lies at the heart of the the-
ory. Moreover, a graphical characterisation of elliptic boundary conditions will be
demonstrated. As an application, a quick and conceptual proof of the relative index
theorem of Gromov-Lawson will be given.

The book will ultimately focus on Dirac-type operators. It will culminate with the
proof of the famed index theorem of Atiyah-Patodi-Singer. Applications of this
theorem, including consequences to the study of positive scalar curvature metrics,
will also be considered.






2 Preliminaries

2.1 Manifolds with boundary

Manifolds with boundary are the core objects which will lie at the heart of our con-
siderations. The purpose of this section is simply to define and recall the necessary
features of these objects. For a more in depth description, see [36] by Lee or [41] by
Munkres.

In time, we will need to study differential operators on manifolds with boundary.
Therefore, we require their differentiable structures to be ‘smooth’ in an appropriate
sense. This is the content of the following definition.

Definition 2.1 (Generalised smoothness). Consider an arbitrary subset {2 C
R". Then f : Q — R" is smooth (resp. CF) iff for all p € Q and every open
neighbourhood U, C R™ of p there is a smooth (resp. C*) extension fu, 1 U, = R"

of f|mUp.

We will consider the half-space R} := {z € R" | 2, > 0}.
<y s
\\

)

Definition 2.2. Let M be a second-countable Hausdorff space.

We consider pairs (U,1)) where U C M is an open set and ¢ : U — R} is a
homeomorphism to its image 1(U) which is open in R’ .

A collection o of such pairs is called an atlas if they are compatible and cover M,
i.e. if for any (U, ¢y), (V,¢v) € & the transition map

wU o w;l : wv(U N V) — ’l/JU(U N V)
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is smooth (in the generalised sense as above), and | yycs U = M. An atlas is
called maximal if it is maximal with these properties.

The choice of a maximal atlas @7%,,, makes M a smooth n-manifold with boundary.
Any (U, 1Y) € @max is then called a chart of M, namely an interior chart if ¢ (U)
is open in R™ or a boundary chart if 1»(U) is open in R”} and not in R™.

The set M of all points p € M for which there is an interior chart (U, ) with
p € U is called the interior of M. The set OM := M \ M is called the boundary
of M.

Recall that a manifold in the ordinary sense is a space that is modelled on R"™. This
is captured by the fact that there, charts ¢ : U — R" are asked to be homeomor-
phisms to their image that is open in R”. Taking that point of view here, we can
see that a manifold with boundary is modelled on R”. With that said, we note
that equivalently, we could have instead asked for our maps ¢ : U — R" to be
homeomorphisms to their image but ¢(U) open in either R” or R’}. This is more
convenient to work with given that then for an open subset 2 C R™ which is a
manifold with smooth boundary, the map (€2,id) is a chart.

< "
Y
70
&
\; nimy

b Y

—
7

The following are some important facts about manifolds with boundary, which are
readily verified.

Proposition 2.3. For an n-manifold with boundary M, the following hold:
e M is an n-manifold without boundary,
e OM is an (n — 1)-manifold without boundary,

e M =MUOM (disjoint union,).

Example 2.4. 1. A manifold without boundary M is a manifold with boundary
oM = @.
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2. The unit ball D := B(0,1) = {z € R" | |z|g. < 1} is a manifold with boundary
0D = 8" ' = {x € R" | |z|g. = 1} and interior D = B(0, 1).

3. If N is a manifold without boundary, then M := [0, 00) x N is a manifold with
boundary M = {0} x M and M = (0,00) x N.

4. Non-example: If M := Q where ) is the unit cube, endowed with the differ-
entiable structure induced from its embedding into R™, then the topological
boundary 0@ is not smooth. Therefore, it is not a smooth manifold with
boundary.

In order to consider derivatives in the direction towards the boundary from the
interior, we need know there is a special class of vectorfields on the boundary in the
relevant direction. The following notion captures this.

Definition 2.5 (T transversal/inward/outward pointing). A vector field
along the boundary T € C* (8M ,TM| aM) is called transversal if it does not

take values in TOM, i.e. if for every chart (U,v) and every x € U N OM we have
(0 T)(x)), # 0, ie. (dpoT)(x) ¢ OR?. A transversal T is inward or outward
pointing if

(. T)(x)), >0 or  ((T)(x)), <0,

respectively.

Proposition 2.6. On a manifold with boundary, there always exists a smooth
inward or outward pointing vectorfield.

2.2 Vector bundles

In the analysis of differential operators in Euclidean settings, it is often to consider
systems, i.e., functions f : R® — CV, where N can be different from n. For instance,
the reduction of higher order differential equations to first order typically requires
a factorisation, and that entails that the dimension N will typically be much larger
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than n. Vector bundles are, in a phrase, ‘systems in the presence of geometry’. In
this section, we recall their description and salient features required in later parts.

Let the field K be either R or C, although in practice, we almost always exclusively
work with K = C.

Definition 2.7. E is a vector bundle over M (write £ — M) of rank N iff

o F is a topological space,
o there is a continuous surjection 7 : £ — M,
o for every z € M the fibre E, := 7~ !(z) is an N-dimensional K-vector space,

o for every x € M there is an open neighbourhood U, C M of x and a
diffeomorphism ¥, : 774(U,) — U, x KV s.t. for every y € U, we have

(1) ¥.(E,) ={y} x KV, and
(II) W, | g, By — {y} x KV is a vector space isomorphism.
We call these (U, ¥,) local trivialisations.

When (U, %) is a chart for M and simultaneously (U, V) is a local trivialisation,
then we call (U, ) or more precisely (U, v, V) a trivialising chart for E or simply
a trivialising chart when E is clear from context.

\
“-\Q»?“ 2K ! (f\/\\

A vector bundle £ — M which is diffeomorphic to M x K¥ is called trivial.

Example 2.8. 1. Let (U, %) be a local trivialisation of a vector bundle £ — M.
Then the bundle E|, := 7='(U) — U is trivial, so every vector bundle is
locally trivial motivating the name ‘local trivialisation’.

2. F:= M x CV is trivial and of complex rank N.
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3. E:=TM or T*M is a vector bundle of real rank n. These are not trivial in
general, e.g. TS? is not trivial.

4. Given an R-vector bundle E — M, its complexification E¢ with fibres (E¢), =
E, ®r C is a C-vector bundle.

5. E:=T®9M is the (p, q)-tensor bundle.

6. E:=AM =,_, A’M is the bundle of differential forms.

7. For a vector bundle £ — M of rank N, we consider the vector bundle £, —
OM , which is also of rank N.

8. Given a transversal ' € C*(0M,TM]|,,,), we obtain a splitting
TM|y,, =TOM @ span{T'},

where span{7'} is understood to be the bundle with fibres span{7'} , := span{7,}.
When ¢ is a Riemannian metric, 7' can be obtained orthogonal to TOM and
is then called a normal vector field. In this case, we call NOM := span{T}
the normal bundle. It is easy to see that this is a trivial line bundle.

9. The fibres of the dual bundle £* are the dual spaces of the fibres of E.

2.3 Function spaces

Let E — M and let U C M open or U C OM open. By C¥(U, E) we denote the set
of Ck-sections of the bundle E|, = U, ie. the CF-functions ¢ : U — E satisfying
mo e =Iidy.

Then
CHM,E) = {p € C*(U,E) | spt(p) is compact},
CL(M,B) = {¢ € CL(U, B) | spt(g) € M }.

In other words, a general ¢ € C*(U, F) might satisfy spt ¢ N OM # @. In contrast,
Y € CF (U, E) always satisfies sptyy N OM = @.

/

Qe (7 (D

fz\ecu_CM P\
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If E:= M x R is the trivial line bundle, we write C*(U) := C*(U, E) and similarly
for the other function spaces.

2.4 Riemannian and Hermitian structures

For an R-vector bundle £ — M, a section h € C*(M, E* ® E*) which for all x € M
satisfies h(x)[u,v] = h(x)[v, u| for all u,v € E, and h(x)[u,u] > 0 for all u € E,\ {0}
is called a Riemannian structure/metric on E.

Similarly, for a C-vector bundle E' — M, a section h € C*(M, E* ®g E*) which for
all z € M satisfies h(z)[u,v] = h(x)[v, u] for all u,v € E, and h(z)[u,u] > 0 for all
u € E, \ {0} is called Hermitian structure/metric on E.

When the field is clear from context, we say that h is a metric on E.

Definition 2.9. For z € M and u € E, we set |ul,,) = \/h(z)[u, u].

Example 2.10. 1. E:= M x CV, h(x)[u,v] = u -0 or h(x)[u,v] = &(x)u - v for
£E>0.

2. A Riemannian metric ¢ on T'M induces Riemannian structures on T*M,
T@DN . AM, etc., and 9| your 15 @ metric on NOM.

2.5 Measures and integration

The locally Euclidean nature of a manifold not only affords it with a differentiable
structure, it also carries a canonical measure structure. By this, we mean that
notions of objects being measurable as well as the notion of sets of zero measure
could be understood without alluding to a fixed reference measure. As we shall
see later, these notions agree with the induced notions when we have an induced
measure from a sufficiently wide class of geometric structures on a manifold. The
approach we take here is to consider measures induced from sections of a certain
vector bundle called the density bundle. This is a more convenient object in the
context of manifolds with boundary since a density on the manifold induces a density
on the boundary on choosing an inward or outward pointing vectorfield.

Definition 2.11. e Let (U,%) be a chart. Then the pullback Lebesgue mea-
sure dy*.Z of the Lebesgue measure d.Z on U is defined by requiring

/Uf & = /¢(U)(fo¢1) 1Z.

for every integrable f : U — R.

o A C M is called measurable if ANU is di*.Z-measurable in all charts (U, v).
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o« A C M is said to be of null measure or a null set if dy*Z(ANU) = 0 for
every chart (U, ).

The measurable and null sets generate a o-algebra. This is readily verified by fixing
any smooth Riemannian metric g on M and then verifying that the dug,-measurable
sets and dp,-zero measure sets, where dji, is the induced measure, are respectively
measurable and null in this sense. In particular, this allows us to consider measurable
sections of £ — M without first having to fix a reference measure. We denote this
set of sections by MeasSect(M, E). Details regarding these facts can be found in [8].

Consider the intersection W := Vi NV, of two charts (Vi,v4) and (Va, 1)) with
coordinates x = v¢; and y = 1)s.

" @h,?" \ 2\ () = Yy (W) - 4

-+

Let F' : ¢y (W) — 1o(W) be a diffeomorphism between open sets of R" and £ : M —
R with spt(§) C W. Then

/ (o) (y) dZ(y) = / (0w [ DF(z)] d2(x).
Y2 (W) Y1 (W)

det((%J) J) ‘

Concern 1: We require a geometric gadget to account for the factor det(DF') in
such coordinate transformations.

where ¢o(W) = F(¢1(W)), and [DF(z)| :=

Concern 2: Given a measure dp on M, how do we get from it a measure dv on
oM?

The goal of this section would be to construct a certain vector bundle which will
allow us to simultaneously address both concerns.

Let W be a finite dimensional R-vector space.
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Definition 2.12. A map £ : W™ — R is called a density on W if
E(Twy, ..., Twy,) = |det(T)|E(wy, . .., wy)

for all T : W — W linear and w; € W.

Then |[A|W :={&: W™ — R | £ is a density on W}.

Proposition 2.13. We have the following properties.

I) The set |A|W is an R-vector space.

II) Let &,& € |AW and & (e, ..., en) = &le, ..., e,) for a basis {e;} of W.
Then 51 = gg.

IIl) Let w € A"W and set |w|(x1,...,2T,) = |w(z1,...,2,)|. Then |w| € |[A|]W.

IV) The vector space |A|W is 1-dimensional and |[A|W = span{|w|} for all w €
AW\ {0}.

Proof. Left as an exercise. O

Definition 2.14 (Density bundle). As a set, define
|A|M == {(p,&) | p€ M, ¢ € AT, M}.
To make it a bundle we need trivialisations. In a chart U with coordinates x define
Py :m ' (U)—=UxR

by
Oy (cw(p)l) = (p: ),
where ¢ € R and w(p) = dm1|p ARRRRAY A

Then in charts U; and U; with coordinates x and y, respectively, we get

)

@

_ Ay

Remark 2.15. The density bundle |[A|M cannot be identified with the forms
A" M unless M is orientable.

Definition 2.16. A density pu € C®(M,|A|M) is said to be positive if for all
p € M and all bases {e;} of T,M we have pu(p)(eq,...,e,) > 0.
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Denote the positive densities by |A|"M.

Let f : M — R be a measurable function with spt(f) C U for a chart (U, 1) with
coordinates x = . Write ¥*u =: py|dx' A -+ A dz"| and define

[ram=] (rovmaz.

Consider a diffeomorphism F : M — M and i € C® (]\7[, |A\]\;[> Set p:= F*[i €
C>(M,|A|M), where

Fru(wy, ..., wy) == (o F)(Fwn,. .., Fav,).
Write i =: a|dx' A --- A dz"|, then
F*ji = (@0 F)|det DF (y)||dy" A--- Ady®| .
This shows that the definition we have made above is well-defined on overlaps.

For general f : M — R let € := {(U;,1:)} be a countable cover of M and {1;} a
smooth partition of unity subordinate to €.

Define the Radon measure du on M by

/Mf dp = io:/(]i(fm) dp.

Exercise 2.17. o Verify independence of the choice of cover and partition of
unity.

e dp-measurable and dp-null agree with measurable and null w.r.t. the density
L.

o Verify that the induced measure is, in fact, a Radon measure.

As a consequence of this construction, we often regard the induced measure du from
a density p and the density itself as the same object.

Definition 2.18 (Measured manifold (M, x)). A measured manifold is a
smooth n-manifold M with boundary along with € C( AT M ).

2.6 Induced measure on OM

Fix a positive density u € C> (M, |A|+M) and an inward pointing T' € C* <8M, TM|8M) )
Then we define a positive density v € C*(dM, IA|TOM ) on the boundary by

v(z)(wy, ..., wy_1) = p(x)(T(x),w,. .., wy 1)
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for w; € T,0M.

Remark 2.19. Let du be a Radon measure s.t. the notions dp-null and dy-
measurable agree with our notions from Definition 2.11. Inside a chart (U, )
consider the Radon-Nikodym derivative

z djfg(x) € C=(U).

Then p := dq;lf$|dxl A+ Adx"| defines a p € C(M, |A|"M).

This shows that we could have equally well begun our discussion with such Radon
measures and then attempted to extract the induced measure on the boundary
given an inward pointing vectorfield. However, it is unclear the way in which to
do this elegantly without an excursion through the density bundle.

2.7 Banach spaces

As in Euclidean analysis, for a systematic study of boundary value problems, we
are forced to consider induced function spaces beyond the smooth context. These
function spaces naturally emerge from underlying geometric considerations. In ap-
plication, we will only deal with Hilbert spaces. However, the problems we will
encounter will force us off the well trodden path of analysis exploiting the natural
Hilbert structure and orthogonal reasoning. Despite considering only Hilbert spaces,
our methods will be closer to general Banach space analysis. Therefore, we will con-
sider the Banach setting to the extent required and possible, and later, specialise to
the Hilbert space setting. The ideas we discuss in this section is explored in great
depth in [52] by Yosida and [33] by Kato.

Let B be a K-vector space, K =R or C (typically C). Let ||-|| : B — R be a norm
on B, which induces a metric by (z,y) — ||z — y||. Then (B, ||||) is a Banach space
if it is a complete metric space. H := B is a Hilbert space, if ||-, || polarises, meaning
Iz +yl|> + |z — y|I> = 2||z||* + 2||y||>. In this case it induces an inner product by

1 : . : .
(w,y) =2 (le +ol* = o — ol —ille +iyll* +ille — iyll”)

omittecrif K=R

which then satisfies (x,z) = ||z]|*. In the case K = C, the adjoint space of B is

B* :={¢: B — K| ¢ is conjugate linear and continuous},

we equip it with the norm ||-||z. given by

g = sup |p(z)].

llzll p=1

el

The dual space of B is

B :={p: B — K| g is linear and continuous} .
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We have B* = B’ by u + a.

The bi-adjoint space is the space is B** := (B*)".

The evaluation functional ev : B — B** is defined by ev(z)[f] := f(z). It is easy
to see that its range is a closed subspace of B**. B is said to be reflexive if ev is an
isomorphism.

Definition 2.20. Fix a density u € C*(M,|A|"M). Let E — M be a K-vector
bundle and & a metric on F.

For p € [1,00) define the K-vector space u € LP(M, E) to mean
(I) u € MeasSect(E) and
(1) lulleqar,zy = Slu(@)lhe) dulz) < oo

For p = 0o we set |||y, ) 1= esssup,eps|(z)] ) < oo

When T' € C*(0M,TM) is an inward pointing vectorfield, and v is the induced
density, then we define

LP(OM, E) := L?(OM, E|,,,)

where OM takes the place of M, v takes the place of pu, and E — M is replaced
with E|,,, — OM.

Remark 2.21. Typically, we will only be concerned with C vector bundles and
their induced L? spaces as a C space. If we are given an R-bundle E, we typically
complexify it to obtain £ ® C and then consider the L? theory for F ® C.

Remark 2.22. The space L (M, E') does not require a density u.

Example 2.23. 1. For p € [1, 0], the space LP(M, E) is a Banach space.
2. For p € (1,00), the space L?(M, E) is reflexive.

3. For p = 2, the space L?(M, E) is a Hilbert space. Here we have

) /M h(@)[u(z), v(z)] dplz).

4. For p € [1,00), the space LP(M, E) is separable, i.e. has a countable dense
subset. L>(M, E) is not separable.
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2.8 Operator Theory

At the heart of differential equations are differential operators. In order to ma-
nipulate and understand these latter objects, it is important to fix some notation
and ideas surrounding them. As aforementioned, the books [52] and [33] give an
extensive description of the material we recall here.

Let By, By be Banach spaces.

Definition 2.24. A linear map 7" : dom(7") — Bs, where dom(7") C B, is a linear
subspace, is called an operator.

The fact that T is not defined on the entire space is sometimes expressed by saying
that “I" is unbounded’. It is important to emphasise that an operator is both the
map and the domain.

The following are an important list of notation when dealing with operators:

o dom(7) is the domain of T

o ker(7T) :={u e dom(T) | Tu = 0}.

o ran(7T) :={Tu € By | u € dom(T)}.

o graph(T) := {(u,Tu) € By x By | u € dom(T)}.

« The operator 1" induces the graph norm ||-||; on dom(7’) given by

2 2 2
lullz = llulls, + Tullg, -

o« Wesay S C T if dom(S) C dom(7) and Su = Twu for all u € dom(S).

2.9 Algebra with unbounded operators

In the situation when operators where operators are defined on the whole space, their
algebra simply follows from usual algebraic properties available in a vector space.
However, for general unbounded operators, we are required to specify the domain
on which the algebraic operators are defined. That is, for unbounded operators
S, T : B — B we define:

dom(7T + S) := dom(7T") N dom(S),
dom(ST) := {u € dom(T) | Tu € dom(S)} .

It could happen that dom(7"+ .S) = {0} or dom(ST) = {0} without S or T" being
0.
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Exercise: The unbounded operators on a Banach space B with addition form a
commutative monoid, i.e. (S+T)+U =S+(T'+U), S+0=5,and S+T =T+S.
Composition is associative, and distributive from the right, i.e. (ST)U = S(TU) and
(S+T)U = SU+TU. We also have S — S =0,05 € S0 =0, and S(T+U) D
ST + SU.

Definition 2.25. o T is densely-defined if dom(T') is a dense subspace of B;.
o T is closed if graph(T) C By x By is a closed subset.
Notation: T' € € (B, Bs).

e T : By — By is bounded if dom(7T") = B; and there is a Cp < oo s.t.
|Tz| < Cr||lz| for all z € B;.

Notation: T' € A(By, Bs), sometimes also .Z (B, Bs).
o T is injective if ker(T") = 0.

o T is invertible if it is injective with dense range and ||7u|| < Cp||u|| for all
u € ran(7T).

Exercise 2.26. o T is closed < (dom(T),||||) is a Banach space.

e T is bounded < T is continuous.

The following is a central theorem of operator theory. We enlist it here because it
shows that closed operators are ‘almost’ bounded.

Theorem 2.27 (Closed graph theorem). Let T : By — Bs be closed operator
with domain dom(T") = By. Then T is bounded.

Exercise 2.28. Let S € #A(B) := #(B,B) and T € ¥(B) := ¢(B,B). Then
S, TS,S7IT, T~ € €(B) (for the last two if S~! is injective and T—! is injective,
respectively).

Theorem 2.29 (Open mapping theorem). A bounded surjection T : By — B
is an open map, i.e. U C By open implies T(U) C By open.

Important criterion for closedness:

Remark 2.30. T is closed iff w,, € dom(T'),u,, — u and Tu,, — v implies Ju €
dom(T): v =Tu.
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Definition 2.31. An operator T is closable if it has a closed extension, i.e. if
there isa T € €(By,By) with T'C T.

Proposition 2.32. For T closable there is a T corresponding to graph(T), i.e.
3T € €(B1, Bs) s.t. graph(T') = graph(T).

Proof. Since graph(7’) C graph(T), the closure graph(7") must correspond to an

operator which is a restriction of T' to a smaller domain. Il

In practice, the graphical closure is not a very workable definition to detect clos-
ability. Instead, the following is the most commonly used criterion.

Proposition 2.33. T is closable iff u, € dom(T),u, — 0 and Tu, — v implies
v=0.

Proof. a) ‘=’: Easy, exercise.

b) ‘<" Suppose (2, Tz,) — (z,y) and (T, T'T,) — (,2). Theny, = (v, — ¥,) —
0 and y, € dom(T) and Ty, — y — 2. So y — z = 0, so graph(T) = graph(T). O

2.10 Duality/Perfect Pairings

The geometry of L2-spaces sits at the heart of our concerns. Often, we are required
to consider other spaces when dealing with differential operators. These are typically
Hilbert spaces. However, in analysis, the natural structure that emerges forces us to
take the L2-inner product into account. This means that we are forced away from
the natural inner product associated with a given Hilbert space, and we are forced
to consider it to be paired with some other Hilbert space such that on a common
dense subset, the pairing is precisely the L2-inner product. This perspective sits
closer to general Banach space analysis rather than the Hilbert space setting, and
therefore, we will exposit material surrounding pairings at this level of generality.

Definition 2.34. Consider (-,-) : By x By — K sesquilinear when K = C, i.e.
linear in the first and conjugate linear in the second entry, or bilinear when K = R.
The triple (By, Bs, (-, -)) is called a perfect pair (or duality) if the following hold.

(I) There is a Cy < oo s.t. for all u € By and for all v € B,

[{u, )| < Collullg,

U”Bf) o
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(IT) There is a C] < oo s.t. for every u € B

[ulls, < Cysup{|(u,v)| | Vv € By: [[v]|s, =1}

(III) There is a Cy < 0o s.t. for every v € By

v, < C2 sup{|(u, v)| ! Vu € By: ||ullg, = 1}.

The map (-,-) is then called a perfect pairing or duality and it is denoted by
(B1, By).

Remark 2.35. A useful observation is that, in the bound for the norms in (II) or
(III), it is possible to pass instead to any dense subspace of By or B; respectively.
Often in applications, useful formulae hold on dense subspaces, and therefore,
bounds on the norms are easily computed for more complicated objects typically
by passing to simpler ones.

Example 2.36. 1. A Hilbert space H together with its inner product (-,-) :
H x H — K is a perfect pair.

_|_

»)r2(rp) induces a perfect pairing () : LP(M, E) x LI(M, E) — K if
%: 1 and p,q € (1,00).

S =

b
=

) B x B =K, (T,u)) :=T|u] is called the canonical pairing.

Definition 2.37. Let T': By — By and S : B; — B} be operators satisfying

(v, Tw) = (Sv,u))

for all u € dom(T") C By and all v € dom(S) C By. Then we say S is adjoint to
T.

Notation 2.38. We write a < b to mean the analyst’s inequality. That is, to say
there exists a constant such that a < Cb. We may refer to the constant C here
as the implicit constant. The dependency on the constant C' is usually apparent
from context and is typically independent from the terms on the left and right.
We write a ~ b if a < band b < a.

Lemma 2.39. Let T : By — By be densely-defined. Suppose that there exist
w,w' € By such that for all u € dom(T),

(w, Tu) = (w,u)  and  (u,Tu)) = (', u)).

Then w = w'.
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Proof. The condition as stated is exactly that (w — w’,u)) = 0 for all u € dom(T).
Using property (II), and on noting that dom(7") is dense in B; and using Re-
mark 2.35, we obtain that

lw —w'[| S sup{|(w — w’, w)| | u € dom(T)} = 0.

ILe. w=w'. O

As a consequence of this lemma, we are able to formulate the existence of the
maximal adjoint as follows.

Definition 2.40 (The canonical adjoint). Let T' be densely-defined, and let
dom(7™") :={v € By | 3w € By Vu € dom(7T): (v, Tu)) = (w,u)} .

For v € dom(7T™*") and we set 7"y := w, where w € B} satisfying (v, Tu)) =
{((w,u)). The operator T*" is the canonical adjoint.

The ¢ here in the definition refers to the fact that this operator is obtained with
respect to the canonical pairing ((-,-)). It is maximal in the sense that, whenever S
is adjoint to T', then S C T,

Our discussion so far has been only with respect to the canonical pairing. Given
a perfect paring (B, Bs) and a densely-defined operator T : By — By whether
an adjoint map exists with respect to this pairing. The following (non)example
highlights that this is not always the case.

Example 2.41 (Non example). The space of zero sequences

co = {(xn)neN | Ty — O}

is a Banach space with respect to the norm ||-|| .

We first show that its dual space is isomorphic to

b = {(xn)neN Z lz,| < oo} .

neN
For u € ¢, and v € ¢, note that ufv] := Y 2, uv; is a well-defined bilinear map.
Conversely, if u € ¢f, then on taking z; := (y;);en where y; = 1 when j = i and

y; = 0 for j # 7, we obtain that

ulv] =u [Z U,'l’i] = Z viulz;] .

and setting u; := ufz;], it is easy to see that (u;);eny € ¢1. This shows that ¢ = ¢,
and therefore, we have an induced perfect pairing (1, c) given by

o0
(u,v)y = Z U;v; .
i=1
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Let T : {1 — {1 be the map defined by

Tu = (iui,o,...) .
j=1

Suppose that an adjoint map with respect to ({1, ¢q) exists for T. That is, suppose
there is T" : ¢g — ¢y such that (v, Tu) = (T"v,u). Let T'v = (w;)en-

[o@) o
(v, Tuy = E VU; = Uy E Uu;
i=1 i=1

whereas
(o]
(T'v,u) = E Wit .
i=1

From this, we see that w; = v; for all 4, which yields that lim; .., w; # 0. Therefore,
T’ cannot be a map into cg.

It is also possible to show that ¢7 = ¢, # ¢y, which in particular shows that ¢y and
/1 are not reflexive space.

Let (By, B2) be a perfect pair.

Definition 2.42. Define

®,: B, — B; by (Dyu)[v] :
Dy : By — By by (Dox)[y] :

Lemma 2.43. The ranges ®1(By) C BS and ®2(By) C By are closed linear sub-
spaces.

Proof. The proof is left as an exercise. m

The following is one of the cornerstone theorems of functional analysis, of which
there are many generalisations beyond the Banach space setting. For our purposes
we produce the following incarnation.

Theorem 2.44 (Hahn-Banach). Let B be a Banach space and X C B a linear
subspace. Suppose that fx € X*, that is, a linear functional on X*. Then, there
exists an extension f € B* such that f = fx on X and || f||x. = || ]

B* -

Corollary 2.45. Let X C B be a proper closed subspace. Fiz xq € B\ X (so that
in particular dist(zo, X) > 0). Then there exists f € B* with || f|| =1, X C ker(f)
and f(xo) = dist(xg, X).
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The most significant consequence of the Hahn-Banach theorem in our context is the
following.

Proposition 2.46. Let (By,B,) (i.e. a perfect paring). Then By is reflexive iff
By is reflexive and ®1(By) = Bs and $o(By) = B;.

Proof. Assume that B is reflexive and suppose that ®;8; C B} is a proper subspace.
So, let £ € B\ ®,8;. By Corollary 2.45, we can find an f € B3* such that || f|| =1
and f(®1b1) = 0 for all by € B;. Reflexivity of B, is exactly that B3* = ev B,. For
b; € B,

£(b) = ev(ev £)[55) = b3 [ev £].

Since ®,B; C B, for a choice of by = ®,b;,
0= f(®@1b1) = (P1b1)[ev " f] = (br,ev ' f).
That is, for all b, we have that (b,ev=! f) = 0. Using (III), we note that
lev™ f|| < sup{|[{br,ev™" f)| | b1 € By, ||bu]| =1} = 0.

But ev : By — B;* is a Banach space isomorphism, which yields f = 0. This
contradicts that || f|| = 1. Therefore, &8, = Bj.

A Banach space is reflexive if and only if its adjoint space is reflexive. Moreover, if
two Banach spaces are isomorphic and one is reflexive, so is the other. Since B, is
reflexive, so is B and since we have shown ®; : B; — B, is an isomorphism, this
shows that B is reflexive.

The equality ®oB; = Bj is argued similarly. O

Definition 2.47. We say that (B, Bs) is reflezive if either B; or By is reflexive.

The canonical pairing is explored to great lengths in [33], i.e. in Chapter III and
Section 4. Proposition 2.46 allows us to ‘import’ all these results into the setting of
reflexive pairings (B1, Ba).

Proposition 2.48. If By is reflexive and (By, By), then for T : By — By densely-
defined there is a unique closed maximal T* : By — By satisfying

(T*u,v) = (u, Tv)
for all v € dom(T) and u € dom(T*) := ®; ' (dom(T*")). We have

T = q>1—1T*,can(I)1 )

Proof. The fact that T™ is an adjoint to T is easily seen. We leave it as an exercise
to show that 7™ is maximal. O
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Example 2.41 demonstrates this proposition is sharp. Moreover, the proposition
illustrates in a concrete way the way in which an adjoint can fail to exist. In the
absence of reflexivity, it is possible that the subspace ®;' dom(7T***) = {0} despite
dom(T™*m) £ {0}.

Definition 2.49. For (B;, By) and By reflexive, the closed operator T : By — B
obtained for a densely-defined operator T : By — B, is called the adjoint of T’
with respect to (By, By).

Often, this is simply called the adjoint when the pairing is fixed and the map is clear
from context.

Corollary 2.50. If By = By, = H is a Hilbert space, then T™ is the usual adjoint
w.r.t. the Hilbert inner product.

Definition 2.51 (Annihilator). Let (B, B>) and subspace S C B;. Then
St = fy e By | Ve e S: (z,y) =0}

is called annihilator of S w.r.t. (-, ).

Lemma 2.52. S0 C By is a closed subspace and

Sc (SJ_,<.,.>)L»(-,~> _ (g¢,<.,.>)i,<w> _

Proposition 2.53. Let By be reflexive and (By, Bs). Then
I) ®5(SH07) = SH{(BIEY) 4nd

1) (S-Buba)) LB _ g

Proof. a) AdI).
SHBLB) — 1y e B Vo € S: (a,y) = 0}
= {y € B; | VereS: 0 (®51y)[x] :0}
= {y € B |VzeS: (z,0;'y) 20}
= o tebl

b) Ad II). Recalling the evaluation functional, ev : B — B**, ev(x)[y] = y[z], we
have in general that

(SL’«BT’&»)L’«BT*’BI» NevB=evS.

Reflexive means exactly that ev B = B**. The conclusion follows from this. m
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Remark 2.54. Identify (B; x By)* = Bf x By. T : By — By densely-defined,
T By — By is given by

invgraph(—T*,Can) ::{(_T*,canu’ u) ‘ = dom(T*,can)}
= graph(T)L’WBl xBa)",B1xBa))

Applying this to the case that By = By and where we have an another reflexive
Banach space B3 where we have a perfect pairing (B3, B2), we obtain that the
adjoint T' : By — Bs satisfies

inv graph(—7T") = graph(T)L7<B3vB2> .

2.11 Projectors and decompositions

Of significance is to understand how to break up a given Banach space into subspaces
in a useful manner. We will see here that projectors are a systematic language in
which we can understand how to topologically decompose a Banach space. Later, in
application, we will see that the projectors are naturally associated with information
emerging from differential operators. As a consequence, even in the Hilbert setting,
these subspaces will not generally be orthogonal. Again, we find that the techniques
that we are forced to use are closer to the general Banach space setting, and therefore,
we give an account of decompositions for Banach spaces.

Definition 2.55. Let B be a Banach space. For not necessarily closed subspaces
Bi, By C B we consider the vector space

By +By:={u+v|ue€bB,veB}.

If By N By = 0, then we say that By, By are algebraically complementary and we
write

Bi @, By := By + By,

where the ‘a’ signifies algebraic sum.

If B; and B, are closed, algebraically complementary and B = B; & By we say that
By, By are complementary.

If By C B is closed and there is a By C B closed s.t. B = By ® By, we say that By
is complemented.

In the literature, it is sometimes written B; @ By without the sum being a Banach
space. In such situations, it is often written that the sum is not closed. These
definitions are not made arbitrarily. It can be the case that a Banach space and
even a Hilbert space is an algebraic sum of a closed subspace and a non-closed space,
or that the sum of two algebraically complementary closed subspaces might not be
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closed. In general, in infinite dimensions, understanding the closedness of sums of
spaces is a key and highly non-trivial issue. The following examples highlight the
various situations that can arise.

Example 2.56. 1. Let H be a Hilbert space and ‘H; C H a subspace. Then
Fi={ueH|YweH: (uv) =0}

is a closed subspace and H = H; @ Hi. So in a Hilbert space, every closed
subspace is complemented.

2. If Hi, Ho C H are closed algebraically complementary subspaces i.e. HiNHy =
0, then H; @ H- is not necessarily closed.

We demonstrate this with the following example due to Robert Israel. Let
H := (% and define

Hi = {(hn),ey | Y0 € N: hy,, =0},
HQ —{ n€N|Vn€N.h2n+1—nh2n}.

a) Hi, H2 are algebraically complementary.

Fix h € Hi; N"H,. This means that implies ho, = 0 and hy, 1 = nhs, = 0, so
h =0.

b) H; is closed.
Let (z;) := (hn,), € H1 with z; = x = (h,) € H. Then,
Z|hn,i - hn|2 = Z|h2j|2 + Z‘h2j+1,i - h2j+1|27
n J J
and since the left hand side tends to 0 as ¢ — 00, so do each of the terms on

the the right hand side. This implies hy; = 0 and thus z € H;.

c) Hs is closed. As before, let (2;) = (hn;), € Ho and suppose that z; — x =
(hn), € H. Then,

D i = hal® =Y [hoji = hoj|* + Y nhaji — hojia |,
n J J
and again, again the left hand side goes to 0 implying hsj; = nho; and thus
r € Hs.

d) Hi @, Hs # H.

Consider « = (hy) € H = (* with h, := 1. Suppose there are u € Hy,v €
Ho s.t. x = u+ v. Then uy, = 0, implying vs,, =
We get

1 _ n
TS} and thus vy, 1 = TR

Dkl =3 i =
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e) Hi Pa Ho is dense in H, and hence, not closed.

Let lp :={x = (z;) | AN = N(x)Vj > n: z; = 0}. It is well known that ¢p C
% is dense in H. Since ¢y C H; @, Ha, the latter space is also dense.

Throughout, we will consider separable Hilbert spaces. Recall that for a sep-
arable Hilbert space H, we can choose an orthonormal basis {h;},.y, and by
mapping h; — e;, we obtain an isometry between H and ¢2. Therefore, we
are able to pull the subspaces we just constructed via this map which shows
that every separable Hilbert space always admits closed subspaces whose sum
is non-closed.

. We can have H = H; ©, Hs where Hs is closed and finite dimensional but H;

is not closed.

To see this, again let H := (2. Take an f : /*> — R which is linear and
unbounded (an unbounded functional). Certainly, we can find zy, € ¢* s.t.
f(xo) = 1. Write z € % as

x = (x = f(x)w) + f(2)20,
—_————— ——

cker(f) €Rzg

where we see that f(x — f(z)xo) = f(x) — f(z)xo = 0. Clearly, Rxq is one
dimensional, and hence, it is closed.

It remains to argue ker(f) is not closed. This follows from the following more
general fact: for a Banach space B,

¢ : B — R unbounded = ker(y) is not closed.

To see this, since ¢ is assumed to be unbounded, there exists x, € H s.t.
lo(x,)| > nl|z,|| > 0. For any x € B, define

Tn
Yn = T —
p(zn)
By the choice of x,, it is clear that
Hﬁn‘: Il 2o
p(zn) [P(xn)] ~ n

Now, we choose x such that ¢(z) = 1. Then

@@wzw@%—d%)zl—lzm

s0 Yy, € ker(yp).

Since y, — x, if ker(p) closed, we would obtain x € ker(y). That is, ¢(z) =0
but this contradicts ¢(z) = 1.

4. by C >, by := {(zy) | im0 z,, = 0} is not complemented.
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5. Banach spaces for which every closed subspace is complemented is essentially
a Hilbert space. This follows from an important theorem of Lindenstrauss and
Tzafriri 1971 [37], where they prove that a Banach space is isomorphic to a
Hilbert space iff every closed subspace is complemented.

We want to study a systematic way of decomposing spaces via classes of operators.
To that end, we first note the following.

Proposition 2.57. Let P € B(B) be an idempotent (i.e. P> = P). Then PB
and (I — P)B are closed and complementary, i.e.

B=PB& (I —-P)B.

Proof. a) B=PB+ (I — P)B.
Fix b € B, then trivially, b = Pb+ (I — P)b € PB+ (I — P)B.
b) PB and (I — P)B are closed.
Let x,, € PB, x,, — x. Then there are z,, s.t. x,, = PZ,,. Then
Pz, = P&, = Pi, = x,. O

Since P is bounded, we have that Pz, — Pz from the fact that z,, — x. As we
have just shown x,, = Px, and therefore, we have that x,, — Pz. Limits are unique
in a Hausdorff space, and hence, x = Px € PB.

The corresponding argument for (I — P)B comes from showing that the map (I — P)
is an idempotent and bounded. Therefore, the same argument works on replacing
P by (I —P).

¢) PBand (I — P)B are complementary.
Let # € PBN (I — P)B. Then, = Pb = (I — P)Pb= (P — P*)b = 0.

This proposition justifies the following definition.

Definition 2.58. Let P € #(B) idempotent, i.e. P? = P. Then P is called a
projector or projection.

We say that P projects to PB along (I — P)B.

Remark 2.59. Here the boundedness of P : B — B’ C B was vital.

Combining Proposition 2.57 and the following, we are able to characterise all de-
compositions of Banach spaces in terms of projectors.
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Proposition 2.60. B = By ® By. Then there is a projection P to By along Bs.

Proof. Left as an exercise (Hint: closed graph theorem). O]

Remark 2.61. When a projector P projects to By along Bs, it is easy to check
that ker P = (I — P)B = B,. For a projector, it is not enough to specify its range,
but rather, both the range and kernel. More precisely, if B; is a closed subspace
complemented by B, # Bs, we have two distinct projections P; which projectors
to By along By and P, which projects to B; along Bs. The projectors P, # Ps.

Proposition 2.62. Let (By,B,) be reflexive. If P € %B(Bs) is a projector, then
the adjoint map P* € B(By) is also a projector.

Proof. Let P*" € Z(B;) be the canonical adjoint. This exists and has domain
dom(P*") = B (this does not require reflexivity).

We have dom(P*) = &, dom(P***) = &, 'B; = B, by Proposition 2.48. Moreover,
P* is closed and on invoking the closed graph theorem, Theorem 2.27, we obtain
Pr e @(Bl) NOW,

<(P*)2U,u> = (P*v, Pu) = (v, P*u) = (v, Pu) = (P*v,u),

so (P*)? = P~ O

Proposition 2.63. Let (By,Bs) be reflexive and P : By — By a projection. Then
(P*By, PBy) is reflexive.

Proof. 1t is a fact that any closed subspace of a reflexive space is reflexive. The rest
is left as an instructive exercise in calculating with perfect pairings. O]

Proposition 2.62 yields a decomposition of By when (B;,Bs) is reflexive, and so
together, we obtain the following decompositions:

By =PBy® (I — P)By,
By =PB & (I—P)B,

Proposition 2.63 then asserts that the first summand (and also the second summand)
are, in fact, a reflexive perfect pairing. From this, it is easy to see that

PBy = ((I — P*)By)H 508,

and similarly for the other spaces.



3 Differential operators and their
extensions

3.1 Density of C(M, FE) in LP(M, E)

cC

Lemma 3.1. Let (M', 1) be a measured manifold in the usual sense (i.e. OM' = &
and pn € [AN|"M). Let E — M’ a vector bundle with metric h.

Then C°(M', E) is dense in LP(M', E) for p € [1,00).

Proof. a) First note that we can find a countable open covering ¢ := {(Uj, ;) } s.t.
E \Uj is trivial and for which there are V; C U; open and V; C U; is compact with

M=,V
b) Let & := {n;} be a smooth partition of unity subordinate to €.

c) Let L2(M'",E) := {u € L?»(M', E) | spt(u) compact}. Then, L2(M’', E) is dense
in L?(M', FE). Proof: Exercise.

d) Let u € L2(M', E). Then there is u, € CX(M', E) s.t. u, = u in LP(M', E),
p € [1,00).

Fix u € L2(M', E'). Then there exists an N > 0 s.t.

U= Z(ﬁzu) .

=1
Let o be the standard symmetric mollifier on R", i.e.

1
o(z) = cpe’ if [ <1,
0 if |z] >0,

where ¢, is a normalisation constant s.t. fRn 0dZ =1.

Fix € > 0 to be chosen later. Let u; := n;u and note that spt(u;) C V;.

Choose §; := d;(e) > 0 s.t.

€

=, (3.1)

[ui 0wt = (miowi )™ % (wiow) ”Lp(wi(Ui),E) <
—_———

€Lr(v;(U;),E)
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where ¢°(x) := §"p(671x) and
(Qé * f) (x) = (/ Qé(x)fa(x —9) df(x))ea )
where e, is an orthonormal frame for £ in U.

We remark that mollifiers converge against the Lebesgue measure and our integrals
are against p. Therefore, to obtain the estimate (3.1), we use the fact that u is
smooth and positive, and therefore, inside V; there is a ¢; > 1 s.t.

CZISMwSCi-

The constant ¢;, as well as potential other constants in V; are all absorbed, since we
are free to choose ¢; as arbitrarily close to 0.

For € := % define

Zm( ) x (o)) o € CX(ME).

Then, we note that

Ju ) < an ' < Z HE
where the penultimate mequahty follows from (3.1).
That is, we have proved that C°(M’, F) is dense in L2(M', E).

e) C*(M',E) is dense in LP(M', E'). Proof: Exercise. O

Proposition 3.2. Let (M, u) be a measured manifold with boundary. Then
C2(M, E) is dense in LP(M, E) for p € [1,00).

Proof. Clearly, M’ := M is a manifold without boundary and | w € CX(AI" M)
and @ := ul; € LP(M,E).

By Lemma 3.1, we obtain a sequence u, € CZO(]\OLE) s.t. @, — @ in LP(M, E).

Define 3
() = U () %f re M,
0 ifx € OM ,
then u,, € C2(M, E) and

=l = [ Jun =l
M

= [ o =l et [l d
M oM ,

~
=0

= ||ty —alff, = 0.

This completes the proof. n
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3.2 Differential operators on vector bundles

Let E, F' — M be vector bundles and D : C*°(M, E) — C>*(M, F) linear.

Definition 3.3. D is of order at most m € N, if in every trivialising chart (U, ),
on fixing frames {eg} and {fy} for E|,; and F| respectively, there are smooth

functions z — Ag’ﬁ(ac) s.t.

|ot]
Duly(0) = 3 450 g’ ) @)folo),

la|<m
where o € N is a multi-index and |a| := Y"1 | .
Let Diff,,(E, F') be the set of such operators.

For m > 0, D is of order m if D € Diff,,,(E, F') \ Diff,,_1(E, F).

We point out the following important properties regarding differential operators,
each of which are readily verified from their definition.

Proposition 3.4. I) Differential operators are local. — That is, if D €
Diff,,(E, F), then spt Du C sptu.

1I) Diff,,,(E, F) C Diff,, 1 (E, F).

To make the notation more compact, for D € Diff,,,(E, F') write Du =}, _,, A%(z) Eut
lo.t. where A%(x) : E, — F is defined by A%(z)es(z) := Ag’ﬂ(x)fg(x).

In what follows, we would like to extract a part of the operator which yields a section
of a certain bundle. To explicitly compute this in a simple situation, let us restrict
ourselves to m = 1. Inside a trivialising chart (U, ), for x € ¢(U),

D(u o 1/1_1) (x) = Z(AZ o ¢_1) (x) (‘fxi (u o ¢_1) (x) 4+ Ao(x) (u o ¢_1) (). (3.2)

=1

Let (V, ) be another trivialising chart near )~!(x). Then

D(wog™)w) =Y (B'op ™)) o

)
i=1 Yy

(wo ™) () + Bo(y) (uo ™) (y). (3.3)

We remark that, implicitly, we are using the same frame in the definition of A* and
B
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C— /a>

4 (@) = ()

We then calculate the behaviour of the expression in (3.2) in coordinates # when we
change to coordinates y:

(A 0 v ) () s (0w (a) = (A 0w~ o (w0 6™)) (a) s (wo v (10 0™) )
= (Ao ™) (y) gi%(u o0 ) (y)

Now define:

op(z) :=opi(x) := Ag’ﬁ(a:) ® ®ef(2) ® fo(w),

ozt
where () is the induced basis, i.e. €’ (x)[eq(x)] = 05.

From the transformation behaviour and considering the expression (3.3), we see that
this defines a op € C*(T*M ® E* ® F'). More generally, we define the following.

Definition 3.5. Let D € Diff,,,(E, F). Let £ € TXM and f € C>®(M) satisfying
f(z) =0 and df(x) =&. Fix v € E, and let v € C*® (U, E|U) be an extension of

v on an open neighbourhood U of z, i.e. o(x) = v. Define

Opm(x,&)v = %D(fmﬁ)

Remark 3.6. I) Using the bundle projection 7 : T*M — M we can write

0pm € C°(M,Hom(r"E, 7*F)) .

II) Ve e M, € TfM: opm(z,§) = 0 happens iff D € Diff,,, 1 (E, F).
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Definition 3.7. The principal symbol op is the op,, for the smallest m s.t. D €
Diff,,(E, F).

The more globally inclined might have given the following equivalent definitions.

Remark 3.8. Let E,F' — M be vector bundles and V : C*®(M,E) —
C®(M,T*M ® E) a connection on E. We say P € Diffy(E, F) (linear differential
operator of order < k) if

k
P:ZAjOVj
j=0

for suitable homomorphism fields A; € C*(M,Hom(T*M®’ @ E, F)) (note =
C°(M, TM® @ Hom(FE, F)), they eat the vector entries and leave homomor-
phisms from F to F).

We say that P is of order k if Ay # 0. In that case we call the k-homogeneous
section op := (§ — Ay (§®k)) € C®(T*M,Hom(E, F)) the principal symbol of P.

Exercise:

o For D of order 1, verify the expression

on(a) = 4 (0) @ | ©(a)® folx).

x

o For D of order 1, f € C>®(M) (we do not assume f(z) = 0)) and v €
C>(M, E), show

op(z,df (x))(v(x)) = ([D, fI]v)(x) .

Proposition 3.9. For D, € Diffy(E, F) and D, € Dift,,(F, G) we have

O DaoDy t4m (T, &) = Opym(2,§) 0 0p, o(x,§) .

Definition 3.10. D € Diff,,,(E, F) is elliptic if op(z,§) is invertible for all z € M
and & € TXM \ {0}.

Remark 3.11. If D is elliptic, then rk(E) = rk(F').

Example 3.12. o d:C®(M,AM) — C>*(M,AM) exterior derivative, then
0a(z, Hw = d(fw)(z) = (df N©)(z) + (fdD)(z) =E Nw.
=0

The operator d is non-elliptic (Exercise).
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e V:C®(M,E)— C*(M,T*M ® E) connection,

ov(z,§)v=V(f0)| = (df @0+ fVD)| ={@v.
This is not elliptic, and indeed since rk(E) # rk(T*M @ E).
3.3 Formal adjoint

Let h¥,hf be metrics on the vector bundles £ and F respectively. We fix D €
Diff,,(E, F') be of order m and a positive density pu.

Proposition 3.13. There is a unique D' € Diff,,(F, E) satisfying

(Du, V)12 p) = (u, DTU>L2(M,E)

for alluw € CX(M, E) and allv € CX(M, F).

CcC

Remark 3.14. D and D' are automatically densely-defined in L.

Proof. a) Uniqueness.
Suppose DI and D} are both adjoints of D on the domains as given. Then
<u, (DI — D$>v> = <u,DIv> — <u,D;v>
= (Du,v) — (Du,v)
=0.

Recall that (-,-) : (M, E) x L}*(M, E) — K is a perfect pairing. Therefore

(01 2)e)

D} — DT)’U S osup
H< ' 2/ Nz u€L?(M,E) [Jully.2
u7#0
(v (01— D3)e)
= sup
ueCE (M,E) ]2
u#0
=0,

where the second equality follows from Proposition 3.2, where we showed that
C2°(M, E) is a dense subset of L2(M, E). This shows Div = D}v almost-everywhere.
In the existence of DT, we will show it is an operator with smooth coefficients, and
hence will give equality everywhere.

b) Existence.
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If w € C2(M, FE) with spt(u) C U for a chart (U, ) corresponding to trivialisations
for £, F and {eg}, {fs} are orthonormal frames of E, F' respectively, then

o9 )
<DU7U>L2(M,F) _/hF Z A 8xau’v pop dp*Z

|l
= [0 ST D () e

Here, we have used integration by parts and the divergence theorem. For general
u € CX(M, E) patch these together using a partition of unity. A direct calculation,
using the product rule, yields that

i r "
D'v:=(=1)"A%z)" =—uv + lLo.t. .

(1A @)
Note that the adjoint certainly contains metric information of h¥ and Af', but this is
encoded in the definition of the the matrix A* since it is defined it using orthonormal
frames in each bundle. Since & — A®(z) is smooth, it follows that 2 — A*(z)", and
therefore, this upgrades uniqueness from almost-everywhere to everywhere. O]

Definition 3.15. For D € Diff,,(E, F) of order m, the unique D' € Diff,,(F, E)
is called the formal adjoint.

Proposition 3.16. Let D € Diff,,(E, F). Then opi(z, &) = (=1)"op(z, €)'

Remark 3.17. For E = F and m =1 and D = D' we have

O'DT(ZL',f) = O-D(x7§) = —GD($,€)T,

i.e. op(z,§) is skew-adjoint when we have a formally self-adjoint operator D. We
define the symbol in this way for consistency with K = R. To understand this
explicitly, consider the operator D = % on R. There we have

d d

d
0 (@6 = ~—(fo)l, = —¢.

Clearly,

Also,
00y (@:8) = 0_g (2,8 = (-1)og (2,0 = ¢

dx

Therefore, we see in K = R that including the (—1) in the definition is important.
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If we are working on K = C, then we are able to obtain a formally self-adjoint
version of % by instead considering z%. Le.,

o =
zd:Eu,v = u,zdxv :

In some places in the literature, formally self-adjoint operators have Hermitian-
symmetric symbols. More precisely, their symbols are obtained by taking the
symbol we defined and multiplying it by 2, but this essentially restricts us to only
consider C-valued bundles. It is important to always verify the precise definition
of symbol as used by various authors when consulting the literature.

Example 3.18. « Fix a Riemannian metric g on M. Define the cut product L
by
g(€rnw) =g Aw)  for§w,ne AM.

Note, this is not the interior product ., which is the insertion of a vector
into a covector, which does not require a metric. Here, we are defining the
adjoint of A with respect to a metric g. Indeed, L can be related to 4 via
appropriately composing with musical isomorphisms or through computation
in an orthonormal frame once a metric is fixed.

Note that, for a frame {e;} for AM, dw = €' A V,,w. Further assuming that
e; is synchronous at x, the following is readily verified:

g(dw,n)|, = g(Vew,eiLn)|, = —glw, e L Ven)|, +div Xy, (x), (3.4)

where X, is a vectorfield depending on g, w and 7. Let d; € Diff, (AM)
denote the formal adjoint of d. Then, from (3.4), since the divergence term
integrates to zero and the formal adjoint is unique, we see that

Gd;(x,ﬁ)w: —{Lw.

e Ay = d;d = —div o grad, the Laplace-Beltrami operator on M. Then
0a,(2,6) = — ¢l
this is an elliptic second-order operator.
e D=d+ d; € Diff;(AM), the Hodge-Dirac operator, then
op(z,§lw=ENw—E§Lw,

this is an elliptic first-order operator.

3.4 The operator theoretic perspective of weak and
distributional derivatives

Consider 0; := % on a smooth bounded domain 2 C R™. In this classical setting,
we often consider the weak derivative as well as the distributional derivative from a
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functional analytic perspective, usually framed in the context of the so-called ‘test
functions’. For the purposes of the general differential operators we discuss, where we
are forced to frame the objects of interest from an operator theoretic point of view,
we rephrase these classical notions in order to understand their operator theoretic
essence.

For u,v € C2(Q), a direction calculation yields that
(Oju,v) = /@-w_} dZ = —/uﬁjﬂ dZ = (u,—0v) . (3.5)

In context of our discussion in the previous section, this precisely is saying that —0;
is the formal adjoint of 9;.

We recall the construction of the distributional derivative. This is a map
() g : LA(Q) — (€)™ := {C-linear functionals on C},

defined using (3.5) as
((9) i) [v] := (u, =0jv) ,
for u € L%(Q).

Now let us recall the weak derivative, which is constructed as follows. Given a
u € L2(2) suppose there exists f, € L%(Q) s.t.

(1, — D) = — / by = / £.5 = (f0). (3.6)
The weak derivative (0;)weax is then defined as

(8j)weaku = fu .

This is, in fact, an unbounded yet closed operator
(0 ) weak : L2(Q) — L*(Q).

To see this, we need to understand the set of all possible f, € L*(Q) for a given
u € L2(Q) which satisfies the formula (3.6). Suppose such an f, exists given a
u € L%(Q) satisfying (3.6). Invoking the Cauchy-Schwarz inequality, we find that

[{u, =050)] = [{fu, V)] < [l full2lv]] 2
for all v € C(12).

Conversely suppose that [(u, —0;v)| < ¢,||v]|;- for all v € CZ(£2). Since C(Q) is a

dense subspace of L?(2), we can invoke the Riesz representation theorem and obtain
a unique f, € L*(Q) s.t.
(u, =0v) = (fu,v) -

Let (—0;). = 0; with domain

dom((—9;),) == CZ(Q).

Ccc



42 3 Differential operators and their extensions

This is a densely-defined operator in L?(Q) and hence, it admits a unique mazimal
adjoint (0;)%. Its domain is precisely

dom((—9;);) = {ueL?|3f € L’Vv € CZ: (u, (=0;).v) = (f,v)}

But this is precisely the domain of the operator (0;)weax. In other words, the weak
derivative, from an operator theory point of view, is none other than the L2-adjoint
of the formal adjoint of itself. l.e.,

(9))wear = (—05); -

It is also worthwhile to consider the relationship of this weak derivative to the
distributional derivative. We say that T € (C2(2))%al N L3(Q) if there exists a
unique Ty € L? satisfying

Tl] = (Ty,v)

for all v € C2(Q2). From this, we can see that
dom((9;)weax) = dom((—9,)%) = {u € L*(Q) | (0;)aisu € L*(Q)}

That is,
dom((9;)vear) = (9) gt (Coc NL* ().

3.5 Maximal and minimal extensions

Let Dee := D with dom(De.) := C2(M,E) and D}, := (D')_, ie. D' with
dom(D],) = CZ2(M, F). Recall that t denotes the formal adjoint, i.e.

<Dccu7 U>L2(M,F) = <U, DICU>L2(M7E) (37)

for all u € dom(De.) = CZ(M, E) and all v € dom(D},) = C2(M, F).

Definition 3.19. We set

Dupax = (DI,)" and  Di, := (D"

max

= (Dee)” .

max

To be completely explicit, the following is a precise description of the maximal
extension:

dom(Dyax) = {u € L* (M, E) | 3w € L*(M, F),v € C2(M, F): (u, DI v) = (w,v)}
= {u e L*(M,E) ’ CXNL*(M,F)3 v (u,Dlv) is Lz-contlnuous}
={u e L*(M,E) | 3c=c(n,D)Yv € CZ(M,F): |(u, DICU>‘ <cllvll2}-

In this calculation, the penultimate equality is via the Riesz Representation Theo-
rem.



3.5 Maximal and minimal extensions 43

Remark 3.20. It is worth emphasising that that the notation DI  is not am-

max
biguous. That is, we cannot have an interpretation Di = (Dyax)'. This is due to
the fact that our notion of maximal extension is the unique adjoint obtained with
respect to the formal adjoint operator restricted to C. At the heart of this lies
the fact that our notion of formal adjoint is a notion only defined for differential

operators.

From (3.7), it is clear that D.. C Dy and DI, C D] by the construction
of the maximal extensions. That is, dom(De) C dom(Dyax) and dom(D],) C
dom(Dj,,) with graph(D.) C graph(Dyax). Therefore, graph(De.) C graph(Dinax)
since the adjoint is always a closed operator. Moreover, we obtain that graph(D..) =
graph (D_CC), i.e. D, is closable.

Definition 3.21. We set

Do =Dy and DL :=D.

Exercise: Show that
D = (Dm)" = D} and  (D}.)" = Duin -

max max

3.5.1 Boundary Value Problems

Let us fix an inward pointing vectorfield 7" along the boundary. A boundary value
problem is typically phrased as follows: given f € MeasSect(M, E), solve for u €
MeasSect(M, E) satisfying

Du=f
where & = 0,1,....m — 1 and f, €

MeasSect(OM, E).

There are two important aspects to such a formulation that we need to identify for
a systematic treatment of BVPs. The first is concerning the boundary value part,
and the second is concerning the problem part.

1. Boundary values: where do the f; live? Ideally, we would have some function
space
B C MeasSect(OM, E)

which induces an extension Dpg satisfying

Dmin - DB C DmaX7
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where
dom(Dpg) = {u € dom(Dyax) ‘ <u|8M, (01| 0o - - - (0}u)|8M> € B} .

With this setup, we would then have f, € B. The subspace B would be a
boundary condition.

2. Problem: Having fixed a boundary condition B, for which f € L*(M, E),
possibly living in some subspace F, can we ‘invert’ Dg?

Our primary concern here would be to address the first aspect 1, regarding boundary
conditions. Questions surrounding solvability, i.e., 2, is a whole different kettle of
fish. It is beyond the scope of our considerations.

From here on, we will be attempting to formalise and rigourise 1. To do so, we need
to pull the ‘interior’ operators, Dy, and Dy,.x, to the boundary OM.

Recall that D.;, C Duyax, both are closed operators. Equivalently, the spaces
dom(Dyyin) and dom(Dy,,y) are Banach spaces with respect to the graph norm ||| .
Moreover, dom (D) C dom(Dy.x) is a closed subspace. This tells us that in order
to consider extensions Dy (possibly not closed) satisfying Dyin C Dext C Diax, We
can equivalently consider consider subspaces dom (D) C Xexy C dom(Dypay)-

To rigourise this thinking, we note the following abstract result.

Proposition 3.22. Let By,By be Banach spaces and v : By — By a bounded
surjection with kernel By := ker(y). Then, the following hold.

I) ~v induces a Banach space isomorphism 7 : Bl/BO — Bs.

II) If By C S C B is a subspace S, then vS C By is a subspace. vS is closed if
S is closed.

IIT) If S’ C By is subspace, then v~1S’ is a subspace satisfying By C y~1S' C B;.
y~1S" is closed if S’ is closed.

IV) S =~71(»9).

Proof. a) AdT). The induced map 7 : B YB, B is canonically given by ¥(u 4+ By) =
~yu. The induced norm is

||’LL + BOHZ’)’l/Bo = 1nf{|]u + b()HB1 ‘ by € Bo} .
For any by € By, we have, using the boundedness of v, that
1Full = [lv(u+bo)ll S llu+ boll -
Therefore, on taking an infimum over by € By in this expression, we see that

|7 (u + BO)||32 S lu+ BOH&/BO :

This shows that v : Bl/BO — Bs is bounded. Since v is a surjection, so is ¥
and therefore, we conclude it is an open map from the open mapping theorem. In
addition, by construction 4 is injective, and therefore it is a bijection so the fact
that 4 is an open map yields that the inverse 7! : By — BI/BO is bounded.
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b) The proofs of parts II) and III) are left as exercises.

c) Ad IV). S C v 1(4S) is clear. We show v~ 1(7S) C S. Let z € v (v9), this
means ¥ € 7 'y with y = ys for a s € S. Then vz = y = ~s, implying y(z — s) = 0,
ie.xz—seBy Sowecan writex = (x —s)+se€eBy+SCS+5=2S5. O

Example 3.23. BO = dOIl’l(Dmin), Bl = dOITl(Dmax), BQ = dom(DmaX)/dOm(Dmin)
and vy the quotient map.

So all subspaces and therefore extensions Dy, C Doy C Diax can be understood
as subspaces of dom(D maX)/dOHI( Diin)’ The operator Dy is closed if and only if

dom(Dyyax)

the subspace YDy C /dom( Duin) is closed.

3.5.2 Interior to boundary via the boundary restriction map

We continue to utilise Proposition 3.22 to obtain a complete understanding of bound-
ary conditions. It is not hard to see that the spaces By, B; are automatically de-
termined in this setup as dom (D) and dom(Dy,.y) respectively. There is also a
canonical map v that is automatically determined in this setup. Consequently, B,
is also determined as the range of this map.

Having fixed an inward pointing 7' € C*(0M, T'M) vectorfield along OM, we build
the map ~ by first considering the following map, the boundary restriction map:

m—1

Ve : CZ(M, E) = @ C(0M, E),
=0
ws (s Orw) o (O 0) )

In order to formulate boundary conditions using Proposition 3.22, we desire (and
more seriously, require) the following.

[Req 1] The map 7. should be extended to v, in some bounded manner, acting on the
whole of dom(Dyay)-

[Req 2] We then want ker(y) = dom (D), which we expect to be automatic since
Ve dom(Dee) = 1.CL (M, E) =0
and Dy = Dec.
Having such a v satisfying [Req 1] and [Req 2], we define the Czech space
H(D) := v dom(Dyax) C MeasSect(OM, E).

We topologise this space by pulling across the topology of dom(D max)/dom( Duin)
via v. Then

v dOm(Dmax)/dom(Dmin) - H(D)



46 3 Differential operators and their extensions

is a bounded surjection with ker(vy) = dom(Diyy ).

At this point, we note that we have accomplished the goal of ‘pulling’ the interior

dom(Dmax)/dom(Dmin)

as H(D). In order to truly understanding dom(DmaX)/dom(D in) from data only

problem to the boundary. However, all we have done is to rephrase

emerging from the boundary would require the following desire to be fulfilled.
[Req 3] Describe H(D), and in particular its topology, from data ‘only’ living on M.

Having [Req 1], [Req 2] and [Req 3], and at the risk of repetition and labouring the
point, let us explicitly state the way in which we can understand extensions Dey; in
terms of H(D). Invoking Proposition 3.22, we have

I) For a subspace B C H(D) define

dom(Dp) := v 'B C dom(Day)
Dpu := Dyt for u € dom(Dp).

Then we have D, C Dg C D.x and Dg is closed iff B is closed.
IT) If Diin € Dext € Dinax, define
Bey := ydom(Dey) € H(D),
then we have Dp_, = Deyx by 3.22 TV). We also have

Dy closed < Be closed.

This leads us to the following definitions.

Definition 3.24. We call a closed subspace B C H(D) a boundary condition for
D.

We call a general subspace B C FI(D) (not necessarily closed) a generalised bound-
ary condition.

A boundary condition is then a closed generalised boundary condition.

In either case, the associated operator Dp is given by

dom(Dp) =~v'B,
Dpu = Dyt for u € dom(Dp).

Obtaining the desirable conditions [Req 1], [Req 2] and [Req 3| requires us to un-
derstand more sophisticated technical machinery. In addition, there are certainly
a number of obstacles, geometric and otherwise. The viability of these desires, in
terms of examples, are pointed out below.
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1. Ad [Req 1]. Let N:=8'" M :=[0,1) x 8, g :=dt @ dt + gs.

[

|
{
\

figxs' Jodxs!

)

M

e IS

M is a manifold with boundary M = {0} x S'. Consider the Hodge-Dirac
operator Dy = d + d;, then yu = ul,,,. But we cannot have a surjection

dom(Dyax) — {u! o ’ u e dom(DmaX)}. This arises from the ‘incomplete-

ness’ of the metric near the end {1} x S'. Intuitively, the issue is that a
section can take a nonzero value near the end {1} x S', which cannot be seen
by the boundary restriction map. In this situation, we really need to ‘add’ the
topological boundary {1} x 8! and consider the map u|{071}xsl.

This is a geometric concern, not a topological one. For instance, take the
space M’ = [0,00) x 8! with the same metric g = dt @ dt + gs1. In this case,

it is possible to control dom(D max)/dom( Duin) purely in terms of the map

u > uly, g:- However, it is easy to see that M and M’ are diffeomorphic to
each other. It is their metric structures that are different.

A condition to prevent this situation is to ask for C°(M, E) to be dense in
dom(Dypay)-

2. Ad [Req 2]. Also ker(y) = dom(Dyin) follows from and requires the density of
CX(M, E) in dom(Dpax)-

3. Ad [Req 3|. This is possible to a large extent for general-order operators, and
even more so for first-order operators. A significant portion of this text will
be dedicated to this point.

Exercise 3.25. If M is compact with boundary, then C2°(M, E) is dense in dom(Dyyay)-

Let us finish this section with the following result, which is a consequence of an
important theorem due to Chernoff [16]. It illustrates the way in which completeness
of a metric guarantees favourable conditions on powers of first-order operators.

Theorem 3.26. Suppose (M,qg) is a complete Riemannian manifold without
boundary and D € Diffy(FE) is formally self-adjoint. Furthermore, suppose that
there exists a constant C' < oo such that

’GD($7£)| S C’f‘g(m) ’
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where the first is the operator norm. Then,

d0m<(Dk)max)/d0m((Dk;) . ) = (.

In this case, the operator D’g is self-adjoint. In the literature, when a formally
self-adjoint differential operator has a unique closure that is self-adjoint as in this
situation, it is sometimes said to be essentially self-adjoint.

3.6 Sobolev spaces on vector bundles

To avoid notational and technical complications, from here on, we will restrict our
attention to K = C. However, as a remark, let us point out that many results
pertaining to the case K = R can be obtained through complexification and then
restriction of the results in the C case. Moreover, our discussion of Sobolev spaces
will be constrained purely to the L? context, although, a similar construction can
be carried out in LP.

Let us first start by recalling the L? Sobolev spaces for systems over R", i.e., the
case M :=R" and E := R" x CV. For k € N, these spaces are defined as

HF(R™, CN) = {u € L*(R",C") ‘ Vj<n: (V') uel? (R”,C"W)} ,

with norm

|U||Hk ZHVJU”LQ + ||UHL2 .

Here, the powers of ‘gradient’ operators V7 of R” and CV are

4 laf
Viu = Z (gxauz> e*®e;,

laf=j

where e; is the canonical basis of CV and e® the basis for C" written in multi-
index form. It is easily seen that these operators are obtained from the Levi-Civita
connection of the standard Euclidean metric, as well as the canonical compatible
metric on CV with respect to the standard Hermitian product there. Therefore,
within this definition, the implicit flat geometry of R* and CV is hidden.

Now let M be any manifold with boundary and £ — M a vector bundle. Having
identified the underlying geometry of the classical Sobolev scales, the additional
data required to formulate Sobolev spaces on E is clear. We require a metric h¥
and a connection V¥ on FE, and a metric ¢ on M and a connection V'™ on
T*M. Moreover, since we require these spaces to sit inside L?(M, E), we require a
smooth positive density g on M. It is worth emphasising that we do not assume
compatibility between the respective metrics and connections.
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For u € C*®(E) we have VEu € C*(T*M ® E) and recall the induced connection
VI"M®E on T*M ® E obtained by enforcing the Leibniz rule for every direction
X € C®°(M,TM), i.e.

VEMEE(y @) = VEMu v +u® Vi,
By induction get V7V "M®E,
In what is to follow, to emphasise both connections in the notation, we define
(VE, VT M) . C®(E) = C(T*M®  E)
by
(VE, VT M) = v
(VE VT*M)j+1 — VT*M®J‘®E o (VE VT*M)j‘

Then (VZ, V"M’ € Diff;(E, T0OM © E).

Definition 3.27. We define the following Sobolev spaces:
k .
Hk(M,E; h¥, g, VE,VT*M,N) = ﬂdom(((VE,VT*M)]) )
le max

with norm

k
2
2 2 E T *M\J
[l = ||U||L2(M7E) +;H(V NEE L2(M,TGOMGE)

and S—
HE (M, E; 17,9, V5 V"M 1) = C(E) ™ .

It is clear from inspection that

HE (M, E; 1P, g, V2, V™M 1) = édom«(vE,VT*M)j)mm) .

Furthermore, it is immediate from construction that:
Hk+1 (Ma E> h'E7 g, VEv VT*Ma lu) - Hk <M7 E7 hE7 9, an VT*M? lu)
and

Hy™ (M, B3R, g, VE, VM 1) c HE (M, E;hP, g, VE V™M 1)

In practice, all the data which we have identified explicitly is fixed, and therefore, to
make the notation less verbose, these spaces are simply denoted by H¥(M, E) and
HE(M, E).

Often, V™M is induced by the Levi-Civita connection to g. If the connection on
T*M is clear, the shorthand (V¥)’ := (V¥ , VT"M)7 is used.
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Example 3.28. 1. (M, g) Riemannian manifold, £ := T®9M, V7™M induced
from Levi-Civita, V¥ = VI"PM induced connection, and du = dvoly is the

induced volume measure from g. Then

H* (M, TPOM) = {u € L>(M,T"VM) | Vj < n: (Vu) € L*(M,TP90)}.

ma.

2. Forp=¢q =0, ie. for E = M x C whose sections are functions, write H*(M)
and HE(M). These spaces are studied in [27] by Hebey.

3. Let us now explicitly consider the way that geometry manifests itself in Sobolev
spaces as they have been defined.

a) If M =R", E=R" x C, then

H"(R™) = H{(R").

It is a classical fact, which can be easily seen using the Fourier transform,
that
H*(R") = dom (V5

max) - dom(Afnax) - dom(Afnin) .

b) Now let (M, g) be a complete Riemannian manifold without boundary.
Then it is easily verified, by using the fact that completeness is equivalent
to the precompactness of arbitrarily large geodesic balls, that H} (M) =

H*(M) (on functions).

Do we have H?(M) = H3(M)? In general, without additional assump-
tions, this is unlikely to be true. Understanding when we have equality
is an ongoing research question.

Intuitively, from a geometric perspective, we expect curvature at ‘infinity’
to interfere with such an equality. Analytically, this can be seen by
understanding why H}(M) = H'(M). The crux of the matter here is
that, by using the precompactness of arbitrarily large geodesic balls, we
are able to find a smooth cutoff functions with appropriate control on
its gradient. This allows for a H!(M) function to be approximated by a
sequence of compactly supported functions, which can now be smoothed
and remain compactly supported. To replicate this argument for a H3 (M)
function would require controlling the second derivative of the smooth
cutoff, and it is here where we anticipate curvature considerations near
infinity to dominate.

Let us now try and understand a sufficient curvature condition to obtain
this equality. Through the results in [16], we obtain

dom (A¥
Om( max)/dom(Ak

min

):O.

The case that is of interest to us in this example, £k = 1, dates even
further back to the works of Gaffney [20], Wolf [50] and Cordes [17].
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Another useful gadget is Bochner’s formula:
1 2 .
§A<]Vu]§) = g(VAu, Vu) + |V?ul|” + Ricy(Vu, Vu) .

Now, if there is an n € R with Ric, > ng (as bilinear forms), which in
the literature is often called a uniform lower bound on Ricci curvature,

H2(M) = H2(M).

Exercise 3.29. Using these ingredients, prove this equality. Hint: since
we are in the setting where V is the Levi-Civita connection, compare V?
to A and study their domain containments.

Our goal is to now build ‘local’ versions of Sobolev spaces. In order to do this, we
first present the following perturbation result. Note that by dom(Dyay; hi, 11i), we
mean the domain of the maximal extension of D with respect to a metric h; and
measure fi;.

Proposition 3.30. Let D € Diff,,(E) and let hy, he be metrics on E and uq, po
smooth positive densities on M. Let

(u,v), := /Mh,-[u,v] dp; .

If U C M open, U C M compact, ¢ € MeasSect(E) with spt(¢) C U, then the
following hold.

) e L3(M,Eshy ) & € € L3(M, Ejha, o).
II) € € dom(Dyax; ha,p1) < € € dom(Dipay; ha, pi2).
Moreover, there is a C' = C(U, h;, pi;) > 1 s.t.

C7Dgl,, < |DEl,, < C|DEl,, -

Proof. a) Ad ). Since h;, j1; are smooth, there is a C' > 1 s.t. for all z € U we have
CHolhy ) < [0lyy < Clolny )
for all v € E,, and

i
dpis

dua

z)<C and
(z) i

< (x) < C.

Therefore, for € as in hypothesis, we have I).

b) Ad I). First, note that by fibrewise considerations, we can find B € End(F) s.t.
hylu,v] = hy|Bu,v] for all u,v € E,. Moreover, using the precompactness of U, we
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can find V open, V compact, U C V. As in the proof of I), we can find Cy = Cy(V)
such that inside V,

d d
|B’h2§02 and ﬂ—FﬁSCQ

dpe — dun

Let D;-r be the formal adjoint w.r.t. h;. Suppose & € dom(Dyax, b1, p1) and w €
CgS(M, E)

Then, setting B = BZ—Z;, we obtain

bl = — (B = 3
(&, DM w), = (D, w), = (BDEw) = (De, Bruw)
Let x € C*(M,[0,1]) such that x|;, = 1 and x|;,,, = 0. Given w € CZ (M, E),
_ N\
w = (B*) w € CX(M, FE) we have

(¢, D@, = <Xg, D“(B*) 1w> .

1

= <§, DT’2B*w>2.

Therefore,
-\l
(B*) b

Therefore, £ € dom(Dyyax, he, f12). The reverse argument follows mutatis mutandis.

(& DP@),| < C,

L2(V.ER ) S./ “/IIJ”LQ(V,E,hhul)
501,

S N0y S N0l 20t 2.0 p00)

The estimate in the conclusion is then immediate. OJ

Corollary 3.31. Let U C M open with U C M compact. Suppose that
gi, hRE,VE NT™M i for i = 1,2 are two sets of metrics, connections, and smooth
positive densities. Then u € L*(M, E, hf) with spt(u) C U satisfies

u € Hk(Ma Eaglah‘lE7V1E7V?*Ma,ul> g u € Hk<M7 E:927h2E7V2E>V?*M7M2)
and there is a constant Cy, > 1 s.t.

* k
(Vf,vg M) U

ch

(78, 97

(917’1{5) (92,th) '

Proof. We apply Proposition 3.30, with £ & (T(k’O)M ® E) in place of £ and

0 0
D — * .
w9
Directly applying Proposition 3.30 to VE = VE and VI™M = VI™M gives the desired
for changing metrics and measures. For allowing a change of connections, observe

that
(VE, vIMF (v vI'™M)" e Diff; (B, T*OM @ E). O
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Lemma 3.32. Ifu € dom(Dpx) and x € C(M), then xu € dom(Dyyay). Simi-
larly for dom( Dy ).

In particular,
ue " (M,E,h" ¢, VP, V") = xueH"(M,E K" g V" VM),

By Corollary 3.31, for any choices of metrics, connections and densities, we have
that

Xu € Hk(M>E7hfagla Vfa v{*M7ﬂl) And Xu € Hk(Ma Ea h2E7927v2E>vg*Mnu2) g

This leads us to the following definition.

Definition 3.33. We say u € HF (M, E) if u € MeasSect(EF) and there are

loc

hE g, VE VI™ 1 st for all y € C°(M) with spt x having nonempty interior,
Xu 6 Hk: (M7 E? hE’ g’ vE? vT*M? M) °

We equip HY (M, E) with a family (p,) of semi-norms, indexed over xy € C°(M)

with spt y having nonempty interior, given by

ox(u) := [Ixullg -

The space HE (M, E), with the semi-norms p, is then a locally convex topological
vector space.

Proposition 3.34. We have u € HE (M, E) iff for all trivialising charts (U, ), V)

loc

oul, oy~ € HY (@,CN) :

loc

CR?

Proposition 3.35. Let M’ be compact and E — M’ a vector bundle. Then for
any h¥, g, VE VT 1 we have
H*(M, E, h", g, VE V" M) =Hf (M, E)

loc

and
HE (M, B, BE, g, VE, VT'M) = {u c H: (M, E) ‘ spt(u) C M} .

loc

Proposition 3.36. If M’ is compact and OM' = &, then

HY, (M, E) = H*(M, E) = Hi(M, E).
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3.7 Fractional Sobolev spaces

To understand the space of boundary conditions, it is of vital importance to be
able to define Sobolev spaces with a non integer exponent. Although we will only
consider this for the case M’ is compact without boundary, we need to take care in
ensuring that these spaces are consistent with the Euclidean picture.

Let us first consider the case of R™. Recall that the Fourier transform maps partial
derivatives to an appropriate multiplication in the frequency space. IL.e.,

(F0;u)(€) = &(Fu)(E).

With this, we can see that

H*(R") = (1) dom(V*)

j=1

‘ 3.8
={ueL’(R") |Vi<k,j<n:(E— (Fu)(€)) € L*(R™)} (3:8)
= {ue?®) | (¢~ ¢/ (Fu)©) e 2R},
Recall Au = — 3", 9?u. Therefore, for an appropriately chosen normalising constant

¢ to match the flavour of Fourier transform used,
(F Au)(€) = cle*(Fu)(€).
Therefore, we can write the Laplacian as
Bufa) = [ 16 (Fu)@)e=97 dg.
with domain
dom(A) = {u € L*(R") | (€ = [€[*(Fu)(€)) € L*(R™)}.
This gives a method of constructing a fractional power of the Laplacian by defining:
(6= leff(Fu)e) e LA®Y],
Ay =77 (€ e (Fu)(©)

dom(A§> = {u € L*(R")

Given a € R>o we obtain the fractional Sobolev space
HY(R") := {u e L? | (¢ — [§]*F (u)(€)) € L*(R")} = dom(A?).

Clearly, this is consistent with Fourier transform characterisation of the integer
Sobolev spaces describe in (3.8).

Taking this a step further, for a Borel measurable function f : R — R, define

dom(f(A)) := {u € LAR") | (¢ = f(I&*)(Fu)(€)) € LA(R™)},
F(A)u = Z71 (e FIEP)Z (u)(€)).
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3.8 Operator theoretic characterisation

The non-local nature of fractional powers of the Laplacian on R™ means that it is
not obvious whether we can obtain fractional Sobolev spaces through localisation.
In any case, it will be to our advantage to see the Sobolev spaces from a global
point of view as well as a local point of view. For that, we require an operator
theoretic characterisation of fractional powers, with a tool equivalent to the Fourier
transform, but which lends itself to generalisation to the manifold context.

Let H be a Hilbert space and T : H — H self-adjoint, i.e. T is densely-defined
and T* = T. That is, T is symmetric, i.e. Yu,v € dom(7T): (T'u,v) = (u,Tv), and
additionally dom(7*) = dom(7T") and T'w = T*u. For such an operator, there is a
‘measure’ valued in H s.t.

Tu = / A dEr(A)[u] for all u € dom(T).
. H
S

The measure here is called the spectral measure, and the existence of this measure,
often called the spectral theorem, is a cornerstone result in the theory of self-adjoint
operators. A detailed discussion of it can be found in Chapter 13 in [42] by Rudin. In
later parts, we shall return to this topic, including the construction of this measure,
but from a different point of view.

For a continuous function f : R — R, define
dom(f(T)) := {u eH ‘ VR > 0: / FO))P [ AEr(N)[u]|)? < (J} :
[7R9R]

f(Tyu = / O dEr (V)]

We remark that, in fact, the measure dFE7 is a Borel measure, and the above
definition could be extended to Borel functions. However, for the moment, we shall
only require this for the continuous case.

Note that if || f|| g < oo, then f(T) € B(H) is self-adjoint. In fact, for f = id
we have f(T') = T and therefore

AT e < M F oo gy -

Example 3.37. For the Laplacian A on R", for an appropriately chosen normali-
sation constant ¢ > 0,

7 (€= ) Fw) = [ F0%) dB) .

That is, the functions of the operator we take using the spectral theoretic approach
is consistent with our earlier approach using the Fourier transform. In particular,

Aby = /A’S dEA(V)u].
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In what is to follow, here and in later parts, we need the following important result
pertaining to the regularity of elliptic differential operators.

Theorem 3.38 (Elliptic regularity). Let M’ be a compact manifold without
boundary, (E, hE) and (F, hF) Hermitian vector bundles over M', and D €
Dift,,(E, F) elliptic. Then

dom(Dyax) = dom (D) = H™(M', E)

and
lullp = l[ullge + | Dullpz = [[wllgm -

We do not provide a detailed proof of this fact, but rather a sketch of a proof to
highlight the salient properties underpinning its validity.

Proof sketch. For D € Diff,,(E, F), the direction H™(M', E) C dom(Dyyay) is clear.

Recall that for a differential operator D, we for u supported inside a trivialising

chart,
am
Du = A%(x)— L
u Z (x) e +

|laf=m

where the L are the lower order terms. It is easy to see that for u € dom(Dyax),
we obtain that that u € dom(A*9J%) for all |a| = m. If D is elliptic, then A* is
invertible. From this, we obtain that u € A* dom(9%). Again using the smoothness
and invertibility of A%, we can assert that u € Njq=m dom(0J%).

We are left with understanding why Njq=m dom(d7.) = H™(R"). For the sake
of simplicity, consider assume that m = 2. Now, take v € dom(9%). Since by

construction v € L?(R™), we have that

2— 81181)— 82vv< 621}

N ze ’ (%1 N 81’12 ’ - 81312
Le. v € N, dom(3,,) = H(R™). The main point here is that, as long as v € L*(R")
to begin with, when higher derivatives of v are in L2, so are lower derivatives. There
are Sobolev spaces known as homogeneous Sobolev spaces where we would not be

able to make the assertion that v € L?, but they are a totally different school of
dolphins, and we shall never be concerned with them in the manifold context.

0
(9@-

v [o]] -

Together with this, we can now assert that u € H™(R"). Since M’ is compact,
we can institute a finite and smooth partition of unity subordinate to some chosen
set of trivialising charts and conclude that dom(D,,,,) = H™(M', E') using Proposi-
tion 3.36.

The conclusion dom (D) = dom(Dyyay) follows from showing that dom(Dyyi,) =
Hi*(M', E) and invoking Proposition 3.36. O
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Armed with elliptic regularity, let us now construct fractional Sobolev scales. Fix
connections V on E and M’. Let

A, := VIV, € Diffy(F),

which is easily verified to be elliptic. Let

A= Apax = (V) (Vo) -
Then, by elliptic regularity, dom(A) = H2(M', E), A¥ € Diffy,(E) is elliptic, and
N = (A = (),
Again, by elliptic regularity
dom(A*) =H*(M',E)  and Nl ar 22 [J2]] ggon -

The function f,(z) = 2% is continuous, and therefore, we obtain fa(A). Tt is readily
verified that f,,(A) = A™ and therefore, the following definition is consistent.

Definition 3.39. For o € R define
HA(M', E) := dom(A?),

2 a 2
lullgg = [[AZul| 2y + Nellz ez -

As we expect, the space of higher order fractional derivatives (with respect to this
reference connection and induced Laplacian) are contained in the space of lower
orders.

Proposition 3.40. We have that A® C A® for 8 > a.

Proof. This is evident from examining the integral defining the fractional power, as
well as its domain. O

By elliptic regularity, H¥"(M', E) = H*"(M’', E) for m € N. That is, at even
integer points along the fractional scale, we obtain spaces which are independent
of the operator. In the forthcoming section, we show the whole scale can be made
independent of initial connection.

However, this is not a straightforward exercise of localisation into Euclidean charts.
A priori, localisation is possible when the operator is local. Recall that T is a local
operator on L*(M’, E) iff spt(Tu) C spt(u) for all u € dom(T). We asserted in
Proposition Proposition 3.4 that all differential operators are local. In particular,
AF is local for k € N. However, when a € R \ N, this is no longer true. This is
best understood by examining the concrete case of the Euclidean Laplacian.
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3.9 Interpolation theory for Banach spaces

The strategy we undertake to divorce the space HX (M’, E) from the operator A is
to obtain this space as an ‘intermediate space’ between two even exponents. An
important and powerful mathematical tool to achieve this is the theory of interpo-
lation for Banach spaces. The method we demonstrate here is the so-called complex
method applicable to complex Banach spaces, due to Lions in [38] and Calder6n in

[14]. Modern treatments of this material are abundant, with two references being
the book [49] by Triebel as well as [26] by Haase.

We emphasise, as we did before, and in particular since we only discuss the complex
method, that K = C.

Definition 3.41. Let B be a complex Banach space and €2 C C an open set.
Then f:Q — Bis

e holomorphic, if
fI(Z) — f(Z + h}z] B f(Z) :

h—0

exists for all z € 2, and

o weakly holomorphic, if (oo f): Q — C is holomorphic for all p € B*.

Obviously holomorphic implies weakly holomorphic. However, the converse is also
true.

Theorem 3.42. Weakly holomorphic implies holomorphic.

This is a particularly useful tool as it allows many of the results pertaining to
holomorphic complex valued functions to be ‘lifted’” to the Banach space holomorphic
setting.

Definition 3.43. For Banach spaces B; and By, the pair (B, Bs) is called an
interpolation couple, if there exists a Banach space Bz s.t. B; C B3 and B; — B3
is continuous (i = 1, 2).

An interpolation couple (Hy, Hs) of Hilbert spaces is called an Hilbert interpolation
couple.

Remark 3.44. 1. In the literature, the notion of an interpolation couple is
slightly different to our definition here (albeit superficially). Typically, it is
only assumed that B; and B can be continuously embedded into a space Bs,
rather than assuming they are, in fact, subspaces of B3 as we have required.
We assume they are subspaces for convenience, and since this is always true
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in the applications we have in mind. Moreover, since B; can be identified
with its image under the embedding, this is a moot point.

2. The role of the space B3 is purely of an auxiliary nature. The continuous
embedding divorces any significance to a particular Bs, and simply provides
an ‘ambient’ vector space structure to form the sum By + Bs.

Example 3.45. 1. For By = H/(M’, E) and B, = H/**(M’| E), we have that for
a choice of By = L*(M', E),

Z/
lalliz < lullgz + D[V ]| = fullg

=1
for ¢/ =j or j + k.
2. By :=H¥(M' E), By := H2UtD(M' E), B3 := L2(M', E). Clearly H*(M, E) C
L*(M', E) and
||U||L2(M',E) S lull + HAj_mHUH = ||U||H2<j—m+1)(M/,E)
due to elliptic regularity.
3. For B, = H/(M', E) and By, = H/*k(M', ) for k > 0, we can choose Bs = B.

4. For B, = HX(M',E) and B, = HY(M',E) where o < 3, we can choose
By = L*(M', E) or B3 = HX(M', E), for ¥ < a due to Proposition 3.40.

The goal is to obtain Banach spaces [Bi, Bs,y, sandwiched as By N By By, Baly, C
By N By C Bs, in some manner controlled by a parameter 9. In applications, it
is significant that the ‘endpoints’ By N By and By + By as well as the sandwiched
spaces [Bi, Bs], should be continuously embedded in Bs. In order to obtain such a
construction, we topologise the endpoint spaces in the following manner.

Definition 3.46. For By + By = {b; + by € B3 | b; € B;} define

|21, +5, = inE{[1b1ll 5, + b2l s, | & = by + b2}

For By N By, define

|2l 5,8, = llll5, + ll2]l5, -

Proposition 3.47. Then (By + B, |||, 15,) and (Bi N Ba, |||l 5,q5,) are Banach
spaces which are continuously embedded in Bs.

Proof. This follows from the fact that B; and Bs are continuously embedded in B3.[]
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Note that the spaces By + By and By N By are typically not closed subspaces of Bs.
In fact, we will see that for closed subspaces, the obtained intermediate spaces are
trivial.

Now, let
S={r+iyeClze|0,1],yecR} CC.

be the closed vertical strip in the complex plane between 0 and 1.

Definition 3.48. Let F (B, Bs) be the space of interpolation functions f : S —
Bl aF 82 S.t.

(I) f € Cy(S, By + By), where C,, denotes continuous and bounded,
(II) flg: S — By + By is holomorphic, and
(ITI1) t — f(it) € Co(R,By) and t — f(1+it) € Cp(R, Ba).

The norm on F (B, Bs) is

11l 75,,8,) = max{supr(it)llsl, supl|| f(1 + Z't)ll&} :
teR teR

Poad)| |, 2
H&\ — ?f =
e
0 // aan R
o
1

Armed with this function space, which recovers the endpoint spaces in an appropri-
ate manner, we define the interpolation scale between B; N By and By + Bs.

Definition 3.49. For ¥ € [0, 1], define the interpolation spaces

[Bi, Baly := {f(9) | [ € F(B1,B2)},
||b||[131,32]19 = inf{||f||f(131,32) f0) = b} :
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Theorem 3.50. Let (B, B,) and (ZS’:,E;) be interpolation couples. Then:

I) The space ([81,15’2]19, H'H[81,61]19> is a Banach space satisfying

Bl ﬂBQ C [81,82]19 C Bl —f-Bg .
The inclusion maps here are all continuous.
II) The space By N By is dense in [By, B, for all ¥ € [0, 1].

III) If the operator T : By + By — ZS’\I-I—ZS’\; restricts to bounded maps T : By — ZS’;
and T : By — Bs, then

T :[B1,Bs]y — [EI, E;]ﬁ

1s also bounded. We have the norm estimate

1-v 9
HT”[Bl,BQ]ﬁa[Bl,BQ]ﬁ S HTHBl HTHBQ ‘

Remark 3.51. Suppose that By C B, = Bs. Then, By C [By,Bs], C B,. This is
the usual situation that we will encounter in applications.

However, if the space B; is closed in By, interpolation will not yield any interesting
spaces. This is because by Theorem 3.50 II), we have that B is dense in [By, Ba),.
This means that if B; is a closed subspace of By, we have for all ¢ € [0, 1] that
[B1, Bs], = Bi. In particular, interpolation theory is not an effective tool in finite
dimensions.

For our purposes, what is vital is to connect interpolation scales to fractional powers
of self-adjoint operators in Hilbert spaces.

Proposition 3.52. Let (H1,Hz) be a Hilbert interpolation couple continuously
embedding into a Hilbert space Hs, and S a non-negative self-adjoint operator on

Hsz with dom(S) = Hy, dom(S?) = Hy. Then

[H1, Haly = dom((sﬂ%(w)) = dom(S™?).

Corollary 3.53. Let Ay, Ay be two Laplacians (i.e. w.r.t. two connections) on
E — M'. Then
HA, (M, E) =H},(M",E) .
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Proof. Fix a s.t. 2m+2 > a > 2m.
HX" (M, E) = dom (A7"+?)
H*™(M', E) = dom(A;™)
By elliptic regularity, dom (A’f) = dom(Ag) for the choices of k = m and k = m+1.
Choosing H; appropriately and Hz = L2(M’, E), for ¥ € (0,1), we obtain
[HAT(M', E), YT (M', B)], = [HX; (M', E), HX, (M, )],

=HA" (M, ) =HA" (M, B)
In particular, HX (M', E) = H},(M', E). O

It now makes sense to define the fractional Sobolev spaces independent of an oper-
ator.

Definition 3.54. For any Laplacian A on £ — M’ and o € Ry let

H*(M',E) := H% (M, E).

Remark 3.55. We could have, from the very start, defined fractional Sobolev
spaces through interpolation. However, this approach would have been disadvan-
tageous for two reasons. Firstly, it would have been unclear that, for instance,

[H'(M',E),H*(M',E)] H*(M', E).

9=1 =
Secondly, the spaces we obtain would be abstract, and it would be unclear what
precise relationship they have to measuring differentiability. The upshot of the
approach we have taken is to build these spaces, at least conceptually, as spaces
measuring a notion of fractional differentiability with respect to a fixed differential
operator. The interpolation scales are inevitable, as they allow us to divorce the
dependency on the operator.

Before we conclude this section, let us return to the question of localisability. As
aforementioned, A* on R™ is not local for a ¢ N. Therefore, it is unclear whether
we can locally relate fractional Sobolev spaces over vector bundles in a meaningful
manner to the fractional Sobolev spaces over R". The advantage to localisation
would be that we can understand from a multitude of different perspectives and it
would potentially provide a mechanism to import Euclidean results to the manifold
setting. Let us broach this topic by starting with the following definition.

Definition 3.56. R € B(B;,B,) is a retraction if there is a S € ZAB(By, B;) s.t.
RS = id € A(By). The operator S is called a coretraction associated to the
retraction R.
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The following is a fundamentally important result in the study of Sobolev and other
kinds of function spaces over vector bundles. It can be found as Theorem *) in [49].

Theorem 3.57 (The retraction-coretraction theorem). Let (Bi,B;) and
(IS’:,BVQ) be interpolation couples and S € %(E —!—25’2,81 —1—15’2) a coretraction

to R € %(Bl + 82,25’: + ZS’;) which restrict to bounded coretractions and retrac-

tions on g@ — B; and B; — EZ respectively. Then
Sy = S|[BV1 ng] ; [E,B;] — [81,82]19
ely 9
has closed range and Py := SyRy is a projection s.t.

So|BrB| = PolBi, Bl

Remark 3.58. Note that Sy : [25’7,23\;]19 — Sy [B\I,/B;L is actually a Banach
space isomorphism. We first have that ”SIWH[[Z 5] < ||u||[z.3v1 AR
el ely

has closed range, it is an open map. However, S is a coretraction and in particular
an injection. Therefore, Sy has a continuous inverse.

and since it

Let (V, 4, \Ili)le be a covering of M’ by trivialising charts such that (U;, ¢;, \I!Z»)f:1
is also a cover with U; C V;. Furthermore, let {m}f:l be a smooth partition of unity
subordinate to this cover.

Define § : H2"(M', E) — H2™(R",CV)" = X|_ H>™(R",CV) with

Su = (W0 (mpu)orp, ..., Upo (nu)otyt).

Now, let x; : R" — [0, 1] be a smooth function such that spt x; C 1;(V;) and y; = 1
on ¢;(U;). Define

k

R(vy, ... v) = Z U to (yivi) o ;.

i=1

By the choices of the trivialisations and the cutoffs y;, we see that RS = id. There-
fore, S is a coretraction to R, and by Theorem 3.57,

SﬁH2m§(M', E) C H2m19 (Rn, CN)k ’
RySyH*™(M', E) = H*"(M', E).

This shows that, despite the non-locality of fractional operators, we are able to
localise fractional Sobolev spaces in a meaningful manner. In particular, this allows
for Euclidean results in the fractional Sobolev scales to be imported to the manifold
setting with relative ease.
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A similar setup can be done for Sobolev spaces on a compact manifold with bound-
ary, where the localisations need to take place in R”. This is particularly useful
in applications, particularly in the context of boundary value problems. One such
result is the following cornerstone theorem.

Theorem 3.59. Let (M, ) be a measured manifold with OM compact and E —
M a wvector bundle with metric h¥. Then the boundary trace map Try =

(u — u]aM) : C(M,E) — CX(0OM, E) extends to a bounded map

Try : HE (M, E) — H* 2 (M, E)

for k € Ny>;.

The proof of this in the case of M = R’ is an exercise involving the Fourier trans-
form. See, for instance, Proposition 1.6 in [45]. As aforementioned, the Euclidean
result can then be imported using the retraction-coretraction theorem.

Remark 3.60. 1. The map Try is known by many names in the literature.
Some include trace map, boundary trace map, restriction map and boundary
restriction map.

2. If M is compact with boundary, we can assert that
Try : H*(M, E) — H* 2(M, E)
is bounded for o > % In other words,

ITro ull oy < Clallullyge -
In general we cannot get this to the critical exponent o = % as the constant
Cy —00as a— % For more general problems, we require negative order
Sobolev spaces, which we will develop in the forthcoming section.

3.10 Negative order Sobolev spaces

On a manifold M with boundary, mirroring the setup of a Euclidean domain, we
are able to setup a space of distributions. This is done in light of Corollary 3.31 and
Proposition 3.34, which allow us to duplicate the R™ setup in the manifold context.
More precisely, the space of distributions D'(M, E) = C2(M, E)dual, where the dual
is the topological dual of continuous linear functions over the space D(M, E) =
C2(M, E). The space D(M, E) is topologised via the inductive limit topology. In
the bundle context, this is obtained as follows. Choosing a connection V on M and
E, as well as two metrics g and hA”, and consider the semi-norms:
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on the space Dk (M, E), which are f € D(M, E) with spt f C K, and where K
is a precompact open set. Topologised via these semi-norms, this turns D (M, E)
into a locally convex linear space. The topology on D(M, E) is then obtained as
the inductive limit topology by considering the collection of subspaces Dy (M, E).
Corollary 3.31 and Proposition 3.34 ensure that the construction is independent of
V, g and h¥. For details in the R™ case, see Chapter 1, Section 1 in [52].

Given a metric A and measure p, we consider
L*(M,E) Cc D'(M,E),
by letting f € L2(M, E) act on v € CX(M, E) as

f(v) = (f, U>L2(M,E)'

Note that, in the case of a compact manifold M’, we have that L*(M' E) =
L2 (M E) as a set. Le. as a set L?(M, E) is independent of a metric and mea-
sure. Obviously, the a choice of inner product on L2(M’, E) is certainly dependent

on a choice of metric A and density pu.

In what is to follow, let us restrict ourselves to M’ compact with OM' = &

Definition 3.61. For o > 0 define v € H%(M', E) if

ulv
lelltoagarr g = sp 142
veHg ||U||Hg

< 00

Remark 3.62. Although the compactness and lack of boundary for M’ means
CX(M' E) = C®(M',E), we suggestively use the notation CX(M', E) as this

cc
lends itself to the correct generalisation on manifolds with boundary.

Proposition 3.63. The map (u,v) — (u,v) := ulv] is a reflexive perfect-pairing
(H*(M',E),H*(M', E)). In particular,

H*(M', E)* =~ H *(M',E).

Proof. This is evident by construction. It is reflexive since H*(M’, E) is a reflexive
space. ]

Remark 3.64. We have seen that the space of distributions D'(M, F) is a topo-
logical dual space of C2(M, E), a subspace which is contained in all the spaces
of interest to us. However, D'(M, E) is independent of connections and metrics

and therefore, it does not ‘see’ the underlying geometry of the space. In contrast,
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the Sobolev spaces, whether they be negative or positive, do. This is difficult
to appreciate in the compact setting as these spaces apparently become divorced
from the geometry. However, this is not entirely true. In the compact case, what
is interesting are the ways in which to equivalently compute the norms of these
spaces, and this will become apparent in later parts.

Through careful consideration, this setup could be replicated in the noncompact
setting. We have already seen that the positive order Sobolev spaces are affected by
geometry in the noncompact setting. When appropriately defined, the negative
order Sobolev spaces are then their dual spaces. From this point of view, the
negative order Sobolev spaces can be thought of as ‘Sobolev distributions’. Much
like the space of distributions, they provide a very large ambient space where many
interesting function spaces are continuously embedded. However, unlike the space
of distributions, in addition to their ability to encode geometry, they are a Banach
space. This latter fact makes them very useful in applications.

We now want to understand the norm ||-||g-. from an operator point of view. To
do this, we first note the following.

Lemma 3.65. C*(M', F) is a dense subspace of H-*(M', E).

Proof. We leave this as an exercise. Hint: use the Hahn-Banach theorem along with
Proposition 3.63. O

Since this Lemma affords us with a good dense subspace of H~*(M’, E'), which is
also a dense subspace of L?(M’, E), we consider the norm |-||;-. there. So, on
C>*(M', E) we compute the norm ||-||q-a-

Proposition 3.66. For u € C*(M', E),

lullg-o = |7+ A% u]|, -

Proof. We have that A is non-negative, so A® is non-negative also and this implies
that (I + A®) is invertible. This is a fact we will visit in later parts. We have
ker(I + A%) =0, ran(I + A®) is dense and there is a ¢, < 00 s.t.

I+ A%)ull = callull,

we also have
Jullge = llull + |A%ul] = [|(1 + A%)u .

Fix u € C*(M', E) C L*(M', E). Then
ol U+ A (1 + A

u _o — Su _—
s I A 0 SUX v
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Set w := (I + A%)v € L? and substituting back into this expression, we obtain

il = sup [0 KU+ A% 7w, w))

~ I+Aa -1 ‘ 0
vere ||V]|ga wer? l|wl;.2 H( ) UHL2

Note that, by Lemma 3.65, we can regard

(I+A*"":H (M, E)—L}(M,E).

Proposition 3.67. Given an L*-inner product (L2(M',E),L*(M', E), i.e. met-
rics g and h”, as well as a connection V, there is an induced reflexive perfect-
pairing (H*(M', E),H"*(M', E)) which agrees with (L>(M', E),L*(M', E)) on
restriction to L*(M',E). More precisely, the pairing is given by (u,v) =
(I 4+ A*) Yy, (I + A%)) for the induced Laplacian A from V.

Remark 3.68. Fixing a connection V on FE, a natural inner product on
H*(M' E) is
(U, V)ga = (L + A%)u, (I + A%)v) .

This can be seen more generally in our language as a reflexive pairing
(H¥(M', E),H*(M', E)). If we were to require the restriction of this pairing to
C>®°(M',E) to equal the L?>(M’, E) inner product, it is clear that this is not the
correct pairing. The correct pairing is (H*(M', E), H-*(M’, E)) appearing in the
proposition.

The moral of the story is that, in application, the L?(M’, F) geometry plays a spe-
cial role, and it places constraints on the relationships between the other induced
spaces. In practical terms, this means that, even in the Hilbert space setting, it
forces us to consider general perfect pairings rather than the natural inner products
alone.

3.11 Back to Boundary Conditions

Let us first recall the relevant boundary trace map for an order m differential oper-
ator. Fix an interior pointing vectorfield T" along the boundary. Then,

m—1

Yo : CF(M, E) - @ C*(0M, E),
j=0
U — (U’6M7 (aTu)laM’ ct (a?_lu) ’8M> ’

Here, care needs to be taken when considering dru. This is really done by fixing
a connection V in a neighbourhood of the boundary. We shall be concerned with
compact boundary and there, to understanding the mapping properties of 7., the
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specific choice of connection will be irrelevant. Given that the vectorfield T is global,
by Oru, we will fix this notation to mean ‘flat’ differentiation in this direction, given
by

Oru = (du®(T))e”.

Theorem 3.69. Let M be a compact manifold with boundary, D € Diff,,(E, F)
elliptic, T an inward pointing vector field along OM. Then ~. extends uniquely to
a bounded map

—_

v dom(Dppax) — H_%_j(ﬁM, E)

J

3

Il
o

with dense range. Moreover,

ker(y) = dom(Dpn) = Hy' (M, E) .

This yields what we wanted in [Req 1] and [Req 2] when M is compact with bound-
ary. That is, we have that

3
L

H(D) = v dom(Dax) degﬂy H™
J

N|=

“(OM,E),

Il
=)

with ker v = dom (D). Therefore, we can topologise H(D) such that it is isomor-
phic to dom(DmaX>/d0m(D

min)'

What we have really achieved is a concrete description of H(D) since it sits inside
the negative Sobolev scales which we constructed concretely. Therefore, H(D) is no
longer an abstract space. We know where it lives (in a finite sum of negative order
Sobolev spaces on the boundary) and how it lives (it is densely embedded into this
sum).

3.11.1 Noncompact manifolds with compact boundary

It is not a focus here to give an explicit description of what should happen in the
situation of noncompact boundary for general-order problems, although, we will
consider this in the first-order setting in later parts. Nevertheless, let us make a
remark about this setting. Suppose that M non-compact but with M compact.
These are traditionally known as exterior domains in the Euclidean context. In
order to use the pre-existing compact result, we would need to make an assumption.
The obvious natural assumption would be one we have already seen: C°(M, E) is
dense in dom(Dax)-

Let us also recall an important result in the setting of manifolds with boundary.
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Theorem 3.70 (Collar neighbourhood theorem). There is an open neigh-
bourhood U C M of the boundary OM C U s.t. U is diffeomorphic to [0,1) x M.

In the setting of compact boundary, we would obtain that [O, %) X OM is a precom-
pact set. This would allow us to institute a cutoff x € C* N L>([0,1) x 0M, [0, 1])
s.t. x = 1 inside [0, %) x OM and y = 0 on [%, 1). It is clear that for such a cutoff,
spt(dx) C (%, %) x OM and therefore, spt(dy) is a compact set. Naturally, we can
extend x to all of M by zero, and we identify the extension again with y itself. Let
u € dom(Dypayx), un € C°(M, E), u, — u. Then u,, = (1 — x)u, + xu, where yu,
is compactly supported near OM. Then v((1 — x)u,) = 0. The desired results can
now be obtained from by reduction to the compact case. We leave it as an exercise to
consider the details of this construction, and a precise formulation of Theorem 3.69

in the setting of a noncompact manifold but with compact boundary.

3.11.2 Dismantling the Czech space

Despite the risk of repetition, let us again recall what we have done. We have man-
aged to understand the Czech space H(D) associated with D as a finite sum of neg-

ative order Sobolev spaces on the boundary. For us, this achieves [Req 1] and [Req

dom(DmaX)/dom(Dmm) 7

to the boundary, i.e. ﬂ(D) is a function space sitting inside a sum of negative order
Sobolev spaces over the boundary.

2]. That means we have brought the interior problem, i.e.,

But we would still like to resolve [Req 3]. So far, H(D) is topologised forcibly
dOm(Dmax)/dom(Dmin) . Resolving

[Req 3] would mean that we can understand the topology of H(D) from data intrinsic
to the boundary. Another way of putting it, we would like to dismantle or find an
equivalent topology for H(D) via data obtained from 0M. We will show that this
is possible to a certain extent. Throughout this subsection, unless otherwise stated,
we assume that M is compact.

requiring it to be Banach space isomorphic to
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Definition 3.71. Define Cp := v ker(Dpax ), the Hardy space of solutions of D.

Note that it is not immediate the space Cp is closed in H(D), even though ker(Dyay)
is closed in both L*(M’, E) and dom(D,,.,). We can only invoke Proposition 3.22
to conclude a space is closed when it contains dom(D,,;,) and it is certainly not true
that dom(D,) C ker(Diax). In fact, dom( D) Nker(Dpax) = ker( Dy ) is always
a finite dimensional space.

Theorem 3.72 (Theorem in [43]). There is a projector

m—1 m—1

Pe: U2 (0M,E) —» @D H:7(0M, B)
j=0 j=0
with »
Cp =P PH (M, E).
§=0

m—1
Pr27 (oM, B)
§=0
for all s > 0. Moreover,
m—1 m—1
H(D) = (I —Pc) |DH"27(0M, E)| @ P |(DH =7 (OM, E)| .
Jj=0 j=0

Definition 3.73. Such a projector P¢ is called a Calderon projector.

This theorem says that we can understand H(D) ‘almost’ with boundary information
alone. We say ‘almost’ because v € Cp if and only if there exists u € ker(Dpax).
If we alter the operator D, then that alternation will be reflected in ker(D,ax) and
hence in Cp. As it stands, our description of H(D) still ‘feels’ the interior to a certain
extent.

Let us imagine the way in which we can divorce a description of H(D) from D.
Functional analytically, what this would mean is that H(D) should not see what
happens to the operator far away from D, but rather, only in an arbitrarily small
neighbourhood of the boundary. As a first attempt, let us try to rephrase this more
precisely in the language of operator theory. Suppose that D is another operator
which agrees with D on a small neighbourhood of OM. By this, we mean that the
coefficients of these two operators are the same in this small neighbourhood. We
would like in this case to obtain that H(D) = H(D). This is indeed true.
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Proposition 3.74. Let D, De Diff,,(E, F), both elliptic, and suppose that there
exists an open neighbourhood U of OM such that D|, = D|,. Then, H(D) =
H(D).

Proof. We leave this as an exercise. Hint: Use the cutoffs as we discussed in sub-
section 3.11.1. O

Let us now embark on a second attempt. Suppose that we fix some sort of operator
on the boundary, determined only from the principal symbol information of D on
the boundary. We would like this operator to determine some canonical operator
D", For instance, if in R’} , we have the operator

Du=Y Ad;u+ Bu,

j=1
we may want to consider the operator
n
D™=y Aldu.
j=1

Typically, such a canonical operator would have a geometric meaning. It might arise
from attaching a cylinder at the boundary, or equivalently, pulling back a simpler
operator on the cylinder via the collar neighbourhood theorem.

< ENE N

In contrast to our first attempt, the operators D and D" do not agree near M.
Therefore, it is unclear whether we can asset that H(D®") = H(D). Were it plausible
to do so, then we would be able to describe the Czech space of a complicated operator
such as D via a simpler ‘model’” operator Dy. We do not consider this problem for
the general-order situation, but this will of paramount importance to our analysis
in the first-order case.
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3.11.3 Some types of boundary conditions

Let us recall from Definition 3.24 that we call B is a boundary condition if B C
H(D) is a closed subspace. By Dpg, we denote the induced operator with domain
dom(Dp) = {u € dom(Dp.ax) | Yu € B}.

Definition 3.75 ((semi)-Elliptically regular). A boundary condition B is
called semi-elliptically reqular if B C @j:_ol Hm_%_j(ﬁM, E). If both B and BT
are semi-elliptically regular, we say that B is elliptically reqular.

Example 3.76. 1. B = (I —P.) [@;:01 H™ 2~ (OM, E)] is certainly a closed

subspace of H(D). Therefore, it is semi-elliptically regular. Note that, dom(Dp) C
H™(OM, E). In actual fact, B is elliptically regular, but it is beyond the scope
of the methods we have developed so far to demonstrate this.

2. Cp:="P¢ [G};n;ol H-27(OM, E)} certainly closed in H(D). However, dom(D¢,) ¢
H™(0OM, E). Therefore, it is not semi-elliptically regular or even elliptically
regular. In fact dim(Cp) = oo = dimker(Dyp,x) = 00.

Remark 3.77. Example 2. highlights an extremely important fact. It shows that,
unlike in the closed manifold situation, elliptic operators may fail to satisfy elliptic
regularity if the boundary condition is not chosen carefully. The regularity of the
domain of the induced operator, which is of paramount importance in applications
to both global analysis and PDE, require both ellipticity of the operator and a
certain kind of ‘ellipticity’ of the boundary condition. This is what Definition 3.75
captures.

Definition 3.78. A boundary condition B is called Fredholm if Dp is a Fredholm
operator. That is, ran(Dp) is closed and ker Dp as well as

L2(M, F)/

coker Dp := ran(Dp)

are both finite dimensional.

Proposition 3.79. FEvery elliptically reqular B is Fredholm.

Remark 3.80. Again, unlike the closed case, the converse is not true. For in-
stance, let F' C Cp be a finite dimensional subspace such that

Fcory'H = (oM, E)\ @ H" 27 (0M,E).

We have already seen that ker P¢ is elliptic, and therefore Fredholm. Now, con-
sider B = kerPe @ F. Since F is finite dimensional, it is readily verified that
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B is a boundary condition. B is just a finite dimensional alteration of ker Pe,
and therefore, the resulting operator Dg must be Fredholm. However, it is clear
from construction that B is not semi-elliptically regular, and hence, it cannot be
elliptically regular.

A very important result for boundary value problems, mirroring the higher elliptic
regularity on closed manifolds, is the following regularity theorem. It asserts when
we can obtain Sobolev regularity up to the boundary.

Theorem 3.81 (Higher boundary regularity). We have that
dom(Dpax) NH (M, E)

m—1
Dunaxt € H*(M, E) and Peyu € @) H*+"~579(9M, E)} .

Jj=0

= {u € dom(Dypax)

Example 3.82. Let 0 C R" be a smooth bounded domain, 7 the inner normal
along OM, and A = — ). 0; the usual R” Laplacian. Recall the classical adjoint
formula for u,v € C>():

/Auﬁ—/uAU: 3,71@-/ U0z . (3.9)
Q Q o9 o0

1. The Dirichlet problem is defined as the Laplacian with domain

dom(Ap) := {u € dom(Apax) | ulyg = 0} .

On the boundary, inside the F(A) space, this manifests as
B = ~dom(Ap) = {(o (aﬁu)|m) ‘ ue dom(AmaX)} C H 3(00)BH2(99) .

a) Claim: Ap is self-adjoint.

/ADUU:/uA*DE.
Q Q

From (3.9), we must have

For v € dom(A},) have

/8 (@0 =0.

We cannot have that all dzu = 0, and by considering appropriate u such
that Jzu #, we obtain v|,, = 0. That is, we have v € dom(Apa.y) and

v],q = 0 so therefore, v € dom(Ap).
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b) Claim: dom(Ap) = dom(A,.,) N H().

For u € dom(Aay),

/ADuﬂ:/Vu-Vﬂ: |V ul®
Q

and s u € H'. Moreover, since u € dom(A,q,) implies uy,, = 0, we
conclude u € H}(Q).

¢) Claim: dom(Ap) = H? N H}(Q2). Indeed,
u € dom(Ap) = u € dom(Apay), Apu € L*(Q), (Oru)l,, € H%(GQ)
= Bp elliptically regular
= uecH(Q).
Therefore, u € H?(2).

2. The Neumann problem is given by specifying the following domain:

dom(Ay) := {u € dom(Apax) | (Oru)|yq = O} :

Similar conclusions can be obtained for the Neumann Laplacian by a similar exam-
ination as for the Dirichlet case.

Remark 3.83. The Dirichlet and Neumann problems can be obtained in an al-
ternative way, which makes it possible for greater generalisation and also for the
study of fractional Sobolev scales on manifolds with boundary, without having
access to any trace theorems. For that, we have to become familiar with a gadget
called an energy.

On a Hilbert space, let £ : dom(€) x dom(E) — C be a symmetric form, dom(&) C
L%(M, E) is dense, and (dom(E), ||-||¢) with |[u|z := |lull72 + /E[u, u] is a Banach
space. Then there is a unique non-negative self-adjoint operator Ag, dom(Ag) C
dom(€), dom(v/Ag) = dom(€) satisfying

Elu,v] = <\/A_gu, \/A_gv> :

L2(M,E)
See representation theorems 1 add 2 in [33].

Returning back to the Dirichlet problem, we consider the energy

Eplu,v] = /Vu -Vu dZ with dom(&p) = H(9).
Euclidean metric

More generally, on a manifold with boundary, given a Riemannian metric g, we
can consider

Epglu,v] = /g(du,dv) dpg
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for u,v € H}(M,g). That is precisely the energy with domain H{(M,g). The
operator obtained from this energy is precisely Ap, the Dirichlet Laplacian.

The Neumann problem then corresponds to the same energy but with domain
HY(M, g)

Englu, v] = /g(du, dv) dpg for u,v € H'(M, g).

There are numerous advantages with the energy approach. Firstly, there is no re-
quirement to know about the boundary trace. Therefore, given any open manifold,
without knowing anything about the boundary, one can extract both a Dirichlet
and Neumann Laplacian. Secondly, there’s no requirement that the metrics be
smooth. In this situation, one will not expect the domain of the operators to be
contained in H?(M, g), and this could even be an operator theoretic measure of
non-smoothness.

The energy methods also have a deep shared history with divergence form op-
erators. Geometrically, such operators can be seen as changing to an auxiliary
smooth background and where the original non-smoothness of the coefficients are
now contained in the coefficients of an operator, in divergence form. In that case,
the Laplacian might look like Ap = —a div AV, where a and A contain the original
metric. These operators can make sense down to the level of measurable coefficient
a and A, and therefore, the smoothness requirements on the Riemannian metric g
can be reduced significantly. See [8] where a useful class of measurable coefficient
metrics called ‘rough metrics’ are defined and examined in more detail.
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From this chapter onward, we will be largely concerned with first-order elliptic dif-
ferential operators. General-order examples may appear to highlight salient features
of general theory we discuss along the way. From here on, we assume the following:

[FO1] (M, ) is a measured manifold.

[FO2] OM is compact.

[FO3] T is an inward pointing vectorfield.

[FO4] (E,h¥), (F,h") — M are Hermitian vector bundles.

[FO5] D € Diffy(E, F) is elliptic.

4.1 Adapted boundary operators

In subsection 3.11.2, we described the Czech space in terms of a Calderén projector.
Towards the end, we discussed describing the Czech space with respect to a Calderon
projector of another operator, the so-called ‘model’ operator. The first kind of
description was when two operators agree on a neighbourhood of the boundary, and
there, in Proposition 3.74, we showed this was always possible.

However, the more challenging goal was to describe H(D) in terms of H(Dj), where
Dy is built out of a part of D, but not equal to D, on a neighbourhood of the
boundary. The aim of this section is to consider this goal. This is accomplished
by first describing an important class of operators on the boundary called adapted
boundary operators. These adapted boundary operators are determined from the
principal symbol of D, but it is truly an object that lives on OM. Every adapted
boundary operator then induces a ‘model” operator Dy. Later, we will see that this
leads to a true description of H(D) from boundary information alone.

Below, we demonstrate a geometric reduction lemma that upgrades the topological
collar neighbourhood theorem, Theorem 3.70, to a geometric one. For this, we
require the existence of an interior point covectorfield to interact with the vectorfield

T.

Lemma 4.1. There exists a unique covector field T € C®(OM,T*M) s.t.

TOM C ker(r) and  T[T]=1.
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Proof. This is a routine pointwise calculation and is left as an exercise. Il

The following lemma is extracted from [10], where it can be found as Lemma 2.4.

Lemma 4.2 (Geometric reduction). There is an open neighbourhood U C M
with OU C M, an R > 0 and a ¥V := (t,¢) : U — Zg := [0,R) x OM s.t. the
following hold.

1) OM = t71(0).

1) |5y, = idons.
III) dV(T) = 0, along OM.
IV) T = dt along OM.

V) U, (u) = |dt| ® v, where v is the induced measure on the boundary.

Proof. a) First, extend T to T # 0 in some open neighbourhood Uy of dM.

b) Then, solve for f: U; C Uy — R, OM C Uy, where Uj is a possibly smaller open
set, satisfying the differential equation:

{0 - divu(ff) - df(T) + fdiv, T,
flom =1.

This is, in fact, an ODE along integral curves of T and therefore, we obtain a unique
smooth f. Here, for the divergence div, with respect to the density p, we have used
the fact that there is a Riemannian g induced by p and 7" such that dvol, = dp.
Therefore, we have that div, = div,, where the latter object is obtained via the
associated Levi-Civita connection.

c) Let ¥ be the flow associated to fT. By the compactness of M there is a R > 0
and U, open, again possibly smaller than U;, with M C U, such that Zp — U,
given by (¢,z) — V() is a diffeomorphism.

d) Set W := ¥~' and U := U,. By construction, we obtain I) through to IV). Here,
f was used to ensure that div, ( fT ) = 0, which yields V). m
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Let us now examine D in U = [0, R) x M = Zg. For that, first note that on M,
by the ellipticity of D, there exists a unique connection V such that, given a local
frame {e;} for TM near x we have that

Du(z) = Z op(z,e)Viu(z),
i=1

where €’ is the dual frame. Now, let us focus on z € U and e,, = 9,. Then,
Du(z) = Z op(z,e)Viu(z)

i=1

n—1

= Z op(z,e")VDu(z) + op(z,dt) V5 u(z)
i=1

= op(x,dt) (i op(z,dt) " op (z,€)VDu(z) + VaDtu(x)>

= op(z,dt) (@u(az) + 2_: op(z,dt) " op (z,€)VEu(z) + (V5 — 0;)u(x)

Fr—FE, Es—Fy e€Diffy

N

~
E,—E;

'

eDiffy <E|BM> elliptic

From this, it is clear that the interesting operator of order one on the boundary is

precisely '
op(z,dt) op (z,€)V2u(z).

On making the required identifications, it is easy to see that this is an operator
acting on the bundle E|, ;. — {t} x OM.

Definition 4.3. An operator A € Diff; (E| BM) is called an adapted boundary

operator to D if its principal symbol satisfies
GA(xaf) - GD(xaT)_l © GD(x7'£)

for all £ € TOM.
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Remark 4.4. Clearly, an adapted operator on the boundary A is elliptic.

Remark 4.5. Since M has no boundary and A is elliptic, we have that A =
Apax = Amin. Consequently, with a slight abuse of notation, we will denote by
A the operator A € Diffy(E|,,,) as well as A : H'(OM,E) C L*(0M,E) —
L2(0M, E).

Given that we have highlighted this class of operators, the goal is to be able to
control ﬁ(D) in terms of A, an operator purely on the boundary. The point here
to note is that the relationship between A and D is only that A is built out of
the principal symbol of D restricted to the boundary. Therefore, A is really an
operator which only sees the boundary and nothing else. However, as we expressed
in subsection 3.11.2, it is not immediate how we can control the operator D knowing
an operator A only defined on the boundary. For that, we have the following lemma
which gives a hint of how to perform an operator theoretic reduction. This lemma
appears as Lemma 4.1 in [10], albeit there, it is assumed that A is symmetric.

Lemma 4.6 (Operator reduction). Let A, A be adapted boundary operators to
D and D' respectively. Then there are differential operators R, € Diff, (E|8M>

and R, € Diff, (FlaM) (i.e. at most order 1) on Zp varying smoothly int € [0, R)
s.t. inside U = Zg,

D=o0,0,+A+R,) and DT:—o:(at+A+Rt>,

where o := op(x,dt). Moreover, given R' < R, there exists a constant C' < oo
S.t.

|Rellzonny < © (HlAuliaonny + [elaonn )

’ =

Rtu

m ZR’-

Proof. We only prove this statement for the operator D, given a boundary adapted
operator A, since the proof for D' given A is obtained by the exact same argument.

As we have already seen in (4.1),
D = 0}(81} + Xt) ,

where 0, := op(z,dt) and X, € Diff,(E|,,,) elliptic. Restricting to the boundary,
ie. t =0, it is clear that ox,(z,&) = oa(z,§).

Define:
Rt = Xt —A.
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Note that Ry is of order 0 since the principal symbol of Xy and A are equal. There-
fore, we have that R; € Diff; (E ] BM) and locally, inside a coordinate chart, we can
write

Riu = Z Rﬁ@iu + Siu,

(Re — Ro)u="> (R} — R) 0+ (Si — So)u.
Since t — R! and t — S; are smooth, which means precisely that their coefficients
are smooth, in particular implies that these coefficients are Lipschitz. Given R’ < R,

setting R" := R’ + R_QR/, on Zp», we obtain the estimates

|(Ri - Ré)v‘ < tlv| and |(Sy — So)v| Sty .

Here, the implicit Lipschitz constant obviously depends on R”. Therefore, for t €

[0, R'], we have
(R, — Ro)ul* < ¢ <Z|8iu|2 + |u|2> .
i=1

Instituting a finite partition of unity using the compactness of OM, patching, and
integrating the resulting expression, we obtain
(R — Ro)ull L2 onry S tlwllgons -

Therefore,

Rl 200 S tlwllm o + [ Boull2omn

S tlullgoar + llullz@nn

< (1Al agonn) + ltlizgonn) ) + lellizonn
S tlAull 2 on) + 1ull2oar) »

where in the first inequality we used the reverse triangle inequality, in the second
the fact that Ry is a bounded operator, and the penultimate inequality we used the
ellipticity of A. O

Definition 4.7 (Model operator on Zp given adapted A). Given an
adapted boundary operator A to D, the operator

DO = Uo(at 4F A) 9

where 09 = op(z,7) : E, — F, is called the model operator.

Remark 4.8. Note that Dy induces an induces an adapted boundary operator
A= —(op") A%}
for Df. This is obtained by simply computing the formal adjoint of Dy in Z:
Di = (=0, + A"y = —0p (0, — (0!) " A%cy) -
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Let us again recall our discussion earlier, as well as in section 3.11.2, where we
alluded to the fact that we wish to control D in terms of boundary information
alone. So far, we have highlighted a class of operators A, the adapted boundary
operators to D, as candidates which will allow us to accomplish this goal. The
model operator simply ‘pushes’ A to the interior and it can be thought of as an
interior realisation of A. What we mean precisely by this is that we wish to obtain
H(D,) = H(D), and then have H(Dy) being described by the operator A.

In order to accomplish such a goal, an important necessary condition is to know
that the maximal domain of Dy and D are equal on a neighbourhood of M. Given
the geometric reduction as well as operator theoretic reduction in Lemmas 4.2 and
4.6, we have candidate neighbourhoods where we can anticipate this equality to
hold. In the earlier reduction which we presented, i.e., in Proposition 3.74, this was
immediate since D and D were equal on a neighbourhood of OM. At this stage, we
will not embark on a rigorous proof of the reduction of D to Dy. However, consider
the following calculation:

D — D(] = Gt(at +A+Rt> — 0—0(815 +A)

4.2
= (Gt—GO)UalD0+Uth' 42

For an R’ < R, it is clear that the term (o; — 0p) is uniformly bounded inside Zg
due to smoothness of o; and compactness of M. Moreover, by Lemma 4.6, the
remainder term o; R, is controlled by A.

Another noteworthy result is the following.

Proposition 4.9. For allu € C°*(M, E) and all v € CX(M, F') we have

(Du, U>L2(M,F) - <u> DTU>L2(M,E) - <GOU|3M’U|3M>L2(8M,F) '

We see here that the key player that appears in the boundary term is in fact oy.

Therefore, combining equation (4.2) along with Proposition 4.9, we have a strong
indication of the plausibility to reduce questions regarding D to Dy. At this stage, we
will leave it as impressionistic and suggestive, and return to a rigorous analysis later.
However, we see from this that understanding the model operator on the cylinder
is of paramount importance in order for this reduction to work. In particular, this
means having to study the operator theory of A in greater detail.

Let us make one further remark to conclude the section. Eventually, we wish to
extend Proposition 4.9 to Dyax and DI But we are constrained by their values

on CX(M,E) C dom(Dpax) and CX(M,F) C dom(Dy,). The pairing at the
boundary, i.e. the term on the right is

<GOu|3M’ U’8M>L2(8M F)

This is the L2-inner product on the boundary. Therefore, the extension to the
maximal domains of the respective operators must respect this constraint. This is
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precisely what forces us away from the Hilbert space inner product of spaces where
these boundary conditions lie and instead prompts us to consider perfect pairings
between different Hilbert spaces.

4.2 Spectral Theory and H*-functional calculus

As aforementioned, we wish to understand adapted boundary operators in a more
precise manner. That requires us to introduce one of the most significant aspects
of operator theory - the spectrum of an operator. We give an account of this in full
generality.

Let T': B — B be an operator on a Banach space.

Definition 4.10 (Resolvent and resolvent set). For ( € C we say ¢ € res(T)
if (( —T) is invertible. That is, (( — T") has dense range and there is a ¢ € (0, 00)
s.t. |(¢ — T)ul| > ¢||u|| for all u € dom(T).

The set res(T') is called the resolvent set and for ( € res(T), the operator
(¢ — T)_l € B(B) is a resolvent.

Remark 4.11. Note that when ¢ € res(7T"), from the estimate in the definition,
we automatically have that (¢ — T) is injective. Therefore, we have (¢ — T)~ ! :
ran(¢ — T') — B, with the estimate

(¢ =T) | < cflull,

for all u € ran(¢ — T'). However, since ran(¢ — T') is dense, the operator (¢ —T)~!
extends uniquely to a bounded operator on all of B. It is for this reason we can
consider the resolvent (( —T)~! € B(B).

Proposition 4.12 (First resolvent equation). For (,£ € res(T'), we have the
first resolvent equation:

=D =E-1)"'=C-9K-T)(E-1T)".

In particular, resolvents commute.

Definition 4.13 (Spectrum). The spectrum of T is
spec(T") := C\ res(T) .

We say:

o A€ spec,(T) if (A —T') is not injective,




84 4 First-order elliptic operators

e X € spec(T) if (A —T) is injective with dense-range but (A —7)~" is un-
bounded,

o X € spec,(T) if there is a ¢ € (0,00) s.t. ||(A—=T)u|| > c|lu|| but (A —T)
does not have dense range.

The set spec,(T) is called the point spectrum, spec.(T') the continuous spectrum
and spec (T') the residue spectrum.

As the following proposition highlights, only closed operators have the chance to
enjoy a non-trivial spectral theory.

Proposition 4.14. If T : B — B is not closed, then spec(T) = C.

Proof. We prove the contrapositive. Suppose that spec(T") ; C. Therefore res(T) #
@ so fix ¢ € res(T). Now, we have that by definition, (( — T)~! € %(B). By
Exercise 2.28, we then have that ((( — T)~')™' = (( — T) is closed. Since v — (v
is a bounded operator, it follows that "= (¢ — T') + ( is also closed. Hence, T is a
closed operator. Il

As a consequence of this proposition, throughout, we will only consider closed op-
erators for spectral theoretic purposes.

Proposition 4.15. If T € € (B) the following hold.
I) spec(T) is closed.
II)res(T)#@ = (¢~ (C=T)"" is holomorphic.
III) If U : B — B’ is an isomorphism of Banach spaces, then
res(U~'TU) = res(T) and spec(U'TU) = spec(T) .

Moreover, whenever ¢ € res(T), we have ( — U'TU) ' = U —=T) 'UL.

In later parts, it is essential for us to also know how to relate the spectrum of
an adjoint operator to the spectrum of the original operator. For this, let us first
highlight the following important fact about adjoints of reflexive pairings.

Proposition 4.16. Let (B, Bs) be reflexive and T : By — B densely-defined and
closable. Then:

I) The adjoint T* : By — By is densely-defined and closed.

II) ker(T*) = ran(T)> 52
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II1) If By = By = H is a Hilbert space, then

H = ker(T*) @ ran(T) = ker(T) & ran(T™*).

Proof. a) Ad I). The conclusion for the canonical adjoint 7" w.r.t. (BS, Bs) is
obtained by examining inv graph(7™*") = graph(T)l. Since we assume (By, By) is
reflexive, we obtain the stated conclusion for 7% through Proposition 2.48. We leave
the details as an exercise.

b) Ad II). We first prove ker(T*) C ran(T)>®*%? For that, fix u € ker(T*). Then
Yu € dom(7T*),w € dom(T") have

0= (T"u,w) = (u, Tw) .
That is, u € ran(7T)*BuB2),

Next, we show that ker(7%) D ran(T)*". If u € dom(T)" we have (u, Tw) = 0 for
all w € dom(T"). Therefore,
0= (u, Tw) = (T"u,w) =0

for all w € dom(T"). Since dom(T") is dense in By and we have a perfect pairing, we
have that T*u = 0. That is, u € ker(T™).

c) Ad III). This follows from II), and it is left as an exercise. O

As always in spectral theory, we study the spectrum through understanding resol-
vents (when they exist). In order to relate the resolvent of the adjoint to the adjoint
of the resolvent, we first note the following commutativity of adjoints and inversion
when the inverse is a bounded operator.

Lemma 4.17. Let (By,By) be reflexive and T € € (Bs) densely-defined. Then
T e%(B,) & (T7') €%(B)

and (T*) " = (T71)".

Proof. This is a routine calculation, which we leave as an exercise. O

Notation 4.18. For S C C we write S®% := {z | 2 € S} as the complex conju-
gation of the set S.

Proposition 4.19. Let (By, Bs) reflexive and T € €' (Bs) densely-defined. Then

spec(T*) = spec(T)™ and res(T™) = res(T)™ .
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Proof. Tt suffices to show ¢ € res(T) = ¢ € res(T*). By the conjugate linearity of
the inner product in the second slot,

((€=T")u,v) = (u, (¢ = T)v),

which yields (¢ —T)" (E T*) By the previous Lemma 4.17 we have that
C—-T) = (( T *) is 1nvert1ble and therefore ¢ € res(T™). ]

Example 4.20. 1. Let B € C"" be a matrix. Then spec(B) = spec,(B).
These are precisely the eigenvalues. However, the corresponding eigenspaces
may not span the whole space, and therefore, generalised eigenspaces need to
be considered. This is best seen through the matrix

5 (1),

2. Consider T' : 'H — H self-adjoint. l.e. T" is a densely-defined symmetric
operator with 7" = T'. Note this implies T is automatically closed. Then,

I) spec(T) C R, and

IT) we have ‘resolvent estimates’:

[(¢ 1) el

-1

ul < (O] ( )l
Proof. a) Ad I). For any operator, we always have that (Tw,u) = (u,Tu).
However, due to self-adjointness of T', we have that (Tu,u) = (u, Tu). There-
fore, (Tu,u) € R.

Now, fix ¢ € C\ R. Then, we have that (¢ — T)u,u) = (|ul|” — (T'u, u) from
which we conclude

m((¢ — T)u,u) = (Im ¢)|ul|*.

Therefore,
9 1
1
< gy (€ ~ 7))
1
Sum@”WC—TWWWW
Hence,
Jul] < 1(¢ = T)ull, (4.3)

H()|

so in particular, (¢ — T') is injective.

We only assumed that ¢ € C\ R, so the same argument yields that (¢ — T') is
injective. By Proposition 4.16 II) we have that ran(¢ — 7)" = ker((¢ — T)*)
and by Proposition 4.16 III),

H=ker((—T))@®ran(( —T) =ran(¢ —T).
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Here, the second equality follows from the fact that
C-Ty=0C-T)=(C~-T)

using the self-adjointness of T and the injectivity of (¢ —T') which we alluded
to earlier. This shows that (¢ — 7T") has dense range and on combining this
with the estimate (4.3) implies that ¢ € res(7T).

b) Ad II). This is immediate from the estimate (4.3) since we have already
established that C\ R C res(T). O

3. If T is non-negative self-adjoint, i.e. (T'u,u) > 0, then spec(T") C [0, 00).

For example, the Euclidean Laplacian A = — " 9% on L*(R") is a non-

=1 "1
negative self-adjoint operator and there, we have spec(A) = [0, c0).

4.3 Pure point spectrum

We have seen that the spectrum of an operator can be classified into three distinct
parts. Later on, it will be important for us to know that the operators we consider
have pure point spectrum. However, we have seen that even classical examples, like
the Euclidean Laplacian, fails this criterion. To understand when an operator has
point spectrum, we need to understand a certain subclass of operators.

Definition 4.21. An operator 7' € #(B) is said to be compact if for all Bg(0) =
{r € B||z|| < R} C B, we have T(Bg(0)) is a precompact set (i.e. T(Bg(0)) is
compact).

An extremely important fact regarding compact operators is the following. It allows
one to conclude when a bounded operator is compact through factoring it via a
compact operator.

Proposition 4.22. Let S,T € A(B) and T compact. Then TS and ST are
compact.

The following then gives criteria for pure point spectrum for compact operators and
for closed operators via their resolvents.

Proposition 4.23.  [) If T € %#(B) is compact, then spec(T) = spec,(T') con-
sists of isolated points with O being the only point of accumulation. The
generalised eigenspaces are finite dimensional.

) If T € €B), ¢ € res(T) and (C—T)"" is compact, then spec(T) =
{Ai | i € N} is an isolated set of points, the generalised eigenspaces are finite
dimensional and the only accumulation point is at oo.
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Moreover ¢! € res(T) = (¢’ = T)™" compact.

The proofs of these propositions, as well as a wider discussion surrounding compact
operators, can be found in Chapter III, Sections 4, 7 and 8 in [33]. These proposi-
tions have an important consequence for elliptic differential operators on compact
manifolds with boundary, as captured in the following.

Corollary 4.24. Let D € Diff,,(E) be elliptic, E — M', M’ compact with OM =
. If res(D) #+ &, then spec(D) is discrete and the generalised eigenspaces are
finite dimensional and smooth (i.e. they consist of smooth sections).

Proof. Recall that by Theorem 3.38, we have that D = Dy = Dpin since M’ is
compact and 9M " = @. The same theorem guarantees elliptic regularity and we
have dom (D) = H™(M', E). Now,

compact

H™(M',E) C H'(M', E) L*(M',E).

Since M’ is compact we have that ¢ € reS(D) and we can factor the map ((— D)7 :
L*(M',E) — L*(M', E) as

compact

(¢=D)':LAM',E) — H™(M', E) L2(M', E).

By Proposition 4.22, we have that (Q — D)fl is a compact operator.

Proposition 4.23 guarantees discrete spectrum with finite dimensional generalised
eigenspaces for D. Moreover, if ¢ is a generalised eigenvector of D, then ¢ €
Meen HY (M, E) = C*(M', E). O

4.4 Banach valued integrals

In what is to follow, we will need to integrate Banach valued functions. Measure
theory in the Banach-valued setting has been widely studied and there is a broad
variety of deep and sophisticated topics. Much of this surrounds questions of mea-
surability for Banach-valued maps. For our purposes, in the worst case scenario, we
shall only need to integrate piecewise continuous functions. Therefore, we require
the simplest kind of integration in the Banach-valued setting - the generalisation of
the Riemann integral.

Definition 4.25 (Banach-valued definite Riemann integral). For a contin-
uous function f : [a,b] — B, define the definite Riemann integral

b n—1
/ f(t) dt ::JLI{EOZb;af(a—l—j(fmcb—cm)).
a =0
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Remark 4.26. The limit certainly exists if f is continuous since the sequence

e G ES)

J=0

is Cauchy in B.

It is also useful to obtain an indefinite Banach valued integral.

Definition 4.27 (Banach-valued indefinite Riemann integral). If
f: (a,b] — B is continuous, define

/abf(t) dt = lim /abf(t) dt

a’'—a J

whenever the limit exists.

Proposition 4.28. For a continuous function f : (a,b] — B, we have

/ ) dtH </ @ e

Note that each of these definitions are easily extended to the case where continuity
is replaced with piecewise continuity. With that in mind, we also consider a contour
integral.

b
[l <o =

Definition 4.29 (Banach-valued contour integral). If v : [a,b] — Q2 C C is
piecewise continuously differentiable and f : 2 — B continuous, then define
b

f £(0) d¢ = / (f o) (OAH) dt

Here we used an integral symbol which suggests integration over a closed curve.
That’s because we want to mainly consider curves ‘enveloping’ things in the following
sense.

Definition 4.30. Let A C Q C C. We say that v : [a,b] — Q envelops A in Q, if
7 is a continuous and piecewise continuously differentiable closed curve in 2\ A
that has winding number 1 w.r.t. each point z € A, i.e.

1 1
— d¢=1.
27m]£§—z ¢
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If A= {w} we also say that v envelops w in 2.

Remark 4.31. 1. Visually, a curve having winding number 1 w.r.t. a point
means that it runs around this point in a counter-clockwise manner exactly
once.

2. With this notion of integral, many results of C-valued holomorphic functions
hold for B-valued holomorphic functions. lL.e., f : 2 — B holomorphic, then

fw) == § L2 g,

21 yZ— W

for any curve v enveloping w.

The Cauchy integral formula in the Banach space setting will be at the heart of our
considerations in this section. We will use this to define functions of operators. But
first, let us motivate this by considering the classical situation when B = C.

Typically, in the Cauchy integral formula, a holomorphic function is fixed and we
write the expression to recover values of that function via the integrand. Let us
now turn this around. Fix a point w, an open set 2 with w € ) and consider
holomorphic functions f : & — C. Then, the Cauchy integral formula allows us to
recover f(w) through a contour integration. Again, let us emphasise, w is fixed and
we are considering different holomorphic functions f : Q2 — C.

It is natural to consider fixing such a point w, as it can be related the the spectrum
of an operator. For w € C fixed, consider the multiplication operator

M,:C—-C,z— wz.

Then
A€spec(M,) & Fz#0:Az=M,z=wz < w=J.\,

so spec(M,,) = {w}.

As before, let © be an open neighbourhood of {w} = spec(M,,) and f: Q2 — C a
holomorphic function. Now, suppose that v envelops spec(M,,) inside 2. By the
Cauchy integral formula,

R L
P = 5 § oy A= g IO e
Let us now multiply each side by z € C:

f(w)s = —— 74 FO(C —w) 2 dC.

C2m

Now, let us understand (¢ —w)™!. Fix z € C and note that

s=((—w) N —w)r = (C—w) (¢~ M)z, and
e= ((—w)(C—w) 'z = (C — M.)(C —w) 'z,
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That is, (( —w)™' = (( — M,,)~! is a resolvent of M,,. Therefore, we can rewrite the
expression above in terms of this resolvent to obtain

)= g QM) 2,

which justiﬁes the definition

It is easy to see that if we choose f = 1d7 we obtain f(M,) = M, and if we choose
f =1, we obtain f(M,) = id.

Since (4.4) is expressed in terms terms of the resolvent of M, integrated along a
curve that envelops the spectrum of M, we have a clear indication of how we can
obtain functions of arbitrary operators. We first consider this for bounded operators
on a Banach space. Since we need the integrand to converge, we need to understand
the spectrum of such an operator. The following important proposition furnishes us
with that information.

Proposition 4.32. Let T' € #(B). Then spec(T) is compact.

Proof. This is a direct consequence of Runge’s theorem. O]

With this, we can define functions of bounded operators for a sufficiently large class
of functions.

Definition 4.33 (Riesz-Dunford functional calculus for bounded operat(lrs).
Let Q C C be an open set and f : 2 — C holomorphic. Let v be a curve enveloping
spec(T') inside 2. Define

FTp = 5 SO =T) e

S

T
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Proposition 4.34. The operator f(T) € B(B). Moreover, we have that

f=id= f(T) =
f=1=f(T)=id
(afi +Bf)(T) = afi(T) + 5 2(T),
(f1f2)( ) = [i(T)f(T),
(fro f)(T) = fi(fo(T)) -

Proof. By definition,

LF (T )ull Slw(v)( sup |f(C)|>< sup HC T) 1H)IIUII S el

¢eran(y) ¢eran(y)

since f : © — C is holomorphic as is ¢ = (( —T)™' : Q — B. Therefore, f(T) €
A (B). The remaining facts are readily verified, although (f; o fo)(T') = fi(f2(T))
requires a slightly more tedious calculation. Il

Remark 4.35. These properties mean that f — f(7) : Hol(2) — #A(B) is a
homomorphism into a commutative subalgebra of #(B).

Example 4.36. Suppose that we can write spec(7’) = A; Ll ... U Ag as a disjoint
union such that there are mutually disjoint open sets §2; with A; C €2;. Suppose
further that we obtain curves -;, such that +; envelops A; in ;. Let  := Ufil Q;,

and define
1 if¢ey,
xi(Q) = {O otherwise .

By the mutual disjointedness of €2;, the maps x; : 2 — C are holomorphic, x;x; =0
when i # j, and x? = ;. Since the functional calculus is a homomorphism, we have
that y;(7) is a projector. Therefore,

Moreover T commutes with y;(7"), and therefore, T|x~(T)B cxi(T)B = x;(T)B. In
fact, spec(T'|, 15) = Ai and

K

Tu=) T mpxi(T)u

=1

which can be seen as a decomposition of the underlying space B with respect to T,
and obtaining 7" via restricted operators on subspaces of B.

If B = CX, then T is a matrix and spec(T) = {\i,...,Ax}. In this situation,
the space x;(T)C¥ is precisely the generalised eigenspace of \; and the operator
T] T)CK is precisely the Jordan block corresponding to ;.
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4.5 Functions of closed operators

We were able to define operators f(7') in the previous section by utilising the fact
that spec(7’) is compact when T is bounded to ensure the defining integral converges.
Our desire is to extend this to the case of closed operators. We first start with
demonstrating that the underlying space can be separated via the spectrum under
certain conditions, even when the operator may be unbounded. This generalises
Example 4.36.

Proposition 4.37. Let T € € (B) and suppose that spec(T) = Ay LI Ay where Ay
is enveloped by a curve 7y : [a,b] — C. Then

Pu— (C—T)"udC

271 .

defines a projection P € B(B) and B = PB & (I — P)B. Moreover, T, :
PB — PB and T|(I—P)B : (I —P)B — (I —P)B, i.e. the restriction of the

operators respect the subspaces. Also, T|,, € B(PB) and spec(T|PB) = A4,

spec (T\(I_P)B> = As.

Remark 4.38. Note that this projector can be interpreted as x(7"), where x :
Q2 — C is constructed by fixing disjoint open neighbourhoods ; D A;, setting
Q= Q; Uy and defining

x(€) =

1 ifZEQl,
0 ifZEQQ.

Let us now consider forming functions of closed operators. Using the Euclidean
Laplacian as a guiding example, we saw that the spectrum may be an unbounded
set. However, we also saw in Example 4.20 2. II) that a self-adjoint operator enjoys
certain ‘resolvent bounds’, which dictate the way in which the norm of resolvents
can ‘blow up’ when approaching the spectrum. As we discussed in Subsection 3.8,
functions of self-adjoint operators can be constructed for continuous or even Borel
functions on the real line. In fact, the resolvent bounds are at the analytical heart of
the construction of the the spectral measure which facilities this construction. Let
us consider this functional calculus from our point of view that we have developed
here.

Recall that T self-adjoint implies spec(T") C 2R. Given a < b and € > 0, define curve
7 to be a rectangular region enveloping points in (a,b) with the two sides through

a and b. Let 7. be this curve but with a ball of € removed from v around a and b.
Define:

1
Pltly = — ¢ (¢ —T) " udC.

2 e
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e
o

S: 6“‘-\3(-

L3

v

i | (chin Tyen.

The resolvent bounds in Example 4.20 2. II) are precisely ]Im(C)]H({ — T)_lH <1
for all ( € C\ R. By design of the curve ~., it is easy to see that Then || P.|| < ¢ for
¢ < oo independent of €. Therefore, let

Plobly .= lim pleY!

Y
e—0 ¢

which is readily verified to be a projector. In fact, Pl = dET‘[a,b’ where [ Er
is the spectral measure associated to a self-adjoint operator which we alluded to in
Section 3.8. With the spectral measure, continuous (and also Borel) functions on
the real line can be integrated to form operators f(T), as we also saw in Section 3.8.

This illustrates in the case of self-adjoint operators how resolvent estimates give us
a method of access to functions of operators. However, as we will see, the analysis of
adapted boundary operators necessitates that we go beyond the self-adjoint realm.
Nevertheless, the analytical features surrounding the self-adjoint case serve as a
template which will allow us to consider a more general class of operators which will
contain the self-adjoint situation as a special case.

Notation 4.39. For a complex number z € C\ {0} let arg(z) € (—m, 7| s.t.
z = |z|etae(®),

Definition 4.40 (Open/closed bisectors/sectors). Define the closed and
open bisectors of angle p < 7 by:

Su=1{¢ € C]arg(Q)] < p or Jarg(—=()| < p} U{0},
=0
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The closed and open sectors of angle y < 7 are then

Spx = {¢ € C [ |arg(+()| < p} U {0},

SZ,:E = S/‘i .

Remark 4.41. Note that S, and S}, are open sets and both ezclude the point 0.

Definition 4.42 (Bisectorial/Sectorial operator). Let 7' € % (B) be a
densely defined closed operator on a Banach space and w < 7. Suppose that

(I) spec(T) C S,, and
(II) Yy € (w,2)3C, < oVC( ¢ S,

<ll¢—T)7| < Cy.

Such an operator is called bisectorial or w-bisectorial. If spec(T) C S, then we
say it is sectorial or w-sectorial.

-\ \\\
ﬁ'\—) " $ Cr\ \\\\\

Ay

Remark 4.43. 1. The estimates in (II) are precisely the resolvent estimates
which generalise the estimates we saw for self-adjoint operators.

2. Sectoriality can also be defined for w € [%, 7r).

Example 4.44. 1. Every self-adjoint operator is O-bisectorial.

2. Every non-negative self-adjoint operator is 0-sectorial.
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Proposition 4.45. (By, By) reflevive, T € € (Bs) be w-(bi)sectorial. Then T* €
€ (B1) is also w-(bi)sectorial.

Definition 4.46. We define two function spaces on the open bisector. The
bounded holomorphic functions are

Hol*™ (SZ) = { f:5,=C ! f is holomorphic and bounded} ,

while the polynomially decreasing holomorphic functions, called psi-class func-
tions, are

U(S2) := {¢ € HoI®(S}) | Ja > 0,c < 00 V¢ € S : [1p(¢)] < emin{[¢|*, [¢]™"}}

Example 4.47. The functions

¢
1+ ¢?

¢ — and ¢ (Pe¢

for B > 0 are examples of psi-class functions.

Definition 4.48. For ¢ € ¥(S)) and u € B, define

1
2

BT - / POC - T)u dg,

where 7 is a curve parametrised as

Vz{tei”|oo>t>0}U{—te_i”’O<t<oo}
U{—te“’|—oo>t>O}U{te_i”|O<t<oo}

for v € (w, p).
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Remark 4.49. 1. The integral here is made sense of by using an approximat-
ing procedure. More precisely, we truncate the curve at radii ¢ and e},
and then take the limit as ¢ — 0. Since this is for each fixed u € B, the

convergence is in the strong operator topology.

2. Using the Cauchy integral theorem, it is easy to show that the definition is
independent of the specific v € (w, u).

3. This is an absolutely convergent integral due to decay of ¢ and resolvent
estimates for bisectorial T'. So,

[(T)ulls < Cyrllullg-

The following are important properties that this pre-functional calculus enjoys. We
say ‘pre’ here since neither the function 1, nor the resolvent z — ({ — z) for ( €
res(T'), is a psi-class function.

Proposition 4.50. 1) ¢ — ¢(T) : ¥(S}) — B(B) is a homomorphism of
vector spaces.

1) If S commutes with (C —T)™" for some ¢ € res(T) (i.e. S(C(—T)" C
(C—=T)7'S), then S commutes with 1(T).

1) spec(i(T)) = p(spec(T)).
IV) If B is reflexive, then B = ker(T') @ ran(T).

Proof. a) Parts I) through III) are readily verified.
b) Ad IV). Let

By = {u € B| lim (1 —wmT) ™" exists}
n—o00
and define P : By — By by
11 o =
Pu=lm —(——-T) wu=lm(l—wmT) u.

It is easily verified that P € %B(B,) is a projector. Moreover, a routine calculation
will yield that

PBy = ker(T) and (I — P)By =ran(T).

The reflexivity assumption on B is required in proving By = B. O]
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4.6 Fractional Powers revisited

In Section 3.8, we demonstrated how the spectral theorem for self-adjoint operators
can be used to form fractional powers of non-negative self-adjoint operators. There,
we took the spectral theorem as a given in this construction. In this section, we will
consider the construction of fractional powers of operators for w-sectorial operators
when w < 7 via psi-functions of such operators.

Definition 4.51. Let T" be w-sectorial for w € [0, 7) and let & > 0. Moreover, let

CO(

fa(Q) = T ool

and it is clear that f, € \II(S;) Define:

dom(T*) := {u € B: fo(T)u € dom(T**1)},
= (1 + Tz(a])fa(T) :

Remark 4.52. The exponent 2[«| can be replaced by any integer > «. Note
that in doing so, the function f needs to be also altered. Explicitly, fix some
positive integer N > «. Necessarily, we will have that [a] < N. Letting

CO{

Q) = T+

we have that
T = (14 T2 (1),

The domain of the operator via this construction is the same as before, since we
required fY(T)u € dom(T?"). As N changes, so does f~ as well (1 +T*V). This
is seen from the following impressionistic calculation, which can be made rigorous
(exercise):

= (1+ T%) fo(T)

= 1+ TN (A + M)+ TN (D)

(1+T*M)(1 + TP 1+ 12100 fo(T)

(1 +T*) f3(T).

For example, letting o := 2 and N = 10%, we see that

N ¢?
fa () = Tt cioe
and T2
(1+T10 )fa(T) = (1 + 10 >W — 72
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Proposition 4.53. ) T* is aw-sectorial if o € (0,1).
II) For a < 8 we have dom(T?) C dom(T).
) T+ = T o T8,
IV) spec(T*) = spec(T)".

V) If S € B(B) commutes with a resolvent (( —T) ", then S also commutes
with T.

Example 4.54. Let T be non-negative and self-adjoint. We have already seen that
such an operator is 0-sectorial. The fractional power of T" constructed here is, as it
is to be expected, consistent with the construction of fractional powers for T' using
the spectral theorem as we saw in Section 3.8. One way to see this is to access the
spectral measure via resolvent estimates as we discussed at the start of Section 4.5.

We also highlight the following important proposition, which connects fractional
powers of sectorial operators with interpolation scales.

Proposition 4.55. If T' is w-sectorial, then dom(T*) = [dom(T'),H], for 0 <
a <1

4.7 Heat equation and semigroups

Semigroups play a central role in the analysis of elliptic operators in the presence
of boundary. This can be seen easily through the model operator Dy = 0¢(0; + A)
from Section 4.1. On interpreting the transversal direction as ‘time’, the study of the
operator 0;+ A can be interpreted as a ‘heat equation’ with respect to the operator A.
In order to consider heat equations and their solutions, we begin with the following
fundamental technical result. Throughout, we assume that T is w-sectorial.

Theorem 4.56 (McIntosh convergence lemma). Let T be w-sectorial on the
reflexive Banach space B. Suppose that:

(1) ¥, € \I/(SZ+) s.t. there is a ¢ < oo with ||, ||, < ¢ uniformly in n, and
(1I) n — b where ¢ € W(S;,,) uniformly on compact subsets of S;, .
Then, for each u € B, ¥n(T)u — (T)u.

Remark 4.57. Note that the convergence here is in the strong operator topology,
not in the operator norm. l.e., given v € B and an ¢ > 0, the assertion is the
existence of N > 0 such that for n > N,

[9n(T)u — (Tl <.
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In contrast, to converge in the uniform operator topology, we would require

[9n(T)u = P(T)ull < ellull

for e, N, n independent of u, making this a stronger condition.

The convergence lemma is an enormously useful technical device. It allows us to
immediately obtain properties for functions of operators that are valid for functions.
One such example is the derivative of a t-varying family of functions.

Let us now consider the heat equation with respect to T. That is, given some ug € B
as the initial condition, we want u € C'((0,1), B) satisfying
(O +T)u=0  with Ilfim u(t) = ug . (4.5)

—0

To generate solutions, we construct a ‘semigroup’ e *Tuy =: u(t). This requires us

to construct f(¢tT') where f(() := e . The problem is that, although f({) — 0 as
|¢| = oo, we have that f(¢) — 1 as [¢| — 1. That is, f ¢ W(S; ). To rectify this
problem, we consider instead

1

Y(¢) =e ¢ T1¢

It is clear that v € \I/(S;+).

Definition 4.58 (Exponential semigroup). Define

e = (1 +¢T) " + (7).

The exponential semigroup of T satisfies the following key properties.

Proposition 4.59. Let B be a reflexive Banach space and T : B — B w-sectorial.
Then:

I) 3c < ooVt € (0,00): ||e™|| < c. In particular, e™T € HB(B) for all t > 0.
II) e TesT = g~ (tHs)T
) t— e T : (0,00) — B(B) is continuous.
IV) Le™T = —_Te T 5 71T,

V) If u € ker(T), then e”Tu = u.

VI) For all uw € B we have

e Ty — u and e "u—0.

150 1
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VII) We have uw € dom(T) iff limy,o1(e ™ u—u) exists and —Tu =
limy_yo 3 (e7Tu — u).

VIII) If S € €(B) commutes with a resolvent (( —T)~", then S commutes with
e T,

Remark 4.60. This is proved by using Theorem 4.56. The derivative in IV) is
just the usual derivative, Z(B) is a Banach space.

Let us now return back to the heat equation (4.5). For a given initial datum uy € B,

define:
u(t) = e Ty,

It is readily verified that u € C*((0,00), B) and that it solves (4.5).

Proposition 4.61. Let T be an w-sectorial operator on a reflexive Banach space
B. Then

By = ﬂ dom(77) C B
j=1

is a dense subspace of B. In particular, if u € B, then e T'u € B and e 'u — u
ast — 0.

Proof. Let fi := (¢~ (e ™¢) € ¥(S;,,), then fi(tT) € B(B). Clearly, fi(tT) =
(tT)*e~"T and by explicitly examining dom(f,(tT)) = B, we find that

B = dom(f,(tT)) = {u eB ‘ Ty € dom((tT)k)} ;

and therefore,
e My e dom((tT)k> = dom(T").

Since k is arbitrary, we obtain e'u € B¥. The density is due to Proposi-
tion 4.59 VI) which yields e v — u as t — 0. O

Example 4.62. Let M’ be compact with OM' = &. Let (E, hE) — M’ be a

Hermitian vector bundle and V a connection on it. Consider A := V*V.

Let u € L*(M’', E) and note that by Theorem 3.38 and the Sobolev embedding
theorem,

e"%u € ((dom(A%) = (VHY(M',E) C C*(M, E).
j=1

J=1

4.8 The H°-functional calculus

In this section, we illustrate the salient points in the construction of the H*-
functional calculus. Unlike the ability to take functions of operators by psi-class
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functions, this is a full fledged functional calculus, meaning that functions ¢ — 1
and ¢ + (2 — ¢)~! when z € res(T') are within reach of the functional calculus.

Although the functional calculus can be defined on general Banach spaces, we limit
our attention to the Hilbert space case. Our applications only demand this setting
and in addition, it avoid some unnecessary technical hurdles specialising to Hilbert
spaces.

Before we embark on constructing the functional calculus, let us mention its re-
semblance to the Fourier transform. We have already seen in earlier parts that the
Fourier transform can be seen as a functional calculus for the Laplacian on Euclidean
space. To define the Fourier transform on L?(R"), we first define it in integral form
on Schwarz-class functions, which are a dense subspace of L*(R™). Then, by proving
the relevant estimates, namely that for Schwarz-class functions the Fourier transform
is bounded in L?(R"), it is extended by density to all of L?(R™). The construction
of the H* functional calculus is reminiscent of the construction of the Fourier trans-
form, where the psi-class functions now play the role of the Schwarz-class functions.
The estimate required on psi-class functions are captured in the following definition.

Definition 4.63 (H*°-functional calculus). If T is w-bisectorial and there is a
c < oo s.t. forall P € \I/(SZ) we have that

1L < ellllo ,

then we say that 7" has an H*® (SZ)-functional calculus. The smallest such ¢ we
denote by Cpe(T).

Remark 4.64. 1. Note that we always have [|¢(T)|| < ¢yr. Here we are
saying that cy 1 has an additional structure, namely cy 1 < c||¢|| .

2. We are jumping the gun by using the terminology ‘H*-functional calculus’
for an estimate for psi-class functions. However, the reasons for this choice
of nomenclature will become apparent shortly.

Definition 4.65. Define:

H(S2) = {f :S2 U {0} — C | f is bounded and f

g € Ho*(s7) |

Remark 4.66. It is essential that we allow for discontinuities across zero. The
quintessential application we consider, namely spectral projectors to the left or
right halves of the complex plane determined by negative or positive real parts,
are such functions which are discontinuous across zero.
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Lemma 4.67 (Second McIntosh convergence lemma). Suppose T has an
H”(SZ)-functional calculus.  Then for all f € H“(SZ) there is a sequence
fn € \IJ(SZ) such that:

1. fo — [ uniformly on compact subsets of S;,, and

2. whenever u € H, the sequence (f,(T)u) is Cauchy.

This is the crucial lemma that allows us to formulate the H*®-functional calculus.

Definition 4.68. If 7" has an H* (SZ)—functional calculus, then for f € Hol™ (SZ)
define

F(T)u = f(O) By zamgrytt + Hm fo(T)u,

for u € H.

It f, and f, are two different sequences, converging uniformly to f and for which
fo(T)u and f,,(T)u are Cauchy, then

lim f,(T)u = lim f,(T)u.
n—o0 n—oo

Therefore, this is well-defined.

Remark 4.69. Note here that it is essential that the kernel of the operator is

handled separately. The reason here is that ker(T") C ker(y(T)) for ¢ € S°(S,).
In a sense, this is also why we are able to account for discontinuities across zero.

There is no great mystery here that the kernel plays a special role. By the very
bisectoriality of T', the points at 0 and co are special as we have desirable resolvent
bounds as we estimate these points.

Proposition 4.70 (Properties of the H*-functional calculus). For T an
w-bisectorial operator with an H*-functional calculus on a Hilbert space H, the
following hold.

I) f f(T):H®(S;) — AB(B).
II) Thereis a ¢ < oo s.t. || f(T)] < || fll -

III) f~ f(T) is an algebra homomorphism, i.e.

(af +B9)(T) = af(T)+ By(T),
(f9)(T) = f(T)g(T),
1(T) = id .

Moreover,

(zH (ig)(T):(g—T)—l for all ¢ ¢ S,
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IV) If S € €(M) commutes with a resolvent (( —T) ™", then S commutes with
f(T).

Remark 4.71. If an operator S € ¢ (H) commutes with one resolvent (z — 7)),

then, since (¢ — (2/ — ¢)™')(T) = (¢ — T)~! for any other 2’ € res(T), we have
that S also commutes with any other resolvent.

While the notion of an H>*-functional calculus for 7" as defined in Definition 4.63, it
is not always easy to prove that such estimates hold. In the following theorem, orig-

inally proved by Mclntosh in [39], is an enormously important equivalent criterion
for detecting whether an operator T" has an H*-functional calculus.

Theorem 4.72 (McIntosh). The following are equivalent:
(1) T has an H*®-functional calculus.

(II) There is a ¢ € \IJ(S;) not identically 0 on either sector S,y satisfying the
‘quadratic estimate’

/OOHdJ(tT)uH2 % ~ lul? for all u € ran(T). (4.6)
0

(III) For all ¢ € W(S5) not identically 0 on S, the estimate (4.6) is satisfied.

This theorem is what connects the H*-functional calculus with real-variable har-
monic analysis methods. Let us get an intuitive sense for these quadratic estimates.
The functions ¢ € ¥(S;) decay polynomially at 0 and oo, and therefore, they can
be seen as complex ‘bump’ functions. They can be thought of as smoothed out
indicator functions on the complex plane. With this, and considering u € ran(7T’) as
a ‘signal’, we can interpret ¢(tT") as a ‘band-pass filter’ and ¥ (tT)u as a band-pass
filter applied to u. What the quadratic estimate in (4.6) then says is that the norm
of u can be reconstructed, up to a constant, through summing over band-pass filters.

3 (o A
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On a manifold, quadratic estimates (4.6) are typically proved through trivialisations.
In the noncompact setting, these trivialisations may need to be chosen carefully,
exploiting geometric features like potential curvature bounds. The advantage of the
quadratic estimates is that, despite localisations, the analysis is actually performed
on an infinite family of operators. Namely, we need to consider ¢ +— 1 (t7T") as t ranges
from 0 to co. Seeing 0 and oo as the high and low frequencies of T' respectively, this
amounts to being able to ‘see’ global information regarding the operator despite
localisation. In analysis, particularly in the noncompact setting, this effectively
allows for desired estimates to be obtained under weaker assumptions than trying
to localise the operator T itself.

Example 4.73. Consider

X*(¢) =

1 if £Re(() >0,
0 otherwise,
then y* € H*® (SZ) Let
sgn(¢) == x"(¢) = x(¢)-
Then x*(T),sen(T) € B(H), and T| +ryy XE(TYH — x*(T)H since T trivially
commutes with all (¢ — 7).
(T

Then |T'| := T'sgn(T) is an w-sectorial operator with dom(|T'|) = dom(7") and is
called the McIntosh modulus of T'.

In the applications which we are interested in, we actually require the quadratic
estimates (4.6) and we access them through an alternative means of establishing
an H*>-functional calculus. More precisely, in applications to differential operators
on manifolds without boundary, elliptic regularity allows us to identify domains of
operators. This identification turns out to be of vital importance to the existence of
an H*-functional calculus. At the heart of this lies the fact that the H*-functional
calculus connects in an intimate way to interpolation scales. The precise theorem
that yields us the desired result is given as Corollary 5.5 in [7].

Theorem 4.74 (Auscher-McIntosh-Nahmod). An w-sectorial operator T
has an H*®-functional calculus if there are o, B > 0 s.t.

dom(7T*) C dom((7T™)%) and || T < |[(TF)%u|| and
dom((T*)ﬁ> C dom(7T%) and H(T*)'BUH < HT’Bu” :

In applications, it is sometimes possible to first establish that the spectral projectors
XE(T) are bounded without first establishing a functional calculus. When that
happens, we are able to relate the functional calculus of the w-sectorial operator |T'|
to the w-bisectorial operator T' as given in the following proposition.



106 4 First-order elliptic operators

Proposition 4.75. If x*(T) € Z(H) and |T| has an H®-functional calculus,
then T has an H*®-functional calculus.

Proof. Let ¢ € \IJ(SZ), then it is easy to see that

() = (T sgn(T)) = P(|T1) sgn(T) -
Since x*(T') € B(H) means that sgn(T) € B(H), we obtain

[P (T)ull = [[P(T Dull < Cllelo - O

Example 4.76. 1. Let T be a self-adjoint operator. Through earlier consid-
erations, namely the construction of the spectral measure via the contour
integrals, we are able to obtain that x*(T) € Z(H). Note that to define
xE(T), we need to consider the injective operator T|m sran(7T") — ran(7).
Consequently, we have that |T'| is a non-negative self-adjoint operator. By
self-adjointness, we have that |T| = |T*| and therefore, |T'| has an H*-
functional calculus. Using Proposition 4.75, we conclude that T' also has an

He°-functional calculus.

2. Let M’ be a compact manifold with M’ = @. Fix an elliptic operator
D € Diff,,(E). Further, assume ker(D) = 0, Dw-bisectorial, and x*(D) €
B(LA(M',E)).

As a consequence of elliptic regularity,
dom(D) = dom(D*) = H™"(M', E)

and therefore, both D and_ﬁ* have discrete spectrum and hence are invertible
w-bisectorial. Moreover, |D‘ = Dsgn(D) and sgn(D) commutes with D.

dom(‘DD :dom(|D*

) = H"(M', E).

Since D is invertible, so is D, and hence
lllgn = Jull + || Duf| = || Dul| = ||| Du]],

similarl
' g = ([} ]

On application of Theorem 4.74, we conclude that ‘D| has an H*°-functional
calculus. Since we have already assumed that xy*(D) € Z(L*(M', E)), by
Proposition 4.75, we obtain that D has an H*-functional calculus. It is easy
to see that the same conclusions hold for D* by considering D' in place of D.
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4.9 The model problem

Let us start by recalling the neighbourhood U from the geometric and operator
reduction statements found in Lemmas 4.2 and 4.6. There, we have that U is
diffeomorphic to Zg := [0, R) x OM, and that D = 0,(0; + A+ R;). As we saw in
Definition 4.7, we extract out the model operator Dy := 0¢(J; + A) on the infinite
cylinder Z := [0,00) x OM. The purpose of this section will be to understand the
model operator Dy on Z.

Proposition 4.77. Let D € Diff|(E, F') be elliptic and A any adapted boundary
operator. Then the following hold.

I) spec(A) = spec,(A) is discrete with smooth finite dimensional generalised
etgenspaces.

II) There are Ry >0 and w < T such that

spec(A) C S, U Bg,(0) .

III) Thereis aca < o0 s.t. for all ¢ & S,UBR,(0) we have the resolvent estimates

<l —A) 7 <ea.

IV) There is a sequence (r;) C R with lim; ,_or; = —00 and lim; o, 1; = 00
such that for each r; there is an w; < 5 such that A,, == A —r; is w,,-

2
bisectorial and invertible.

Proof. We prove 11) and III) first. Then I) follows from Corollary 4.24.

In actual fact, to prove II) and I1T), we need to first examine the spectrum of o 4(z, )
at each € OM and £ € T;OM \ {0}. Recall that o4(z,§) : E, — E, and E, is a
finite dimensional vector space, and therefore, the spectrum of o4(z, &) is finite and
consists only of eigenvalues.

a) Claim: spec(oa(x,&))NR =@ for all z € IM, ¢ € T*OM \ {0}.

We prove by contradiction. Suppose there is a £ € TXOM \ {0} and a A € R and
v # 0 s.t.
A = o4(x,&)v =op(x,7) oplz,Ev.

By virtue of the fact that A is first-order, £ — 04(x,§) is an R-linear map, and
therefore, on applying op(x,7) to both sides and simplifying, we obtain

op(x, A\t —&v=0.

Since 7 and £ are linearly independent, we have A\t — £ # 0. But this implies that
ker op(z, AT — &) # 0 which contradicts the ellipticity of D.

b) Claim: There exists an w < 7/2 such that spec(104(z,§)) C S, for all z € OM
and & € T*9M \ {0}.
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Fix an auxiliary metric gsys on OM, and let
S OM = {5 e T*OM ) €@y 00 = 1} ,

the co-sphere bundle with respect to ggys. Clearly S*0M is a compact set and there-
fore, the product M xS*0M is also compact. By a), we have that dist(spec(oa(x,§)),R) >
0. The map

OM x S*OM > (z,&) = oa(z,§)

is continuous, and therefore, the eigenvalues of o 4(x, &) vary continuously. Then,
OM x S*OM > (z,§) — dist(spec(oa(z,§)),R) > 0

is continuous and therefore, by compactness of OM x S*OM we obtain a minimum
min, ¢) (dist(spec(oa(z, £)), R)) > 0. Therefore, there exists an w < 7/2 such that

spec(oa(z,&)) C 1S, .

The map t — 04(z,t£) is homogeneous of degree 1 and therefore, since every £ can

be recovered as a point on the line trough 0 and /[¢],

U U spec(104(x,&)) C S, .

€M E€T>OM

c) Using b), the claims II) and III) follow from pseudodifferential methods. A
detailed argument is beyond the scope of material here, but it follows in the compact
setting by understanding the spectrum of the principal symbol. The passage from
principal symbol spectra to the L2-spectrum of the closed realisation of an elliptic
differential operator can be found in Theorem 9.3 in [44] by Shubin.

For IV), we note that as a consequence of II), there is a sequence {Ij}jez C
Respec(A) such that lim;_,; . x; = £00. Then, due to discreteness of the spectrum
from I), we are able to find 7; € R such that the vertical line l,, := {¢ € C | Re( = r;}
through r; satisfies /., C res(A). In fact, for each such r;, there exists €; > 0 such
that the closed e-neighbourhood I, ., := {( € C:|Re( —r;| < e} of [, satisfies
l;, ., C res(A). We leave it as an exercise to show that for reach such r;, there exists
an w; < m/2 such that A, := A —r; is invertible and wj;-bisectorial. O

Remark 4.78. Note that it is unreasonable to expect that spec(A) C S, purely
from knowing spec(oa(z,&)) C S,. This can be seen from a very simple example.
Suppose that A does, indeed, satisfy spec(A) C S,. Then, fix any r» € R and note
that A, := A — r satisfies

O-Ar(xvf) = GA(xaf) o
However, since r can be chosen arbitrarily, on choosing some \ € spec(A) such

that Im A # 0 and setting r = Re A, we can see that Im A € spec(A,.). Therefore,
spec(A,) Z S, for any w < /2.

This prompts us to formulate the following.
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Definition 4.79 (Admissible spectral cut/admissible cut/spectral cut).
For an adapted boundary operator A, if for € R there exists w, € [0,7/2) such
that A, := A — r is w,-bisectorial and invertible, then r is called an admissible
spectral cut or simply an admissible cut or spectral cut.

From now on, we assume that A is w-bisectorial and invertible. Recall that having
fixed an adapted boundary operator A we obtain D = 0,(0; + A + R;). We always
have an admissible spectral cut » € R and

D = 0‘t<8t + ATj + (Rt +7"])) .

Let us recall the functions x* € H*(S) which we considered in Example 4.73.
These were precisely the functions

Xi(C):{l if +Re(C) >0,

0 otherwise.

It is easy to see from functional calculus considerations, when xy*(A) can be defined
and is a bounded operator, it is a projector to the spectral subspaces corresponding
to the spectrum located in the complex plane with positive and negative real parts.
Understanding these projectors is of vital importance.

Proposition 4.80. Let A be an w-bisectorial and invertible adapted boundary op-
erator. Then, for each o € R,

X*(A), x*(A") € Z(H*(OM, E)) .

Proof. As we saw in the proof of Proposition 4.77, the crucial point was to obtain
that spec(oa(z,£)) C S,. Here, this is also of vital importance, coupled with the
fact that A is invertible. Invertibility means that 0 € res(A) and since res(A) is open,
we have an € > 0 such that B.(0) C res(A). This coupled with the bisectoriality
of A means that, possibly passing to some ¢’ € (0,¢), the line neighbourhood [,
of 1R satisfies Iy, C res(T"). Therefore, when x*(A) are bounded operators, id =
VH(A) +x(A).

That xy*(A) are bounded on H*(OM, E) requires the use of pseudodifferential meth-
ods, beyond the scope of the material here. Its statement and proof can be found
as the main theorem in the paper [24] by Grubb. The idea is to relate these pro-
jectors to logarithms of A, which shows that these projectors are so-called pseudo-
differential operators of order 0. Such operators are bounded on all Sobolev scales
by the compactness of M. O

Remark 4.81. Note that xy=(A4)* = xT(A*).
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Theorem 4.82. For A an adapted boundary operator that is invertible and bisec-
torial, the operators |Al,|A*| = |A[", A, A* enjoy an H*-functional calculus. In
particular, for every a > 0,

/ Hta|A|ae_t‘A|uH2 % ~|ul|®  forallu e L}(OM, E).
0

Proof. Recall that |A| = Asgn(A). Since sgn(A4) = x"(A)—x"(A4) € B(L*(OM, E),
we have that dom(]A|) = dom(A) and |A| is w-sectorial and invertible. Also,
dom(|A]) = dom(|A|") by elliptic regularity for A and A*. Invertibility then yields

Al == [ A ull + ull 2= llullg: o)

and therefore, |||A|u|| ~ |||A|"u||. We then apply Theorem 4.74 to conclude that |A|
(and |A[*) both enjoy an H*-functional calculus. By Proposition 4.75, we obtain
that A and A* enjoy an H*>-functional calculus.

For the quadratic estimate in the conclusion, note that whenever o > 0,

(%) eu(s;,).

By Theorem 4.72, the desired estimate holds for all u € ran(|A]). However, recall
from Proposition 4.50 TV),

L2(OM, E) = ker(|A|) ® ran(|A]) .

Since ker(|A|) = ker(A), the invertibility of A yields ker(]A|) = {0}. Therefore,
L?(OM, E) = ran(|A|) which completes the proof. O

Definition 4.83. We define the Czech and hat spaces of the model operator Dy,
formally depending on the boundary adapted operator A:

1

H,(Do) := x (A)HZ(OM, E) & xt(A)H 2(0M,E),  and
H,(Dy) := x (A*)H"2(OM, E) & x* (A*)H? (0M, E) .

In due course, we will show that H(D,) = H(D,). This gives a description of H(Dy)
via the operator A which is on the boundary.

Proposition 4.84. <ﬂA(D0),ﬂA(D0)> is a reflexive perfect pair and

<'> '>‘C°°(8M,E) = <'> '>|L2(8M,E)'

Proof. From Proposition 3.67, we have that (H*(0M, E), H"“(0M, E)) is reflexive
with (-, Moo onrey = (5 Mp2oarm)- By Proposition 2.63, since XE(A), xE(A*) are
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bounded projectors on H*(OM, E) for all @ € R, and x*(A4*) = x*(A4)" w.r.t.
(H*(OM, E),H=*(0M, E)), we obtain (xT(A)H*(OM, E), x*(A*)H *(OM, E)) re-
flexive and (-, -)

|C°°(8M,E) { ‘>|L2(aM,E)-

We leave it as an exercise to then show that this yields <I:I (Do), H A(D0)> with
[l

<', '>|Coo(aM7E) = <'7 '>‘L2(8M,E)'

Remark 4.85. We could have proved this more directly as follows. From Propo-
sition 4.55 along with elliptic regularity, we can assert dom(|A|*) = H*(0M, E)
with |||A|%u|] =~ |lullge for @ € [0,1]. In particular, this means that, for
u,v € C®(OM,E), (u,v) = (|A|"u,|A|"“v) yields the desired paring. Then,
using the density of C*°(0M, E) in H*(OM, E), along with the fact that y*(A) €
PB(H*(OM, E), we can calculate to obtain the desired conclusion.

Now, note that since Dy = 00(0; + A) we obtain that (O'JIDO)* =—-0,+ A"

Definition 4.86 (Extension operators on the cylinder). For u €
L%(OM, E), define the extension operators £ and £* by

Eu = ety and Efu = e 1Ay .

Lemma 4.87. For u € C®(0M,E) we have Eu € dom(Dpym.x) and E'u €
dom((05' Dy),..) along with the estimates

max

I1€ullpy S llulliypey — and €] (go1pg) S Nl o) -

Proof. The fact that Eu € dom(Dymay) and E*u € dom((oy'Dy)*) can be seen
immediately from the definition.

Write u = u, + u_ where uy := x*(A)u. Then
1€ullpy < €utllp, + [1Eu-]lp,

which justifies us bounding each of the terms on the right hand side by |[ully, p,)-
Moreover,

DEur = 0 Eus = Ohe Muy = —|AleMluy = |A|Eus .
Recall A = |A|sgn(A) where sgn(A4) = xT(A4) — x~(4).
a) We first analyse the term Eu,. Recall that

2 2
[€urllpy = 1€usll2pzp + 1Dofutlli 7 p) -
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Therefore, we compute

D0€U+ = Uo(at + A)5U+
00 (0 + | Al sgn(A))e 1y,

= GO(—|A\e’t|A|u+ +|A| sgn(A)e’”A‘qu)
= 0o (—|Ale Mluy + |Ale™ M)
=0.

Here, we have used the fact that

sgn(A)uy = (xT(A) = x~(A)xT(Au = xT(a)’u = xT(a)u = uy

and that

e—t\A|qu _ e_t‘Alir(A)u _ e—t\A\XJr(A)?u

= X" (A)e M (A)u = xF(A)eMluy
which shows that e !4lu, € y*(A)L2(OM, E).

By what we have just proved, we have that

2 2 2
ng+HD0 = ngJrHL?(Z,E) + ||DOSU+HL2(Z,E)

J/

=0

o 2
= [ e ooy

o 2

:/ Ht—%ﬁ|A|%|A|*%e—tlf‘|u+ dt
0 L2(OM,E)
© 2

:/ ‘t%\A]%e*t‘A||A|_%u+ de
0 L2(OM,E) t

2

~ |14 P uy

2
Sy R

where the penultimate estimate used Theorem 4.82 and the ultimate estimate follows
from Elliptic regularity along with Proposition 4.55.

b) Let us now estimate ||Eu_||, . For that, note that

sgn(A)u_ = (X (A) = x (4)x (Au= —x"(A)*u= —u_,
and therefore,

Do = oy (| Ale Mlu_ + | Alsgn(A)e Hu_)
—_———

=—x"(4)
= —200(|Ale lu_).
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Using this, we obtain

2 T 2 2
-, = [ e ey 0 1008 e
0
2
~ [Ju_|” ) T lIDoEu-lt2z )

S M-Il

H™ 7(8ME
2
H2 (OM,E) + HDOgu*HLQ(Z,E)7

where the last estimate is by the continuity of Hz < Hz.

It remains to estimate || Dofu_|[;2(z py:

HDogu—HiZ(z,E) 2/0 H‘A’eiﬂA‘“*Hi?(aM,E) dt

:/ Ht—%t%|A|%e—tlAl|A|%u_ dt
0 L2(OM,E)
00 2
:/ ‘t%‘A|%e*t\AI|A|éu7‘ dt
0 L2(OM,E) t
1 2
e
L2(0M,E)
= -l s,
Therefore, we obtain that
<
1€ullhy S [lu- % sy -
Combining a) and b),
||5U||DO < ||5U+||L2 (zp) T ||5U—||L2 (Z,E)
= HX UHW omy T HX UI|H2 oE)
= HUHﬁA(DO)-
The estimate |‘(€*U"(UalDo)* S llull, (py) 18 obtained similarly. O

Remark 4.88. This lemma shows precisely the way in which ‘parabolic’ prob-
lems, i.e., heat equations, relate to elliptic equations in the presence of bound-
ary. An elliptic problem in a cylinder can be seen as a parabolic problem on the
boundary. As we will see in due course, the extension operators £ and £* are of
fundamental importance in both understanding questions regarding regularity as
well as to establish the surjectivity of the boundary restriction map.
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Lemma 4.89. For allu € CX(Z, FE) we have

ldond| S, and [uloar][, S Nl iy

H4(Do) H4(Do)

Proof. Recall the Green’s formula from Proposition 4.9: for v € C*(Z, E) and
veCX(Z,F),

(Dou, v) — <u,D$v> = —<0‘0u|aM,v|aM>L2(8MF).

Given w € C*®(OM, E), set v := (051)*8*10. Then,
<D0u, (031)*€*w> — <u, (Gngo)*S*w>
—_———
:DT(O'Sl)*

— —<00u\8M, (Gal)*w>

= —(U ’w .
<|8M >L2(8M,E)

Now estimating the right hand by the left using the Cauchy-Schwartz inequality,

L2(OM,F)

(tloas w)| 5 115" Doulla ) 1wl + llzionr ey | (05) € 0 ong -
Since 0 € C*(OM,End(FE)),
|05 " Doul| < 1 Doull < llullp,

by the definition of the graph norm. Moreover, for similar reasons,

lull S llullp, — and f[€Wlk2(zm) S €7 (45000 -
Therefore,

[(tlongs w)| S Nl €0l gy S Dl Il oy
where the ultimate inequality follows from Lemma 4.87. This yields

(s )

S
HwHﬁA(DO) ~ o

for all w € C*(OM, E).
By Proposition 4.84, we have that <ﬂA(D0), I:IA(D0)> and that C>*(0M, F) is dense

in H(Dy) and H4(Dy) from the density of C*(0M, E) in H¥2(dM, E). Conse-

quently, we obtain
= sup T E——

fia(Do) weC>=(dM,E) ||w|\ﬁA(DD)

[ lons < ullp,

The estimate Hv|aMH S [0l (60)-1pg)+ i Proved similarly. O
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Lemma 4.90. The space CX(Z, E) is dense in dom(Do max)-

Proof. On R, we can readily obtain a sequence n; € C°([0,00)) such that n; — 1
as j — oo in L>([0, 00)) and (d;n;) < 1. Now, given u € dom(Dp max), let u; = n;u.
It is readily verified that u; € dom(Dgmax) and that

Do,maxuj = O'O(at + A)uj = UonDo,maxU - O-O(atnj)u-
Therefore, we have that u; — u in dom(Dg max) With sptu; is compact. Mollifying

u; to obtain v§ € C°(Z, E), we have v; — u; in dom (Do max) as € — 0. Combining
these facts, we obtain the required conclusion. Il

Theorem 4.91. For an invertible bisectorial adapted boundary operator A for D
and Dy = 00(0; + A), the model operator built from A, we have that

(Do) = Ha(Do) = x~ (A)HZ(OM, E) & x* (A)H"2(0M, E)

in the sense of Banach spaces (i.e. set equality with equivalent norms).

Proof. a) Claim: H(Dgy) C Ha(Dy).

Let u € dom(Dg max). From Lemma 4.90, there is a sequence (u,) C C(M, E) s.t.
U, — u in the Dy-norm. By Lemma 4.89 we have

and since {uy,} is Do-norm Cauchy, ul,,, = lim, . un|,,, is well-defined. Moreover,

nlons =l [ ) S Nen = il .

)

) = lim
Ha(Do) n—o00

S i flun | p, = [lullp, -

"|8M HA(DO) n—o00

[

b) Claim: I:IA(D()) - H(Do)

Let w € Ha(Dp). Then by Lemma 4.87 we have Ew € dom(Do max), S0 Ewl,,, = w.

c¢) A priori ker (u — u|aM> = dom (Do min), and u — ul,,, : dom (Do max) — Ha(Do)
is a bounded surjection with ker (u > ul, M> = dom (Do min). Since we have already

shown that H,(Dy) = H(Dy), we conclude that the norms are comparable. O

To emphasise that we are not restricting ourselves, let us first consider the reduc-
tion of a model operator for a general adapted boundary operator to an invertible
bisectorial one.
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Corollary 4.92. If A is any boundary adapted operator and let r be an admissible
spectral cut, i.e. A, := A—r is bisectorial and invertible. Let D = 0¢(0; + A) and
Dy = 0¢(0; + A;) the model operator for D with the adapted boundary operator
A,. Then,

H(D) = I:I(Do) = I;IAT(DO) :

Proof. We show that dom(Domax) = dom(Domax) With [[ul|, =~ [ul[p,. From
Lemma 4.90, we have that C°(Z, E) is dense in dom(Dpmax). The same argu-
ment yields that C°(Z, E) is dense in dom(D; yax). Therefore, it suffices to prove
|ullp = |lull p, for u € CX(Z, E). So, fix u € CF(Z, E) and note that

2 2 2 2 2 2 2 2
[ullp, = llull™ + | Doul]” = {lull™ + | Du + oorul|” = [Jul” + [ Dul|” = |lull, . O

Remark 4.93. Although not straightforward, it is possible to show that
XT(AH"2(0M, E) = yker(Do max) -

The key point is that we have described the Hardy space of solutions of Dy in
terms of an operator on the boundary.

Fix u € CX(Z,F) and v € CX(Z, F). Then, we compute

(00(0; + A)u, v)
= (0, + A)u, ojv)
= (u, (=0 + A")ogo)
= (u,—03(0;, — (0}) ' A*op)v).

This shows us that D = —c75(8; — (03) ' A*0}).

(Dou,v) =

Definition 4.94 (Induced formal adjoint adapted boundary operator froln A).
Given an adapted boundary operator A for D, we define the induced adapted
boundary operator from A for D to be

A:=—(c}) 'A*c

Remark 4.95. 1. Note here that A* is really A', but as we have remarked
before, on the manifold OM, as it has no boundary, a differential operator
has a unique extension. Therefore, this is only a slight abuse of notation.

2. From inspection, it is easy to see that the induced formal adjoint adapted
boundary operator A = (03!)*A*07 is an adapted boundary operator for
Dt.
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Lemma 4.96. The map (051)* c Bl = Flay, induces an isomorphism
fLa(Do) 5 H(D})
where A is the induced formal adjoint adapted boundary operator from A.

The pairing [(u,v) = _<GOU7U>L2(8M,F) for u € C®(OM, E),v € C®(0OM,F)
extends to a reflexive <I:IA(DO),I:IA (D(T])>

Proof. Proposition 4.84 yields that <I:I (D), H A(D0)> is reflexive and its restriction
to C®(OM, E) agrees with the L?-inner product. If (op')" : Ha(Do) — H; <D$) is

an isomorphism, then clearly 3 is a perfect pairing.

We prove that (0‘51)* is an isomorphism. Clearly (0;')* : C*(OM, E) — C®(OM, F)

is a bijection. By the density of C*(0M, E) in H(Dy) and the density of C* (M, F)

in H;(D]), it suffices to prove H(O-al)*“HH-(DT) ~ ||“||H/;(Do) when v € C*(0M, E).
A 0

For u € C®(0M, E), we estimate
1\ * 2 1\ * ox 2
1(00") ulls pyy = (00 ") Eulls
= [|D"(05") € ullagzy + [ (057) € 1oy
= ||=03(0 = (05) A%00) (07") " E"ul[ 2, + [ (051) " E M
= 1(=0 = AVE ull} oy + | (051) €|

2
‘LQ(Z)

£ 112
= l[€7ull( 51 py"
2
S lulliy ooy »
where the ultimate inequality follows from Lemma 4.87.

To obtain the reverse inequality, let Eu = e_t|A|u be the extension operator for Dg.
We have

1(o5)v i1, by S Hcrg&; (o1 n) < H&}HD& S ol (o) -

where the first inequality follows from Lemma 4.89 since (0j&u)|,,, = ogu, and the

lon
last inequality from applying Lemma 4.87 with Dg and H A(D(T)) in place of Dy and

I:IA(DO). [l

It is important to emphasise the significance of this lemma. For this, let us consider
what we have achieved so far. Given an invertible bisectorial adapted boundary
operator A for D, we are able to consider the model problem D, and its formal ad-
joint D(T). The boundary value problems that interest us are now extensions of Dg min
contained in Dy 1,ax. As we have seen already, we are able to study the space H 4(Dy)
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instead. A boundary condition is a closed subspace B C H4(Dy), and the operator

we obtain is Dy g with domain dom(Dp) = {u € dom (Do max) : Uy, € B}.

Now, consider now the adjoint operator Dg 5. Again, as we have seen Dj g C D&max.
In order to study Dy g and its adjoint Dj g, in the absence of Lemma 4.96, we would
be required to study Ha(Dg) as well as H;(D{). In particular, we have to study
function spaces over two potentially distinct bundles.

However, Lemma 4.96 simplifies this picture significantly. Since H A(D(T)) is isomor-
phic to H4(Dy), and the isomorphism is the concrete object (051)*, we can instead
study spaces induced by A and over only one bundle, namely E|,,,. More concretely,
recall that

BY = {v|aM ‘ v € dom(Dg 5) C dom(D(T)’max)} C ﬁA<D$>

is the boundary condition for D) 5, which is a subspace of a function space over F'.
However, by Lemma 4.96, we can instead study the object

ot Bt ¢ Ha(Dy),

which is a subspace of a function space over E. Therefore, in what follows, we
attempt to obtain a more refined understanding of the action of the map (o5')*.

Lemma 4.97. We have (051) : x*(A*)HE3 (M, E) — 7 (A) H*3(OM, F).

Proof. By virtue of the fact that ((—U'AU)™' = U(¢—A)~'U, through functional
calculus, we obtain

The map of : H*(0M, E) — H*(OM, F) is a Banach space isomorphism, and there-
fore, the conclusion follows. m

This result is certainly to be expected. Recall that H4(Do) = x~(A)H 2(OM, E) &
X" (A)H2(OM, E). By Lemma 4.96, we know that H4(Dg) = H;(D{) via (05')*.
Given that y*(A)H*(OM, E) is infinite dimensional, we would certainly expect that
the H¥2 (OM, E) part of H4(Dy) be mapped in a nontrivial way to the HX(OM, F).

Proposition 4.98. For u € dom(Dgmax) and v € dom (Dg’max> ,

= ~(ulgnys (@E)0lopg ),

D max U, U — <U, DT max ¥
( 0, >L2(Z,F) 0, Ha (Do) xHa (Do)

>L2(Z,E)
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Proof. For u € C(0OM, E) and v € C(OM, F), we have by the Greens formula
in Proposition 4.9 that the required formula holds. Since §(z,y) = (x, Ggy>L2(aM, B)
from Lemma 4.96 and the spaces C°(0M) and C(OM) are dense in dom(Dg max)

and dom (DT

0,max

) respectively by Lemma 4.90, the conclusion follows. O]

Proposition 4.99. Let B C Hu(Dy) be a boundary condition, i.e. a closed sub-
space. Then the adjoint boundary condition B' is precisely

Bt — (03)—1BL,<ﬁA(D0),ﬁA(D0)> )

Proof. This is a straightforward using Proposition 4.98 and Lemma 4.96 O

Remark 4.100. By Corollary 4.92, the discussion we had above holds for a gen-
eral boundary adapted operator A and its associated model operator by first pass-
ing to A, where r is an admissible spectral cut.

4.10 Maximal regularity

Consider the situation that M’ is a compact manifold without boundary, and that
D is an m-th order differential operator. We have already mentioned that, due
to elliptic regularity,dom(D) = H™(M’, E). Moreover, it is classical fact that D :
H™* (M’ E) — H*(M', E) for k > 0. In making these assertions, we are implicitly
identifying the operator D with D,y = Dyin = D.

When M is a compact manifold with boundary, we have already seen that Dy, #

dom(Dyyax)

Dy and in fact, generally, /dom( Duin) is infinite dimensional. There-

fore, we expect mapping properties for D for Sobolev spaces up to the boundary
on M, which mirrors that of the the boundaryless scenario, would be captured by
a good class of boundary conditions. To understand such boundary conditions, we
need to study dom(Dyax) NH™*(M, E') and characterise this space via information
on the boundary.

We restrict our considerations to m = 1 and first consider the model operator Dy on
Z given an invertible adapted boundary operator A for D. In order to do that, we
need to understand a more abstract result called the maximal reqularity for injective
sectorial operators.

Let I C R be an interval and B a Banach space. Define

w18 = {f:1- 8] [Ir0l ar <o},
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Theorem 4.101 (L*-maximal regularity, Theorem 2.1 in [21]). Let T be

an injective densely-defined w-sectorial operator for an w € [0, g) on a Hilbert

space H. Fiz 7 € (0,00]. Then for every f € L2([0,7),H), there exists a unique
solution to

{@u—kTuzf a.e. on (0,7), (47)

u(0) =0
satisfying
I) u e L2([0, 7], dom(T)) whenever 1o < oo and 79 < 7.
II) O € L2([0,7),H) .

III) There is a constant Cyr < 0o such that

[ 10ai, at+ [Tl a< e [(I50R a0
0 0 0

The constant depends on w, T and Cy~(T'), the constant appearing in the
H®>-functional calculus of T. However, it is independent of T and f.

The solution generator is
W(7 ) : [077—) X LQ([Ou T)7H) — L2([077—0]7 dOIl’l(T)) ’

given by t
u(t) = Wt f) = / e =9T f(g) ds

0

Section 9.3 in [26] has a more detailed discussion surrounding this this topic.

Remark 4.102. 1. The condition I) is only non-trivial when 7 = co. There,
it is saying that, for each finite 7y we have that

T0
2 2 2
Il = | (O + IZulolf, dt) < o0
It may very well be that,
Tgi—{noo||u”L2([0’TO):d0m(T)) =0,
so we cannot expect that [|u|[12(g ) dom(r)) t0 be finite, even though for each
70 < 00, we have u € L2([0,79), dom(T)).

We see from (4.8) that
| il at< [Tl < o,
0 0

and so the failure for u € L2([0,00),dom(T)) is due to the fact that, in
general,

[ e at = oo.
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That is, in general, u ¢ L2([0, 00), H).
If, however, T' is invertible, then
[Jull S 117wl

and therefore, from the maximal regularity estimate (4.8), we find u €
L2((0, 00), H).

2. The role of 7 is to be able to be flexible with the kind of functions that
can be considered as solutions. More precisely, for a small 7, there would
be more functions f : [0,7) — H than those arising as f = f |[0 - where

f:]0,00) = H.

3. We have only considered maximal regularity for Hilbert spaces, but it is also
of importance to consider this on Banach spaces.

On a Hilbert space, maximal regularity is a consequence of the fact that
that T generates an analytic semigroup. Since w < m/2, the semigroup
is analytic on wafg) .- However, in a general Banach space, the actual
condition underlying the theory of maximal regularity is actually a ‘wave
equation’ This notion of a wave equation can be conceptually understood
in the Hilbert space setting. A sectorial operator T on a Hilbert space has

an H*>-functional calculus iff there is ¥ € [0, 00) and k € (0, 00) such that
”Tzs” < k6ﬁ|5|

for all s € R. The latter property is termed Bounded Imaginary Powers
(BIP). Under sufficiently general conditions, 7% = €'°8(T)*_ This is a gener-
ator for solutions to the wave equation

Oyu~+ 1log(T)u =0.

In general (i.e. in a Banach space), having an H*-functional calculus is only
sufficient for BIP.

In light of Theorem 4.101, we truncate and consider a finite cylinder. That is, we
fix a o € (0,00), which will be chosen later in application, and restrict our attention
to

Zz:=10,0] x OM .

We now consider D and F restricted to Z;. However, now
0Z; = ({0} x OM) LU ({o} x OM),

and therefore, it now has an extra ‘fake’ boundary in addition to the original ‘real’
boundary {0} x OM, which we previously denoted as M and continue to do so.

In the fullness of time, we will see that this ‘fake’ boundary is purely a technical
necessity.  When applying the results of this section, we always institute a cutoff



122 4 First-order elliptic operators

n € C([0, 00)) satisfying

0 ifte [%,oo).

n(t) = {1 ift € [0,3)

Then, for a given u € dom(Dg max),

ulpar = w(0) = n(0)u(0) = nulyy,

and therefore, we have that nu € dom(Dg maxN) dom (Do max, Z5). Moreover,

(1 =nu)(0) = (nu)(e) =0

and therefore, (1 — nu) € dom(Dg ). This shows that, in order to understand
properties of u up to the boundary, it suffices to study nu.

From here on, for an invertible w-bisectorial adapted boundary operator A, in order
to apply Theorem 4.101, we set T' := |A|, 70 := p to be chosen later, 7 := oo,
H:=12(Z,, F).

Definition 4.103. Define:
t 0
(Sou)(t) ::/ e~ =M+ (A)u(s) ds —/ e =M~ (A)u(s) ds
0 ¢

and

(Cou)(s) = ule = s).

Lemma 4.104. The following hold.
1) Sou(t) = W(t; x* (A)u) — W(o —t; x~ (A)Cou).
1) x*(A)(Sou)(0) = 0 and x~(A4)(Sou)(0) = 0.
II) 05 DySy = (0, + A)Sp = id.

Proof. a) Ad I). The first term is clear, and for the second term, apply coordinate
transform s — o — s and compute.

b) Ad II). From Proposition 4.70 IV), we have that the functional calculus com-
mutes with itself. Moreover, we can interchange the application of the projector
and integral.

c) AdIII). Write u := u, —u_ where ux = x*(A)u. It suffices to show (9; + A)Sous =
uy. Using |A| = Asgn(A), we get

OpSouy = —Asgn(A)Sous + uy
since uy = xT(A)u we have sgn(A)u; = u, and therefore (9, + A)Souy = uy.

The proof (0; + A)Spu— = u_ is similar, but a little more involved. We leave it as
an exercise. [
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Notation 4.105. For a differential operator X, we denote the domain of it for
sections on U C M as dom(X;U).

Since the operator |A[' : L2(OM, E) — L*(dM, E) with dom(|A|) = H'(OM, E), we
can also consider A : L?(Zy, E) — L*(Z4, E) with domain

dom(|A[; Z,) = {u € L2(Zy, E) | u(t) € dom(|A|’>}
with the induced norm

Hw

p
2 2
= [ (1O one) + AR ey

L2(Z5,E)

Lemma 4.106. We have

k k
H (25 B) = (dom(0F 14 Z)  and  llullys gy = EwWﬂm
=0

2(Zp. k)
=0

Proof. Using the fact that A is elliptic, as we have already stated, we have that
dom(|A[¥) = H¥(OM, E). Through localisation, it is a routine calculation to show
that, for u € C*(Zy, E),

=

ak l’A|

HuHHk(Zg,E) =

L2(Z5.E)
— (Z0,5)

The space C®(Z,, E) is dense in both H*(Z,, E) and dom <8f’l|A|l; Z§> and so the

desired conclusion follows. O

Lemma 4.107. S, : H¥(Z,, E) — H*"(Z,, E) is a bounded operator and the
bound is independent of o.

Proof. a) Case k = 0.

From Lemma 4.106, we have that when v € H'(Z,, E),

o 1%
2 2 2
Hﬂmmzlummmme+AWMﬂmew
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Recalling that C*(Z,, E) is dense in H*(Z,, E) for all k let uw € C*(Z,, F) and
v := Spu and compute

1 Soulliy: =~ /0Q<||5‘t50u(t)||iz<aM7E> AR one ) o
< /OgH@tW(t;XWA)U)Hi?(aM,E) dt
n /OQH|A|W(t; X (A1) [Fa oar ) A
n /OgHatW(g — t;Xf(A)Cg“)H;(aM,E) dt
+ /OQHVHW(Q — ;X" (A)Cyu) Hi2(aM,E) dt
S /OQHXJF(A)u(t)HiZ(aM,E) di + /OQHX_(A>(CQU)(t)“iQ(ﬁM’E) a
S /OQ<HX+(A)U(75)||;(6M,E> + HX_(A)“(t)Hi?(aMﬂ) &

1%
2
~ / ) Zagonr sy
0

= HUHLZ’(Z@,E)-

where the third inequality follows from Theorem 4.101 and the fourth from the fact
that C, : L?(Z;) — L*(Z,) is an isometry and commutes with y*(A). By density,
So: L*(Z; E) — HY(Z,, E).

b) Case k > 0.
Let f € dom<yA\l) — H/(M, E). Since by Theorem 4.101 we have that

AW (t; f) + [AIW(t; f) = f(1),

and using the fact that 9, and |A|' commutes, we obtain

AW (L f) = (—1)'W (& A17) (&) + ity 0| A" £ (1)

49
OIW(o—t f) = (—1)l+1W(@ — !Allf> + 30O A () 49

Again by density, assume f € C*(Z;, E). By the Lemma 4.106, it suffices to show
that for [ € [0,k + 1] we have

It is readily verified that |A|" commutes with Banach-valued integration in ¢, and
by the regularity of f, it particularly satisfies f € dom(]A\l_l). Therefore,

AW (5 f)

vy S 1Pl

AW f) = |Af / C M f(5) ds
0

4
= 1AL [ e A () ds = AW (1141 )
0
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For [ = 0:

1t |

L(Zy,E

=l iat)]
S H| | f‘LQZ E)
S iz, »

where the second inequality follows from Theorem 4.101 and the last inequality from
Lemma 4.106.

L?(Zp,E)

For [ > 1: apply |A[*™ ™" to (4.9) to obtain

-1
MAPTW(E f) = =AW (5141 F) + D oAl ),

m=0

and then estimate

AP ‘ < HAW(-- AlF ))
larwen|,, < law (4],
k4+14+m-+l1
f’LQ (Z3,E
2(20.E) +HfHHk(Z§,E)

S “f”Hk(Z@,E) :
where in the second inequality we have again used Theorem 4.101.

Similarly, we can estimate the term W (C,(-); f), noting C, : H¥ — H* isometrically.
To finish the proof, we note that for u € C*(Z;, E)

1Soullygess (7, m < [|[W (5 xT (A)u + [ (Cu(): X~ (A)Cyu

S HX+(A)UHH’€(Z§) + HX_(A)UHH’C(Z@E)

) HHk+1(Z§,E) ) HH’““(Z@,E)

= ||U||Hk(Z§,E)-
Since C*°(Z,, E) is dense in H*(Z,), we obtain Sy : H¥(Z,, E) — H*Y(Z,, E).

c¢) Lastly, to prove the assertion that the constant in the bound for Sy is independent
of 0, note that this constant is built up of universal constants and the constant arising
from the invocation of Theorem 4.101. An important consequence of this theorem
is that the constant is independent of p. O]

We now want to consider the way in which Dy maps between Sobolev scales as
a Banach space isomorphism. This can only happen by imposing an appropriate
boundary condition, both at the real and artificial boundaries {0} x dM and {o} X
OM respectively.
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Definition 4.108. Define

By := X" (A)H2({0} x OM, E) x x*(A)H?({o} x M, E),
H"(Z;, E; By) := {u € H*(Z;, E) | (u(0),u(0)) € Bo} .

Remark 4.109. Let Ay, = Ay x A, be the structure of an adapted boundary
operator for Dy on Z,, where Ay acts on 0 x M and A, acts on {o} x OM. The
Czech space also splits as

I:IAO’p(Do) = I:IAO(D(]> X I:IAQ(D()> .

Denote the inward pointing vectorfield along the ‘real’” boundary {0} x 0M by
Tp. Since we need an inward pointing vectorfield 7, on the ‘fake’ boundary also,
a reasonable choice would be —7y by first identifying points at the boundary
{0} x OM and {p} x OM in an appropriate manner. More precisely, we can
take 7,(p, ) = —70(0, x).

By choosing the adapted operator on the ‘real’ boundary to be A, we would then
write A, = —A. With this choice, the Czech space would then be

Ha,, (Do) = X~ (A)HZ ({0} x OM, E) @ x* (A)H2({0} x OM, E)
x x"(A)H2 ({0} x OM, E) @ x " (A)H 2 ({0} x OM, E).

From this, we can read of the subspaces of Hy, ,(Dy) which has Hz ({0, p} x OM, E)
regularity. Therefore, it is clear the reasons for which By is constructed from
X~ (A)Hz2 ({0} x M, E) and y+(A)Hz ({0} x M, E), rather than x~(A)Hz ({g} X
OM, E) as would be the naive expectation.

Recalling Notation 4.105, we let dom(Dg max; Z5) C L*(Z;, E) denote the maximal
domain of Dy in L*(Z;, E).

Proposition 4.110. The following hold:
I) For all u € dom(Dy max, Z5) with x~(A)(u(o,-)) = 0 we have

(I — So0y ' Do)u(t,-) = (I — So(0; + A))u(t, )

o). 0

II) For all k € N,
Dy : H**Y(Z,, E; By) — H*(Z,, F)

is a Banach space isomorphism with inverse Syo L
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Remark 4.111. The assumption x (A)(u(g)) = 0 is always satisfied in appli-
cation. As we said before, {o} x OM is the ‘fake’ boundary, which arises from
restricting our considerations to a finite cylinder. In applications, we localise our
problem to near the boundary. More precisely, we institute a cutoff to reduce to
the case of u with spt(u) C [0, ). This implies u(9) = 0 and in particular that
X~ (A)(u(o)) = 0. Without this assumption, the formula would contain the term

e~ @14y~ (A)(u(o))

in 4.10.

Proof. a) AdI). By linearity of Dy, we can write Dou = Dyuy + Dou_ with us(t) =
xE(A)u(t). Moreover,

0y " Dou(s) = Osus(s) £ |Al sgn(A)us(s)

since A = |A|sgn(A). Therefore,
t
S0 us(6) = [ eI Dus() + A (5) ds
0

t
:/ 8s(e’(t"s)‘A|u+)(s) ds
0

- [e—(t—S)\AIU+(S>]t:0
— (1) — e, (0),

where in the third equality, we use a Banach-valued fundamental theorem of calculus
that is readily verified. A broad outline of these ideas can be found in the MSc thesis
of Kreuter in [34]. The book [15] by Cazenave and Haraux is a standard reference
that gives a detailed account. From this calculation, we deduce that

(I — So0y" Do)us(t) = e AN (A) (u(0)).

A similar calculation together with x~(A)u(g) = 0 yields that
(I — S(]O'(;ID())U_ =0.
Together, obtain I).

b) Ad II). If uw € HF(Z,, E; By), then x™(A)u(0) = 0 and x~(A)u(e) = 0, so by
I), we have that u = Syo, 'Dyu. Since oy smooth and invertible,

Dy : H*Y(Z,, E; By) — H*(Z,, E)

is a bounded isomorphism. Il

We are now concerned with proving regularity up to the boundary in the cylinder.
For that, we first note the following important theorem.
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Theorem 4.112 (Interior elliptic regularity). Let D be a first-order differen-
tial operator on a manifold M with boundary. Let u € dom(Dyay) with sptu C
M\ U, where U is a neighbourhood of the boundary. Then if Du € Hf (M, F),
u € HEPY (M, E)

loc

Theorem 4.113 (Regularity up to boundary in 7).

Dou € HE (Z,E)

loc

dOm(Do’max) N Hk+1(Z, E) = {U S dom(DO,max)

and xt(A) <u|6M> € HF 2 (M, E)} .

Remark 4.114. Note that the set to the right hand side is precisely

{u € dom (Do max) | Dou € HE (2, E) and ul,,, € H*3(0M, E)} .

That is, from the theorem, we deduce that X*(A)(
automatic.

u\aM) e H*3(OM,E) is

Proof. a) ‘C”

Let u € dom(Dy max) NHETH(Z, E). Fix some o < 0o and let € C2([0, 00)) s.t.

loc

(t) = 1 ifte0,30),
! 0 ifte[3p00).
Then u = nu + (1 — n)u and nu|,,, = ul,,,. Since (1 — p)ul,,, = 0, using interior
elliptic regularity from Theorem 4.112, we obtain Dy(1 — n)u € HE (E).

loc

Let v :=nu € H*(Z5, E) and ul,,, = v|,,, € H**2(OM, E) by hypothesis. In partic-

ular, x*(A) (u\8M> € H**2(9M, E). The assertion Dyv € H¥(Z,, E) is immediate.

b)

Let u € dom(Dg ) with Dou € HE (Z, E) and x*(A) <u|aM) e HHS(OM, E).
Using cutoff  from above, we see that spt((1 — n)u) C Z so in particular, (1 — n)u €

dom(Dg min). Since Dy is a first-order differential operator, we have that
Do(]_ — 77)u = Dou — O'DO(', dn)u — 77D0
and since Dou € H*(Z, E), we have that Dy(1 — nu) € Hf (Z, E). By ellipticity

loc
of Dg, using interior elliptic regularity as before from Theorem 4.112, we obtain

(1—n)u € HEN(Z, B).

loc

Now, let us consider the term which contains the boundary information. For that,
set v :=nu. It is easy to see that

v(0) = uly,, and v(p) =0.
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Using Proposition 4.110 (4.10),
v(t) = Spoyt Dov(t) + e A (xT(A)v(0)) =: vo(t) + vi(t).

From Lemma 4.107, we have that Sy : H¥(Z,;, E) — H*'(Z,, E). Since Dyu €
Hf .(Z, E), by the compactness of Z; we obtain that Dyv € H*¥(Z,, E). Moreover,

loc

oy 1 H¥(Z5, E) — H¥(Z,, E) so we get vy € H*Y(Z,, E).

Fix [ € [0,k + 1]. Then,

2 2
aﬁ |A’k+1—lvl

— |A|k+1_lat1}1
L2(Zg,E)

L?(Zp,E)

= [[lAF gt () 0))

2

L2(25,5)
2
= [[[A A 1 (x T (A)0(0))

L2(Z3,E)
— ([ A4 ( (A)u(0)) iz(zQ,E)
:/OQH’A‘]H_IQt|A(X+(A)U<O)) ;wM’E) dt

1 2
< ktgy+
<Al aeo,

~ I (A)0(0) [543 o

where the third equality follows from the repeated differentiation of the semigroup
using the commutativity of 9; and |A|, and the penultimate inequality from the H>
functional calculus via Theorem 4.82.

This shows that v; € ﬂf:ol dom(@ﬂAlkH_l; [0, g]) = H1(Z,, E). Since v = vy +

v; and we have already established that vy €€ H*'(Z;, E), we obtain that v €
H*1(Z, E). Also, we have that (1 —n) € HE ' (Z, E) and therefore,

loc

u=1-nut+nu=1-nu+vecH T (ZE). O

loc

4.11 The general problem

Let us now return back to the original problem. That is, we consider D : C*(M, E) —
C>(M, F) an elliptic first-order differential operator, acting between two hermitian
bundles (E, h¥) and (F, k") with (M, 1) a measure manifold with compact bound-
ary equipped with a interior pointing vectorfield T along the boundary oM. As
before, we emphasise that only M is assumed to be compact.

Let R > 0 be the constant in the operator reduction Lemma 4.6. Then, we know
that for a fixed boundary adapted operator A, which we assume to be invertible
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w-bisectorial, there is an open set U containing OM with U diffeomorphic to Zg
for which D = o4(0; + A + R;) with R; a smoothly varying family of first-order
differential operators on OM of at most order one one for which, given R’ € (0, R),
there exists a constant C’ < oo such that

| Retllyzons ey < C' (HlAulaonr.ey + ltlzons )
whenever u € C*(0M, E).

This will be a key ingredient allowing us to reduce boundary value problems for D
to Dy. Therefore, from here on, let us fix

R
R =—.
2

Let us first highlight the following corollary of the previous theorem.

Corollary 4.115. There is a constant ¢; < oo such that whenever o < R’ and
u € CX(Zg, E) with x*t(A)u(0) =0 and spt(u) C Z, = [0, 0) x OM,

[l (s, ) < AN+ Al ) + () -

Proof. Under the hypothesis of the corollary, we have that x™(A)(u(0)) = 0 and
X (A)(u(o)) = 0. Therefore, on applying Proposition 4.110 II), with p = o, we
obtain Dy : H'(Zg, E; By) — L*(Z5, F) is an Banach space isomorphism. The
estimate in the conclusion is precisely a quantification of this fact. O

Exercise 4.116. Assuming A is self-adjoint, calculate this directly without utilising
Proposition 4.110.

This immediately gives us the following regularity for the minimal operator.

Corollary 4.117. We have dom(Dg min) C {u e HL (M, E) ‘ g0 = 0}.

In order to reduce questions regarding D to Dy, we need to know that the closures
of D and Dy in a sufficiently small neighbourhood of the boundary yield the same
domains. This ensures that on multiplying a section in dom(Dy,.x) by an appro-
priate cutoff, we are guaranteed to be in a sufficiently ‘large’ closure of D, which
is respectively contained in dom(Dgmax). For this, we need to use the following
abstract result.
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Lemma 4.118. Let T,S be closable operators on a Banach space B with
dom(S) C dom(T). Suppose there exist constants ¢ € [0,1) and C < oo satis-
fying
[Tull < cl|Sull + Cllull -
Then
dom(S) = dom(T + 5) and llullg = |lullryg -

This lemma suggests that we should look for such a bound for our choice of operators
DO and D.

Lemma 4.119. There is a constant co > 0 s.t. for all o € (0,R') and u €
C>*(Z,, E) with spt(u) C [0, 0) x OM we have

1D = Dollagzy < e2(ellDoullzy + lelzczy) -

Proof. Recall that, using Lemma 4.6, (4.2) yields
D — Dy = (0, — 0,)0, "Dy + 01 Ry . (4.11)

Since t — 0y is smooth, there is a & such that whenever ¢ < R’ we have the Lipschitz
estimate
|(o¢ — 00)v| < éat|v].

In particular, if we assume t < p, then
|(0¢ — 00)v| < éplv].
The first term in (4.11) is then estimated as:
||(O—t - O-O)O—alDOIU/HLQ(ZE,E) S 62QH0-61D0U/HL2(Z§,E) S é2@“1)0'1’[’HL2(Z§,E) )

where the constant “g contains the norm of o5 '. Now consider consider the second
term in (4.11). We estimate this as

o Rl < & [ 1ROz
< /OQ t2||AU(t)||i2(aM,E) dt + C4Hu||i2(Z§,E)
=& [ 1A oy + il
where the second inequality follows from Lemma 4.6 and the constant ¢, contains the

constant arising from the invocation of Lemma 4.6 using R’ as we defined previously.
In particular, this constant is independent of p. Let

v(t) :=tu(t) .
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Then spt(v) C [0, o) x M and so in particular, v(0) = 0 which yields x*(A)(v(0)) =
0. Therefore,

4
2 2 2
(100 ors ) + 14O e y) 8t < Bl

2 2
< A (1@ + O ez + 10laiz,m))

where the first inequality follows from Lemma 4.106 and the second inequality from
Corollary 4.115. Moreover,

(O + A)v= (0 + A)(tu) = u+t(0; + A)u
and by using this, we get
o] 4
2 2
10+ A0l dt = [ 0+ Al
2 2
S Q(HUHLQ(Z@E) + QQH(at + A)U’HLQ(ZE,E)>
2 2
< c30%[| Doul|” + 2||u||L2(Z§,E) :
On combining these estimates, we obtain
2 2 2
HUthuHm(Z@,E) < (00016465)2Q2HDOUHLQ(ZE,E) + (ot + it + Q)HUHL?(Z@,E) :
Therefore, we can choose ¢y and Cy appropriately to obtain

|(D — Dy)ul| < C2Q”DOUHL2(Z§) + C2HUHL2(Z@) ' O

Let Dg and Dy be the closures of D and Dy respectively with domain
D = {ue C®(Z; E) | spt(u) C [0,0) x OM}.

Corollary 4.120. Whenever o < R’ further satisfies o < é, we have that

dom(D,) = dom(Dg ) and ||u||DC1 ~ ||u||D0,d .

Proof. For this choice of g, we have from the Lemma 4.119 that
(D = Do)ullpzz, < bl Doull + Caffull i
where b := cy0 < CQé < 1.
Let T := D — Dg and S := Dy with domain
D = {ue C®(Z; E) | spt(u) C [0,0) x IM}.
It is clear that
S=Dya and T+S=(D—Dy+ Dy)lp=Dg. n

The conclusion then follows from invoking Lemma 4.118 with this choice of T" and

S.
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In order to continue, to consider the general case, we need to make the following
additional assumption.

[FO6] D and D' are complete.

That is, dom(D) := {u € dom(Dyax) | spt(u) compact} and dom(D') :=
{v € dom(D}],,,) | spt(v) compact} are dense in dom(Dpay) and dom(D],,)

max max

respectively.

Exercise 4.121. If D is complete, then C°(M, E) is dense in dom( D,y ).

Theorem 4.122. Let D be complete and A an w-bisectorial invertible adapted
boundary operator for D. Then

(D) = fa(D)

Proof. Choose p > 0 small such that it satisfies the hypothesis of Corollary 4.120
and let U, = ¥~1(]0, p) x M) where W is the diffeomorphism from Lemma 4.2. This
choice of p is reasonable since in the hypothesis of Corollary 4.120, we automatically
assume that ¢ < R’ < R, where the R is the constant in Lemma 4.2. Let n €
C%(M, [0, 1]) with spt(n) C U,.

Now, fix u € C*°(M, E). Then, we write
u=(1—nu+nu=:u+u.
Clearly, u; € dom(Dyax) and furthermore, ugl,,, = 0. Therefore, uy € dom(Dipin).

To study wu;, we identify U, and Z,. Since we assume that D is complete, there
exists a sequence of u] € CX(M,E) with w] — u; in dom(Dpay). It is easy to
verify that nuj — uy in dom(Dpax) by the choice of . Since nuj € D we have that
uy € dom(Dy). Therefore,

nu = u; € dom(Dg) = dom(Dyg 1) C dom(Dp max) - (4.12)
By invoking Theorem 4.91, we find that wu,|,,, € H4(Dy). Moreover,

ul g = (Mu)lg0r = wilgpy s

and therefore,

|tlons || Ml o, = el = Wl
< HU’“LQ(ZQ,E) + ”GD('vdn)UHL2(ZQ,E) + | Duaxu|| < ||U||Dmax )

where the first estimate follows from Theorem 4.91, the third from (4.12) together
with Corollary 4.120, and the penultimate inequality from the product rule. This
shows that u — ul,,, : dom(Dmyax) — Ha(Dy) is bounded.

It remains to show that this u +— ul,,, : dom(Dyax) — Ha(Dy) is a surjection. For
that, define the extension operator &, : H 4(Dg) — dom(Dy max) defined by

Ev =név.
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Note, however, that spt £,v C Z, = [0, ) x M. Therefore,
Ev € dom(Dyg ) = dom(Dg) C dom(Dpay)
with the equality following from Corollary 4.120. Furthermore, we also obtain
1€evll poe = €001, > N1Ep0]I S MVl (o) »

Therefore &, : H(Dy) — dom(Dy.y) is a bounded map. Together with previous
estimate we have that u — ul,,, : dom(Dpax) — Ha(Dy) is a bounded surjection.

This shows that F(D) = H,(Dy) with comparable norms. O

Remark 4.123. Let us recall our desire [Req 3]:
Describe ﬂ(D), and in particular its topology, from data only living on OM.

It is this theorem that allows us to actualise this desire, to the extent that it is
realistically possible. This theorem tells us that, by fixing an invertible bisectorial
adapted boundary operator A, we are able to describe and understand H(D)
purely in terms of spectral information of A. Indeed, this operator is not only
determined by boundary information, but it has only a nodding acquaintance
with the operator D. It only relies upon the principal symbol of D and therefore,
there are many possible choices for A. This freedom allows us to choose A as
suited to the particular question which we are attempting to answer.

Proposition 4.124. Let u € dom(Dyax) and v € dom(D},,,). Then, given any

adapted boundary operator A that is w-bisectorial and invertible,

Dmax ) — 7DT = _< 9 G* > .
< u U>L2(M,F) <u maxU>L2(M7E) u|aM 0U|BM I:IA(DO)XI:IA(DO)

Proof. Since we assume that D and D' are complete, it suffices to consider u €
CX(M, E) and v € C*(M, F). Then, by Green’s formula from Proposition 4.9, we
have that

_ fo) = — *
(Du,v) — (u, D'v) = <U|aM7 O-OU|8M>L2(8M,E)'
Choose 7 as in the proof of Theorem 4.122. Then,
nu € dom(Dg) = dom(Dg ) C dom (Do max) ,
nv € dom (DL) = dom (D&Cl) C dom (DamaX) .

Moreover nul,,, = u|,,, and nv|,,, = vl|,,,, so by Proposition 4.98,

(ulonr, 06v]om) 120, m) = (wlonr, 09vlon ), (Do) xita (Do) - O
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Corollary 4.125. If B is a boundary condition for Dg, then the adjoint operator

satisfies D, = Dgf, where

B = {tlpy, | v € dom(Dj) | = (of) 7 BH{BAPOH20)

Proof. This follows immediately on combining Proposition 4.124 and Proposition 4.99.]

4.12 Regularity up to the boundary

Recall again the R arising from the geometric reduction lemma, Lemma 4.2. That
is, Ug is diffeomorphic to [0, R) x OM satisfying the geometric properties in the
conclusion of this lemma. Further fixing R* < R from the operator reduction lemma,
Lemma 4.6, say R’ := }52, we obtain the following analogous to Lemma 4.119.

Lemma 4.126. For k € N, there exists o < R’ such that
(D — ogRy) : H*Y(Z,, E; By) — H*(Z,, F)
is an isomorphism, where

By = x (A)H2({0} x M, E) x x*(A)Hz2 ({0} x OM, E).

With this, we can now prove the following, generalising Theorem 4.113.

Theorem 4.127. We have that

dom(Dyax) N HEFL(M, E) = {u € dom(Dyay)

loc

Du € HE (M, E)

and x*(A) (u|8M> e HH3(OM, E)} .

Proof. The direction ‘C’ is clear.

We prove ‘D", Fix k € N and let g be given from Lemma 4.126. Let n € C°(M, [0, 1])
such that spt(n) C U, = [0,0) x M and n = 1 in ¥([0,£) x OM) and =

72

0 outside U~([0,22) x OM). Let u € dom(Dyax) with Du € Hf (M, E) and

loc
X (A) <u\ 8M> e H*2(OM, E). Without loss of generality, by induction, we can
further suppose that u € HY (M, E).

loc
Since spt(1 — n)u C M \ U,, by interior elliptic regularity, i.e. Theorem 4.112, we
obtain that (1 —n)u € HETN(M, E).

loc
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It remains to consider v := nu. Note that v(0) = (nu)(0) = ul,,,. Therefore,
Dv = op(mra(dn), dn)u +nDu € H*(Z,, E)
and by hypothesis,

A (A)((0)) = xH(A) (ulyy, ) € BHOM, B).

From construction, we have that v € dom(Dyay) and spt(v) C Z,. Therefore,
v € dom(Dg) = dom(Dy 1) C dom(Dy max) and using Proposition 4.110 I), we write

v(t) = Sooy ' Dov(t) + e (X (A)v(0)) =: vo(t) + v (2). (4.13)

Since y*(A)(v(0)) € H*2(OM, E), by the exact same calculation in the proof of
Theorem 4.113, we obtain that v; € H**1(Z,, E). In fact, from the hypothesis, we
also know regularity information about v. It is the regularity of vy that is unknown
to us.

We show that vy € H*"1(Z,, E). First
(D — UoRo)Uo = (D — UoRQ)U — (D — UoRo)Ul .

Using that ogRy : H(Z,, F) — H'(Z,, F) boundedly for each I, Du € HE (M, E)

loc
implies Dv € H*(Z,, E) and u € Hf (M, E) implies v € H*¥(Z,, F), we obtain
(D — ogRo)v € HE(Z,, F). Therefore, (D — ogRy)ve € H*(Z,, F'). Now, note that
X~ (A)(vo(p)) = 0 and by Lemma 4.126, we have that (D — oo Ry) : H**1(Z,, E; By) —

H*(Z,, F) isomorphically. Therefore, vy € H*"1(Z,, E).

By (4.13), since v; € H**(Z,, F), we obtain that v € H*"1(Z,, E). Since sptv C Z,,
we have that v € HE (M, E). The conclusion then follows. O



5 The Atiyah-Patodi-Singer Index
Theorem

The purpose of this chapter is to give a description of the celebrated index theorem
of Atiyah, Patodi and Singer. It first appeared in the the series of seminal papers
[3, 4, 5, 6] by these three authors.

Throughout this chapter, as in the last, D € Diff,(E, F) elliptic, where (E, h¥) — M
and (F,ht") — M are hermitian bundles.

5.1 Index and elliptically regular boundary conditions

Let us recall the notion of an elliptically regular boundary condition from Definition
3.75. Applying this to the case when m = 1, we obtain that a boundary condition
B C H(D) is elliptically regular if

BCH:2(OM,E) and B c H2(OM,F).

Proposition 5.1. Let A be an adapted boundary operator that is invertible bisec-
torial. Then the following are equivalent.

(I) B is an elliptically regular boundary condition.

(II) B is a boundary condition, B C H2(OM,E) and BH(HaD0)HaDo))
Hz (OM, F).

(III) dom(Dg) C HL (M, E) and dom(D;T> — dom(D3) C HL (M, F).

loc loc

Proof. These equivalences are easily verified. Note that for (II), we use

B = (GS)—lBL7<ﬂA(D0),HA(D0)>

from Proposition 4.99 and Theorem 4.122, along with the fact that (o3) ™" : H/(OM, E) —
HY(OM, F) is bounded. For (III) simply use previous Theorem 4.127. O

Before we consider the Fredholmness properties of such boundary conditions, let us
first present some abstract facts. Recall that a closed operator T : By — B, is said
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to be Fredholm if ran(T") is closed and ker 7" and coker T' := BQ/ran 7 are both finite
dimensional.

Definition 5.2 (Analytical index). The analytical indez of a Fredholm opera-
tor T : By — By is defined as

ind(Dp) := dim(ker(Dp)) — dim(coker(Dpg)) € Z.

Remark 5.3. By the closed range theorem (c.f. Chapter 4, Section 5 in [52]), we
have that ran(7™) is automatically closed when ran(7") is closed.

Lemma 5.4. Let T : H — H be a densely-defined closed operator on a Hilbert
space with closed range. Then coker(T) = ker(T*). In particular, if T is Fredholm,

ind(7T") = dim(ker(7)) — dim(ker(7™)) .

Proof. From Proposition 4.16 III), we have that H = ker(7T™*) @ ran(7") since ran(7’)
is assumed to be closed. Then, clearly

coker(7T') = H/ran(T) = ker(T™) . =

The following is an important result due to Hérmander, which can be found as
Proposition 19.1.3 in [31].

Lemma 5.5. Suppose we have Banach spaces By, By and L : By — By a bounded
operator. Then, the following are equivalent:

I) There exists a Banach space Bz, a compact map K : By — Bs, and a constant
c < oo such that

II) ker(L) is finite dimensional and ran(L) is closed.

With the aid of this lemma, we can assert the following cornerstone result for our
considerations in this chapter.

Proposition 5.6. Suppose M is compact and B is an elliptically regular boundary
condition for D. Then Dpg is Fredholm.

Proof. We apply Lemma 5.5 on setting By := dom(Dg), By := B3 := L*(M, E),
L := Dp and K :=id. By Proposition 5.1 (III), we have dom(Dg) C HL (M, E) =

H(M, E), where the second equality follows since M is compact. Now

lulls, = llullp, = I1DBulli2 sz + [ellean ey »
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so in particular,

ullg, S [1Dpullg, + [lulls, -
Again, due to the compactness of M, the inclusion map H'(M, E) — L*(M, E)
is compact. Therefore, K = id : dom(Dg) C HY(M, E) — L*(M, E) is compact.
Invoking Lemma 5.5, we conclude that Dpg has finite dimensional kernel and closed
range.

Since B is elliptically regular, Proposition 5.1 (III) also guarantees us that dom(D%) C
HY(M, F). Therefore, we can repeat the same argument for DLT in place of Dg to

obtain that ker (DLJ is finite dimensional and ran (DLT> is closed.

We have that ran(Dp) is closed and that ker(Dp) is finite dimensional. By Lemma
5.4 we conclude that coker(Dp) = ker(Dj;) and we have proved that the latter space
is also finite dimensional. Therefore, Dp is a Fredholm operator. O

Remark 5.7. If we assumed that B was only semi-elliptically regular, i.e. that
B C H2 (M, E) but not necessarily that Bt ¢ Hz (M, F), then the argument in
the proof of Proposition 5.6 holds for Dg. That is, we obtain that Dpg has finite
dimensional kernel and closed range. Now, from Remark 5.3, we automatically
have that ran(D7y) is also closed. Moreover, from Lemma 5.4, we still have that
coker(Dp) = ker(Djy). Therefore, in this setting, the failure for Dg to be a
Fredholm operator can only arise from ker(Dj) = ker(DLT) having an infinite
dimensional kernel. Elliptic regularity for a boundary condition is a symmetric
relation on B and BT and it ensures that both kernels ker(Dp) and ker(D%) are
finite dimensional.

5.2 Atiyah-Patodi-Singer boundary conditions

We now consider a very special class of boundary conditions which can be defined
given an adapted boundary operator. To begin with, let us consider a general
adapted boundary operator A. That is, we do not assume it is bisectorial invertible.

However, from Proposition 4.77 I) and II), we know that the spectrum of A is
discrete and that it is contained in a region S, U Bg,(0) for some w € [0,75) and
R4 € [0,00). In particular, :R Nspec(A) is just a finite set of points.
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The boundary condition we want to define is the sum of all generalised eigenspaces
1

with negative real part sitting inside Hz (OM, E'). To do this rigorously, let us first

consider the real part of the spectrum of A.

Lemma 5.8. The real part of the spectrum of A can be written as

Re(spec(A)) ={—oco < - <A, <+ <A1 <0=X <\ <...}.

Proof. By the discreteness of the spectrum, we are guaranteed there are no finite
accumulation points. Therefore, the real part of the spectrum must take such a
form. O]

Note that in the way we have enumerated the set Respec(A) is without counting for
multiplicity. In fact, we may very well have two points z1, zo € spec(A) such that
Rez; = Rezy. However, the important point here is that for all » € (A_1,0), we
obtain A, = A — r is w,-bisectorial and invertible. The same conclusion holds for

T‘(O, /\1)

Definition 5.9 (Atiyah-Patodi-Singer (APS) boundary condition). Let
a:= s min{—A_;, \;} and define the APS boundary condition for the operator A
to be )

Baps(A) == x (A,)H2(OM, E).

Proposition 5.10. Given an adapted boundary operator A for D, the APS-
boundary condition Baps(A) is elliptically regular.

Proof. Since A, is an invertible bisectorial adapted boundary operator, on invoking
Theorem 4.122, we have that H(D) = Ha, (Dg) with Dy the induced model operator
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from A,. Moreover,
Ha, (Do) = X (Aa)H2(OM, E) & x*+ (A)H 2 (OM, E) = Baps(A) @ ®&x*(A)H 2 (M, E)

which shows that Bapg(A) is closed in H 4,(Do) and hence, a boundary condi-
tion. Moreover, by construction Baps(4) € Hz(0M, E) and therefore, it is semi-
elliptically regular.

By Proposition 5.1, it suffices to prove that
Bips(A) "0 P0 e (00) i (90, B)

We compute

J_’Hf%(DM,E)

Bips (A) 5140 PO R4 P0) (= (4,) 13 (OM, B)) N4, (Do)
= X" (ADHE(OM, B) 0 (xH(A)HE (OM, B) & X~ (A;)H 3 (OM, E)
= X (ADH 2 (OM, B) N x* (AL H= (OM, E)
= xT(A*)Hz(OM, E) C Hz(OM, E). 0

Remark 5.11. Given we have the freedom to compute the annihilator with re-
spect to any bisectorial invertible adapted boundary operator, we could have in-
stead BAps(A)L’<HAT(D°)’HAT(D°)> for some other admissible spectral cut r € R.
For the sake of argument, let us assume that » > a. Then, when we compute the

annihilator, we would have to additionally take care of the subspace
X (ADH™Z (X (ADH =

A quick sketch of this situation reveals that this subspace is the sum of generalised
eigenspaces corresponding to finite spectral points. Therefore, this is a finite
dimensional subspace. Moreover, each generalised eigenspace consists of smooth
sections and therefore,

XT(ADH™2 Ny~ (A, )H 2 C C®(OM, E).

Since any two norms are comparable on a finite dimensional vector space, we are
able to write
u 1 ~ (U 1
1ulli-3 onr, iy = 14lli53 onr
1

for all u € xT(ADH 2 N x~ (Ar,)H 2. This remark gives a conceptual basis as

to the reason all subspaces x~ (A, )Hz (M, E) for an arbitrary spectral cut 7 € R
should be elliptically regular. Clearly, these are the APS conditions Baps(A,).

Finally, we end this subsection with the following important consequence of our
considerations here. This corollary allows us to use methods arising from index
theory to understand both boundary value problems and other important structural
aspects of adapted boundary operators.
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Corollary 5.12. Let M be compact and A any adapted boundary operator for D.
Then Dp,pq(a) i a Fredholm operator.

5.3 Spectral asymmetry of self-adjoint operators

Let 3 be a compact manifold without boundary, and Ey, — > a hermitian bundle
over Y. We focus our attention now on A € Diff;(FEyx) which is assumed to be
elliptic and formally self-adjoint. Note that since ¥ is boundaryless and compact,
we have that A has a unique closure A = Ain = Anax. Therefore, with slight abuse
of notation, throughout, we will identify A and A.

From Theorem 3.38, dom(A) = H! (X, Ex;) and since it has a nonempty resolvent, we
have that spec(A) is discrete. Counting the nonzero eigenvalues with multiplicity,
we obtain that

spec(A) ={—oco < - <A, <--- <A ;<A =0
<M< <N < - <o) CR.
The fact that A is self-adjoint means that the generalised eigenspaces are, in fact,

eigenspaces. Moreover, Eig,(A) € C*(X, Ex) for all A € spec(A4), and they are
finite dimensional.

With this in mind, we define the following important gadget that was first introduced
in the seminar paper [4] by Atiyah-Patodi-Singer.

Definition 5.13 (Eta-function). Given s € C, define
sgn(A\)
na(s) = Z )\—|s
A€spec(A)\{0}

whenever it exists, where implicitly this sum is understood to be counting multi-
plicities.

While this definition seems like something ad-hoc, it is well motivated by pre-existing
concepts in the literature. Consider

((s) = Zz‘*s,

the celebrated Riemann zeta-function. It is an important object in number theory
as well as a number of other areas in mathematics as well as mathematical physics.
It is meromorphic on C and in fact, it is holomorphic on C\ {1} with a simple pole
at s = 1. Let us list some interesting properties of the zeta-function.

1. The heavily popularised expression ‘1 +2+34--- = —%’ due to Ramanujan

is justified by the fact that ((—1) = —3.
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2. The Riemann hypothesis, which has consequences to the distribution of prime
numbers, is given in terms of the zeta-function. More precisely, the hypothesis
is that the nontrivial zeros of ( are in % +R.

For B non-negative self-adjoint and with pure point spectrum, the spectral zeta-

function of B is
Ca(s):= > AT
Aéespec(B)\{0}
As in the expression for the eta-function, this sum is understood to count multiplic-
ities.

Like their distant cousin the Riemann zeta-function, which is of prominence in num-
ber theory, spectral zeta-functions play an important role in geometry. From the
defining expression, it is easy to see that the eta-function generalises the spectral
zeta-function to general self-adjoint operators, which admit two sided spectrum.
When the spectrum of A is symmetric counting multiplicities, or equivalently when
Eig 4 (A) = Eig4(—\), it is clear that na(s) = 0. Therefore, in the general self-adjoint
operator situation, the eta-function measures a certain ‘spectral asymmetry’. In fact,
in [4] where this was first introduced, the central theme was that of ‘spectral asym-
metry’.

5.3.1 An outline to study eta-functions

Let us the eta-function in the following convenient manner, that separates the sum
into negative and positive spectral parts:

= i A+ i A5
=1 =1

Since we assume A to be self-adjoint, let us consider the APS boundary condition
in this context. It is easy to see that, as a consequence of the self-adjointness of A,
YE(A)* = x*(A). Moreover, each eigenspace is also orthogonal and therefore,

Baps(A) = X (A,)H2 (3, E) @ElgA H (3, B) .

A<0

Letting £ = n*Fy, where 7 : [0,00) X ¥ — 3 is the projection map, we build a
‘model” operator Dy € Diff;(FE) out of A, simply by writing Dy = (0; + A). The
Dl = —8,+A* = —(9,— A) is then precisely —A. From this, it is clear that oy = —id
so that o = —1id also. Moreover,

Ha(Do) = X (AH2(S, E) & x " (A)H2 (S, E).
Therefore, from Proposition 4.99,

— Blpg(A) = (63) Bl pg(A) = BH{Ha0)HaD0))

= xT(A)H2(S,E) = @ElgA A) NHz(dM, E)

A>0
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Since Bapg are precisely the eigenspaces of A associated with negative spectrum,
and _B/TxPs are the eigenspaces of A with positive spectrum, it is suggestive that
these boundary conditions ‘encode’ information regarding n4. This then leads us to
postulate the following approach to the study of 74.

1. Use the index of an operator to study n4 - consider a compact manifold M,
with OM = X, along with an operator D which in a neighbourhood of the
boundary takes the form D = 0y(d; + A). We have seen from Corollary 5.12
that Dp,.s(4) is now Fredholm operator so this operator has a well-defined
index.

2. Prove an ‘index formula’ which connects the index of Dp,,4) to 74.

To explore this approach further, it is useful to recall the following class of operators.

Definition 5.14. Let S € ZA(H). Then S is said to be trace class if for an
orthonormal basis (e) for the Hilbert space H,

tr(S) := Z(Sek,ek> < 00.

k

Remark 5.15. The trace is independent of basis. However, in application, it is
worthwhile to use a basis arising from the spectral theory associated to S in some
meaningful way:.

Remark 5.16. The trace of an operator already allows us to see the eta-invariant
from an operator theoretic point of view. Since ¥ is compact, by using Lemma 5.5,
we obtain that A is Fredholm. By the self-adjointness of A, we have that
L*(X,E) = ker(A) @* ran(A). We know that A, : ran(4) — ran(4) is
unbounded self-adjoint. Moreover, since the eigenspaces of A are orthogonal, we
have that spec (A|ran(A)> = spec(A) \ {0}. In particular, ‘A|ran(A)‘ is invertible,
and ‘A|ran(A) )
these facts, we obtain that

exists at least for non-negative real values of s. Putting together

sgn (A|ran(A))) )

7714(8) =tr (‘A‘ran(A)

The reason we introduce the notion of trace is to afford us with a larger class of
operators to ‘access’ the index. More precisely, want want to access n4 via a trace
of a combination of ‘heat kernels’

Let T' € € (H) densely-defined and suppose that T*T and TT* have discrete spec-
trum with finite dimensional eigenspaces, e.g. for T*T, T'T* compact.

Clearly T*T and T'T™ are non-negative self-adjoint.
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Lemma 5.17. Let T € € (H) be densely-defined. Then, T*T and TT* are non-
negative self-adjoint and
ker(T") = ker(7™T)

Proof. We know that T™ is also densely-defined from Proposition 4.16. Consider the
operator T': HEH — H D H.

~ 0 T

(7 o)

with domain dom(7) = dom(T) @ dom(T™*). It is easy to see that T is self-adjoint
operator, and so in particular, it is O-bisectorial and has an H*-functional calculus.
Therefore,

\T\ = Tsgn(T)
exists and it is densely-defined non-negative self-adjoint operator with the same

domain as dom(7’). In particular, it is O-sectorial. By application of Proposition
4.61, we obtain that N5, dom(|T|’) is a dense subspace of H @ H. Therefore,

™r 0

2 _

= < 0 TT*) '

is densely-defined and easily verified to be non-negative self-adjoint. By projecting
off the components, we have that T*T and T'T™ are both non-negative self-adjoint.

Now, to prove that ker(T) = ker(T*T), we first note the trivial direction ker(7") C
ker(T*T). We prove the reverse containment. Let u € ker(T*T). Then v :=
Tu € ker(T™*). From Proposition 4.16 I1I), we have H = ker(T™) &~ ker(T'). Since
v € ran(T) Nker(T*) = 0, so u € ker(T). O

Lemma 5.18. Let T € €(H) be densely-defined and suppose that T*T and TT*
have discrete spectrum with finite dimensional eigenspaces. Then,

A € spec(T*T) \ {0} & X € spec(TT™) \ {0}

and Eigp.p(A) = Eigppr(A).

Proof. Let A € spec(T*T) \ {0}. Then there is a ¢ € dom(T*T') satisfying T*T'¢ =
Ap € dom(T*T) C dom(T'). So

TTTe = (TT")(Tp) = MT).
Therefore, A\ € spec(TT*) \ {0}. Since by Lemma 5.17 we have that ker(7*T') =

ker(T'), the map
o — Ty : Eigr.p(A) = Eigprp(N)

is an injection.
Now suppose ¢ € Eiggp«(A). Then TT*) = Ay € dom(T™) and T*T(T*y) = XT*9.

This means we can act on this by 7* and on doing so, we obtain T*¢ € Eigp.p(A).
Therefore ¢ — T'p is a bijection and by linearity, it is an isomorphism. O]



146 5 The Atiyah-Patodi-Singer Index Theorem

Proposition 5.19. Let T € €(H) with T*T and TT* discrete with finite dimen-
sional eigenspaces and suppose that f € Cy([0,00]). Then, f(TT*) is trace class
iff f(T*T) is trace class and in that case

F(0)nd(T) = te(f(T°T)) - te(f(TT"))..

Proof. First, write

w(f(TT) = > f(A) = f(0)dim(ker(T"T)) + Y f(A

A€spec(T*T) A>0
w(FIT) = Y 700 = £(0) dimker(TT) + 3 7(1)
pespec(TT™) n>0

allowing these sums to take the value co if the trace is nonexistent. From Lemma 5.18,

fixing N € N,
YN =) fw

0<A<N 0<p<N

Therefore, the limit N — oo exists for one if and only if it exists for the other
sum. Moreover, we assume that Eig;.,()\) and Eigpp. () are finite dimensional,
dim(ker(7*T')) + dim(ker(77*)) < oo. This shows the assertion that f(7*T) is
trace class if and only if f(T'T*) is trace class.

Now, suppose that these are trace class. Then,

tr(f(T°T)) — tr(f(TT*)) f(0)(dim(ker(77T)) — dim(ker(77™)))
f(0)(dim(ker(7T)) — dim(ker(7™)))
= f(0)ind(T), O

where the second equality follows from Lemma 5.17.

Remark 5.20. This proposition affords us with a huge amount of freedom in or-
der to compute the index of an operator, up to a constant multiple. We begin with
an operator 1" with the only assumption that is Fredholm. However, the spectral
theory of this operator is completely unknown to us. Now, via this proposition,
we can instead move to ‘second order’ non-negative self-adjoint operators, 77T
and 7T, built out of this operator. There are many functions in f € Cy,([0, 00]).
Given T', we simply need to find a good class of such functions so that either
f(T*T) or f(TT*) can be verified to be trace class. With this alone, we can now
access the index of the operator up to an identifiable multiple of ind(7), namely

£(0).

Now we have some extra tools available to us. Letting Daps = Dp,.44), With
the choice of T' = Daps, we are lead to the operators DipgDaps and DapsDipg Via
Proposition 5.19. Given the success of ‘heat equations’ in the boundaryless situation
for index theorems, we hope for the following.



5.4 Schwartz kernels of operators 147

(I) Clearly the spectrum of DipsDaps and DapsDipg are discrete with finite
dimensional eigenspaces since, dom(D}psDaps) C dom(Daps) C HY(OM, E)
and dom(DapsDipg) C dom(Dipg) C HY(OM, F), and these latter spaces em-
bed compactly into L?(0M, E) and L2(OM, F') respectively. Since DjpsDaps
and DapgDj3pg are both self-adjoint, there is a nonempty resolvent set, and
therefore, we obtain a compact resolvent.

(IT) Moreover, the heat semigroup e~ "ParsPars which exists because DipgDaps is
non-negative self-adjoint. What we hope for is that this is is trace class for
7 > 0. Then by Proposition 5.19, e 7ParsPies trace class and

ind(DAPS) —tr (e—TDf\PsDAPS) —tr (e_TDAPSDZPS) '

(ITT) Guided by the boundaryless index theorem, we hope that in the analysis,

tl“( APSDAPS) —tr (e—TDAPsDZpS>

is able to ‘see’ m4 through an appropriate asymptotic expansion near some
7o € [0,00]. As in the boundaryless case, we need to understand the Schwartz
kernel, sometimes simply (and confusingly) called the kernel associated this
object.

5.4 Schwartz kernels of operators

For manifolds M, N let m1; : M x N — M and 7 : M x N — N be the canonical
projections.

Definition 5.21 (Outer tensor product). The outer tensor product of the
vector bundles & — M and F' — N is

EXF :=mEQmF.

It is clear that the fibres (E'X F) =E,®FE,.

(=,y)

An important theorem in the theory of Schwartz kernels is that there is a bijection
D'(M x N,EXRF) - Z(D(M,E),D'(M,E)). This is the famous Schwartz kernel
theorem, but we shall not require its full force and therefore, we will only mention
it in passing. The objects in D'(M x N, EX F') are precisely the Schwartz kernels.

We describe the kernels directly through an integral, which mirrors the situation
of the scalar valued case. Let K € MeasSect(M x M, E*K E). The associated
operator to K is

(Txew) (@ /K:c 2)u(a’) du(a’) .
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Let (py) be an orthonormal basis for L2(M, E). Then, for u € L?(M, E), we have
the Fourier expansion u(z) = Y, u*p,(z). Further suppose that
(Txu) € B(L*(M,E)) .
Then, we expand the kernel also in the Fourier basis to obtain
K (2, 2) = K*px(2')" @ pa(2),

where 3 ()" [u(2’)] := g (u(a'), pa(x)).

Therefore,
(Tru) L/7K*hE oA )pa(x) dn(a)
KM u 90/\>L2(ME)90>\()
= K)‘u)‘go)\( ).

Now, let us consider the situation when Tk is a trace class operator. Using this
basis (¢,) to compute the trace, we obtain

tr(Tx) = Z Tk ox, r)

A

= <K$y%)dﬂ() >

1<wa [r0)] A )

— A <K“’< (), ea(y) du(y))w,m>
:;/KM mmwﬁg

=> K. 7

Let us now compare this with the trace of the Schwartz kernel. Since K(z,y) =
K*ox(y)" @ pa(x), we have

tr(K (x,2)) = K* tr(pa(x)” @ pa(2)) = Krpa(2) [oa(@)] = K pa()y, -

Integrating this expression, we find

[ (e dnto) = [ K@) dute) = 30K = (T,

Therefore,
tr Ty = / tr K (z, x) dp(z) .
M
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To conclude this section, we remark that we typically consider a family of operators
which are trace class. Then, the kernels themselves are parametrised via some
auxiliary manifold P. That is P 2 p — K(p,-,-) € MeasSect(M x M, E*X E). A
Fourier expansion then is of the form

K(p,z,2") = K*(p)pa(a')” @ palz) .

We will see that for a heat kernel, P = (0, 00) and we consider

(0,00) 37+ e Pu = /M K7, 2, 2)u(z’) du(a').

5.5 Analysis in the cylinder

Let (X,v) be a compact measured manifold without boundary. Fix a self-adjoint
A € Diffy (%, Ex). Let E = n*Ey, where w : Z = [0,00) X ¥ — ¥ and the induced
density on Z is p = |dt| @ |v|.

In order to analyse 14, we analyse the model operator Dy = (0; + A). Indeed,
contrary to our earlier discussion, this is not a compact space. However, the structure
of the infinite cylinder presents advantages to an initial analysis, much like the way
in which the analysis of the model problem in Section 4.9 allowed us to understand
the general problem in Section 4.11. Later, we will localise to a precompact region
of the cylinder.

We have already seen that

Bars(A) = P Fig,(\) NH (3, E)

A<0

—Blps(A) = D Eigs(\) N H: (3, E)

A>0
Let Do aps = Do B,ps(4) and define the Laplacians

A= DaAPSDO,Aps and Ay = DO’ApsDaAPS.
In the analysis to follow, we study

tr (e_TAl - e_TAQ)

and connect this to n4. For that, we analyse A; and A, and their related heat
equations. The following result, readily verified, is key to the analysis.

Lemma 5.22. The spaces L*([0,00),L*(%, Ex)) = L*(Z, E) and whenever u €
L2(Z, E),

ulte)= Y wMt)pala).

A€spec(A)
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5.5.1 Analysis of the heat equations

First, let us consider heat equation with respect to the Laplacian A;. Since DLPS =
—(0; + A), the map A; acts as

Ay = (=0, +A) O+ A) = —02 — A+ A, + A2 = —92 + A2

The domain of this operator is precisely

dom(A;) = {u € dom((DgDo)maX) u € dom(Dy aps)

and Dy apsu € dom(DS,APS)} .

We reduce our analysis to eigensections. For that, we use Lemma 5.22 to understand
u € dom(A;) in terms of a condition on its Fourier coefficients. So for that, write
u(t) =3, u*(t)pa € dom(A;). Then

u € dom(Dgaps) < VA>0:u*0)=0.

Also, note that

(Doapsu)(t) = (0 + A)

3 uwm] B CESNONCEN)

A A

Therefore,
D07Apsu € dOHl((DojAps)*) & VA<O: (8,5 + )\)U)\ =0.
Via Fourier decomposition, the domain dom(A;) is described precisely to be

dom(A;) = {u € dom((D'D) | ux=0if A > 0and (9, + Auy =0if A < 0} .

max)

Consider the heat equation
(Or +A)Du=0  with  w(0)=1up.

Note here that 7 is our variable for ‘time’ and ¢ is the transversal variable in the
cylinder, which leads us away from the boundary ¥ to the interior.
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The heat operator then takes the form
0=(0; + Au(r, t,z) = Z((@T — 0 + XN )un (7, 1)) pa(2)
A

which is equivalent to requiring
0=(0, =9} + X)ur(r,t)  and  u(0,-) = upo(")
for all A € spec(A). If u(r,t,2) = >, u(7,t, ) solves heat equation 0 = (9; + A)u,
then:
I) u(r,-) € dom(A,) for all 7 > 0,
ITI) ux(r,-) =0 forall 7 >0 and A > 0,

II) (0 + Nux(r,t)|,_, =0 for all 7 > 0 and A < 0.

1o

That is, through the Fourier expansion, we have reduced our analysis to analysis of
ODEs on R.

We do not explicitly solve for the Schwartz kernels of these equations as they are
classical and well-known. However, we present them here so that they can be verified
to be the correct objects.

Fix A € R and let

—\2r "2 n2
- (t—t") (t—t")
K)Mr,t,t) := ¢ = (e_ T —e 47 ) .

Recalling the complementary error function

erfc(s) := % /OO e € de,
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. [KMm ) ifA>0,
1(7 ) )‘: -
1

K6, 0) + de t+t>erfc(t+ft Aﬁ) itA<0,

The Schwartz kernel or heat kernel for e ™®1 is then readily verified to be

Ki(r,t,z,t' 2') = ZKf‘(T, t, ) oa(a")" @ pa(x) . (5.1)
A

Next, we consider the heat equation of Ay. This is u € L?((0, 00),dom(As)) which
satisfies (0, + Ag) with u(7,t) = 0. This time, we find that

dom(Ay) = {uedeDd)hﬂ)

ur(r,0) = 0if A < 0
and (=0, + Nua(r,8)],_, = 01t A > o}

Define ~
{Kﬁ(f,t,t/) if A <0,

Note that K3 = K;*(7,t,t') for A > 0. Then, the heat kernel for the heat equation
corresponding to A, is given by

Ky(r,t,z,t', 2') : ZK/\TttQO)\ V'@ pa(r). (5.2)

Proposition 5.23. For 7 sufficiently small (as T — 0 asymptotically), there is a
¢ < o0 s.t forall (t,x),(t',2") € Z=10,00) x ¥,

_ 2
|[Ki(7,t, 2, 0")] < er—hvin) =520

)

where n = dim(X). In particular, K;(7,t,z,t',2") — 0 exponentially as 7 — 0 as
long ast #t'.

Proof sketch. Since

> 2 2
/ et dé<e™
X
we obtain the estimate

A2 A2
e 7 2Me T (=7)*
KM t,t)] < el
’ i )’ <\/7r7+ NZS )e

Then

\‘

ey
|Ki(7,t,,$,t/,l' S 7T (Ze |SD)\ | +|SO)\( )l ))e ar
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Letting K(7, z,y) be the heat kernel for e=™* on 3, we note that

(G mr)) = S ot

Since ¥ is compact without boundary, and A? € Diffy(Fy) is self-adjoint (in partic-
ular domain H?), we have asymptotically as 7 — 0

|3

tr(K(r,z,z)) <77

These estimates are contained in the paper [1] and its erratum [2] due to Atiyah-
Bott-Patodi. The conclusion then follows. O

This proposition says that, off the diagonal (¢,t") € R, x R,, the contribution is
asymptotically small. In any case, since we are interested in

tr(e_TAl — e_TAQ) ,

we are required to understand the differences of the kernels on the diagonal t = t'.
Therefore,
KALAQ = K1 — Kg

and define
K(r,t,x) == tr(Ka, a, (7,8, 2,t,2)).

To assist us in the calculations to follow, define

_ Jsgn(s) s#0,
sgn(s)—{l s=0.

Through simplifying the expression for K(7,t,x) using (5.1) and (5.2), we find

Vot
- ;sgn(A)i (; 21\t erfc(7 T |)\\\/‘>) or (@)

Integrating in (¢, x) yields

/ /K 7, t,z) dv(z) dt = —Z sgr;()\) erfc(|A[v/7) .

—e_vTe’é 2
K(r,t,x) = Z sgn(\) (— + | A|e2ME erfc(% + |)\|\/¥>> loa(2)]

Therefore

K'(r) = \/i? S e (5.3)

Now note that erfc(0) = 1, and since we sum over A counting multiplicities,

di k
K(r) =— im (ker(A —i—ngn A) erfe(|A[V/T) .

A#£0
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Let us now define
h := dimker(A).

Since

g2

erfc(s) < e ¥,

2
VT
we obtain

I) K(1) - —3h as 7 — o0,
I) |K(7) + 3h| < \/%? > a0 e T as 7 — 00, and

III) |K(7)] < er2™ as 7 — 0 where n = dim(%).

These facts then imply that

o 1
/ <K(7’) + §h> 71 dr < 00
0

for s € C with Re(s) sufficiently large.

Using integration by parts and using equation 5.3, we obtain

0 1 ol 1. _F(S-i—%) sgn(A) _F(s—l—%)
/0 (K(T)+§h)7 dr = 25 /m é; N 2y 1na(2s) .

Here, I' : C\ (—N) — C is the famous Gamma function, famously satisfying k! =
['(k + 1), defined as

I'(2) :/ s le™* ds
0

when Re z > 0 and analytically continued to C\ (—N).

5.6 The index formula

As we have already stated in Corollary 5.12, when the underlying manifold M is
compact and D € Diff;(E, F') elliptic, for any given adapted boundary operator
A, Dp, g4 is Fredholm. Therefore, to prove an index formula, it is reasonable to
restrict our attention to compact M.

Indeed, throughout this section, we assume that M is compact with boundary OM =
3, carrying a density p. Let (E, k"), (F,h'") — M be Hermitian vector bundles and
D € Diff;(E, F) elliptic. To utilise our analysis in Section 5.5, we further assume
the following: U, is a diffeomorphic to Z, = [0, ¢) x ¥ such that

D — G()(at + A)

inside U, with A self-adjoint. Moreover, we assume that inside U,, the density
p = |dt| ® v, where v is the induced density from g with respect to the vectorfield
0, on OM.
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Let Dy = 0, + A. Note that this is not the model operator VDO with Trespect to A,
which is Dy = 0¢(0; + A). From Theorem 4.122, we know H(D) = H(D,), where
we write D4 = 0; + A on the cylinder Z. Define

Daps = Diax |d0m(DAPs)

with domain

dom(Daps) = {u € dom(Dyay) | uly, € BAPS(A)}

uly € XH(ANHTH(E, B) |

= {u € dom(Dyax .

)
)
where we chose a = 3 min{—A_1,A;} in Definition 5.9. As aforementioned, by
Proposition 5.10. and Corollary 5.12, we know that Baps(A) is elliptically regular
and hence Dapg is Fredholm. Moreover, we have the following.

Lemma 5.24. The operators e~ ™™ and e=™2 are trace class for 7 > 0.

As in the analysis of the model operator Dy = 9; + A in Section 5.5 (which was
Dq there), where we considered the Laplacians A; and Ay, let us now define the
associated Laplacians for Daps:

Ll = DZPSDAPS and L2 = DAPSDZPS .
Since ind(Daps) € Z, by Lemma 5.24, we obtain
ind(Dapg) = dim(ker(Daps)) — dim(ker(Djpg))

= dim(ker(DipsDaps)) — dim(ker(DapsDipg))
= tr(e_TLl) — tr(e_TL2) .

Given our particular geometric setup, let us briefly consider what can be expected.

1. Near the boundary, appropriately localising to inside U,, given that it is dif-
feomorphic to Z,, we anticipate that there are no ‘curvature’ contributions to
the index, but only boundary contributions.

2. Away from the boundary, outside of U,, the manifold might have geometry.
We know from the boundaryless index theorem that it is precisely understood
in terms of the geometry.

Moving forwards, we need to capture these two aspects. We anticipate that the first
aspect to be captured in the analysis we did in Section 5.5.

To capture the second feature, lead by the fact that the cylindrical end near the
boundary should not geometrically contribute to the index, we let M := MUs, (—=M),
the double of M. Conceptually, this is the smooth manifold obtained by gluing two
copies of M along the boundary. Formally,

M:MX{O,I}/N
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where (z,0) ~ (x,1) for all x € OM.

The bundles E and F double to E and F as expected, and since the manifold is
product near the boundary, and the operator near the boundary is D = 00(0; + A),
the operator doubles to an operator

D e Diff, (., F)
which is elliptic. Note that the fact that the operator is product near the boundary
is important to assert that D has smooth coefficients.

Again from before, we know that D has a unique closure, i.e. Dmin =. Dmax since M
is compact with M = 0. We will from now on write D in place of D.

Define ) o . o
L, :=D*D and Ly, = DD*.

Since the manifold M is now a compact manifold without boundary, ind(D) € Z
and e ™"t and e~"!2 are trace class operators. Therefore,

ind(D) = tr(e_TE1 - e_TZ2> :
It is here that we expect to find a geometric contribution to ind(Daps).

By e1, €3, €1, €2, denote the the heat kernels of e~ 71, e_TLQ,e_TL,e_TL~2 respectively.
Let

KAS(1,y) i=tr(ey —e2)(,y,y)  and  K(7,y) = tr(& — &)(1, 4, 9) -

Now let &, & € C2(]0, 00), [0, 1]) with
1 ifee0,9), o
§1<t> T {0 ifte [%,OO), and 52 =1 gl'

Since we are analysing the index via trace class operators, we are particularly in-
terested in understanding the behaviour of these traces as 7 — 0. To facilitate
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the analysis, it is useful to understand asymptotic equivalence as well as asymptotic
expansions of the heat kernels associated to these objects. For that reason, let us
recall the following standard notions.

Notation 5.25 (Little-o and Big-O). Let f be a complex valued function and
g real-valued and positive.

1. We say that f(s) = o(g(s)) as  — L if given € > 0, there exists 6 > 0 such
that

£ (s)] < eg(s)

for all | — L| < §. For the limit L = co, we say that there exists an N > 0
such that for all z > N, this inequality holds.

2. We say that f(s) = O(g(s)) as  — L if there exists M and ¢ such that for
all « satistying |z — L| < ¢,

[f(s)| < Mg(s) .

Notation 5.26 (Asymptotic equivalence and expansions). 1. For two
functions f and g, we say

f(s) ~g(s) as s — L
if f(z) =g(z)(1+0(1)) as x — L.
2. We say
f(s) ~ Zajgoj(s) as s — L

if p;+1(s) € o(p;(s)) as s = L and

f(s) — iajgpj(s) = O(p;(s)) as s — L,
£6) = S aspsls) = olpsals)  ass— L
k=0

for all j € N. The convergence of ). a;p;(s) is to be understood as con-
verging for a fixed j in the limit s — L.
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Armed with this notation, we obtain as 7 — 0

ind(DAps) = tr(e*TLl - eiTL2>
~ /0 /aM KAPS (1t 2)my (t) du(x) dt + /MK(T’ y)ma(t) di(y)
N/ K(7,t,z)n(t) dv(z) dt +/ K(T, y) du(y)
o Jom M
~ / K(r,t,x) dv(x) dt +/ K(r,y) du(y),
0 JoMm M

where K(7,t,2) = tr(Ky(7,t,2,t,2) — Ky(7,t,2,t,2)), where K; is the heat kernel
for e=™2i from analysis on the cylinder Z = [0, 00) x M.

From the heat kernel proof of the Atiyah-Singer index theorem on closed manifolds
for elliptic first-order operators, we find

~ 1
K(7,y) ~ Z ag(y)r"
k>—n

for some «,, € C*. Recalling that

we obtain
ind(Dapg) ~ /K 7,y) du(y
Rearranging this expression, we obtain
K(1) ~ind(Daps) — 2k / ag(r) du(z
k> -n

Recall in that in subsection 5.5.1, we deduced the expression

/0 N (K(T) + 1h> Pl dr = —_Ff 2, 09).

Therefore,

na(25) = F—(is;/f)( 3h +ind DAPS Z /M 1k+ )+ On(s )>7

where 9 is a function that is holomorphic on { seC } Re(s) > —%} Then, by
complex analysis, the function 74 is meromorphic on C, and takes a finite value at
s = 0, given by the expression.

7a(0) = 2 /M ao(z) dp(x) — b+ 2ind(Daps).

This yields the following celebrated and remarkable theorem of Atiyah, Patodi, and
Singer [APS4, 3, 4, 5, 6].
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Theorem 5.27 (Atiyah-Patodi-Singer). Let (M, u) be a compact measured
manifold with boundary and D € Diff1(E, F) such that in a neighbourhood
U, = 1[0,0) x OM = Z,,

D = Uo(at + A)

where A is a self-adjoint adapted boundary operator and dy = |dt| ® dv. Let
Daps = Dp,pga) where

Bups(A) = > Big,(A) NH: (M, E).

A<0

The operator Daps is elliptically reqular, hence Fredholm, and

. dim ker(A) + 0
ind(Daps) :/ ap dp — ( 2) na(0) .
M

In this expression, o is the coefficient of the T0-term in the asymptotic expansion
as T — 0 of the kernel of

tr (e’TD*D — e’TﬁD*) , (5.4)
where D is the operator double on M, the double of the manifold. The function

na(s)= D> A sga())

Aespec(A)\{0}

converges absolutely for Re(s) large, is meromorphic on all of C, and is finite at
s = 0. Moreover, if the asymptotic expansion in (5.4) has no negative power, then
na is holomorphic on {s € C | Re(s) > —1}.

Remark 5.28. The assumption that D = 0((9; + A) in a neighbourhood of OM
can be dropped. However, this introduces an additional term on the right, called
the transgression term. In particular, this measures the way in which the bound-
ary OM is embedded into M through its dependency on the second fundamental
form. However, the presentation of this theorem requires greater technicalities.
It also hides the conceptual nature of this theorem, particular its proof where, as
aforementioned, the doubled operator on the doubled manifold accounts for the
geometric term, and the cylindricality of the operator near the boundary accounts
for the eta function.

5.7 Dirac-Type operators

We have discussed the APS theorem in the abstract, under the hypothesis that the
operator and measure are both product near the boundary. In this section, we show
that these hypotheses are geometrically natural by demonstrating a large class of
operators for which these assumptions are valid.
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From here on, let us assume that (M, g) is a Riemannian manifold with compact
boundary.

Definition 5.29. D € Diff;(E, F') is called Dirac-type if

op(z,&) op(z,n) + op(x,n) op(z, &) = 29(§,1)idg, ,
op(z,&)op(x,n)" + op(x,n)op(x,§)" = 29(¢,1)idr, .

These conditions are called the Clifford relations of the symbol.

Lemma 5.30. If D € Diff{(E, F) is Dirac-type, then it is elliptic and for 0 #
EeT*M,
op(z, )" = I¢ .2 0n(x,8)".

Since we are in a Riemannian setting, we have the inward pointing unit normal vector
as a unique and canonical choice of inward pointing transversal vectorfield along the
boundary. Throughout our discussion of Dirac-type operators, we calculate with
this vectorfield. Therefore, we fix the following notation.

Notation 5.31. Let 77 be the inward pointing unit normal vector field along OM
with respect to g. Let N = i’.

Proposition 5.32. For D € Dift|(E, F') Dirac-type, whenever x € OM and 0 #
EeT*OM,

o (x N) = o ) £ 18— 9, (5.5)

is skew-hermitian. Furthermore, there exists an adapted boundary operator A that
is formally self-adjoint with principal symbol given by (5.5).

Proof. By Lemma 5.30, we obtain
N\ —1 L2 0\ * ERNE ]
GD<.75,N> —|N cD<x,N> :0D<x,N> .

Therefore,
oD(x,J\?)_ch(a:,g) =0p <x,]\7)*0D(x,£)
= —op(z,&)"op (m, N) + g(ﬁ,ﬁ) idg,

Now, since we have chosen 7 to be the inward pointing unit normal, we have that
g(§ N ) = 0 and therefore,

op <x, ]\7> _IO'D(QE, §)=o0p (SL‘, ]\7>*O'D(£C, €)

= —op(x, &) op <x,]\7> = —(0D<$>]\7)

*

O'D($,f))*.



5.7 Dirac-Type operators 161

-1
This shows that op (a:, N> o op(z,§) is skew-hermitian.

Now, we show there exists a formally self-adjoint adapted boundary operator. For
that, fix Ay € Diff; <E|Z> be an adapted boundary operator to D with o4,(z,&) =

-1
op (m,N) oop(x,£). Then define
A= %<A0+Ag> ,

which is formally self-adjoint by construction. It remains to show that the principal
symbol of A is given by (5.5). For that,

0-A<5U:£) = 1(7,40(1’,5) + lo—Ag(xa E)

9 2
= %O-Ao(x>§) - %GAO(:E’g)*
_ %%(x,g) v %%(az,ﬁ)
- O—Ao(xaf)
A -1
= 0p (2, §) " oop(r,), -

where the second equality follows from Proposition 3.16.

5.7.1 The formally self-adjoint case

Let us now suppose that, in addition to D being Dirac-type, that £ = F' and that
D is formally self-adjoint. In this case, since op(x,&)* = —op(z,§), the Clifford
relations reduce to

O'D(ZE,S)GD<CL’,77) + GD(%??)UD(%Q = 29(5777) ldEgc : (56)

Proposition 5.33. Suppose that E = F, D € Diffy(F) elliptic and formally self-
adjoint. Then, there exists an adapted boundary operator A that is self-adjoint
with principal symbol

oa(z,€) = op(z, N)™ o op(z,£)
that satisfies the following:
I) The anti-commutativity relation
GD(Q:,N> cA=—-Ao O‘D(QZ,N)

holds, and it is unique up to the addition of S € SymEnd(E) anti-commuting
with op (x, ]\7) .
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II) op (:zc, ]\7) : Eig 4 (\) — Eig4(—\) is an isomorphism.

I11) spec(A) is symmetric and na(s) =0 for all s € C.

Proof. a) AdI).

First we establish the uniqueness statement. For that, let A;, Ay be adapted bound-
ary operators satisfying (5.6). Then A; — Ay € Diffg(E) because the have the

same principal symbol. Clearly B := A; — A, anti-commutes with op(z, N ) and
A= A, + B.

Now for existence. For that, let Ay be any formally self—adpmt adapted boundary
operator with principal symbol o4, (z, &) = op(z, N) ™ o op(z, ). Define

1 1 = -\ *
S = 5140 + 50'D(',N)A00'D<',N) ,
and note ] ] .
§ =S A+ 500 (-,N)A;;GD <]\7> — 9.

It is readily verified that og(z,£) = 0 using Clifford relations for op(x,-). This
shows that S € Diffy(F).

Define
Am Ag— 5 = %AO _ %UD<~,]\7)AOGD (N) .

Then,
A=A - S"=A—-S=A.

A routine calculation then yields op (m, ]\7>A + Aop (m, ]\7) =0.
b) Ad II). ¢ € Eig,(A), then

A0D<x,]\7>gp = GD<33,]\7>A90 = —-\p,

since op <a:, ]\7>_ = —O‘D< ) this is a bijection.

c) Ad III). We know that spec(A) is discrete and from II), A € spec(A) & —\ €
spec(A). By definition,

ngn A T?

A#£0 ]

5.7.2 Dirac bundles and operators

In this section, following the terminology laid out by Lawson and Michelson in
[35], we present a large class of bundles and associated operators that are often
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determined by geometry. This class of operator are stable in that, through twisting
with auxiliary bundles, we remain in this class.

Let (M,g) be a Riemannian manifold. By AM we denote the Clifford algebra
AM = AT*M with product

Naw=NAw—"NLW,

where we recall
g&Ln,0) =gmENo0).

Definition 5.34 (Dirac bundle). <$, h$,Y7> — (M, g,) is called a Dirac bun-
dle if the following conditions are satisfied:

(I) o: C®(M,AM) — C>=(M,End($)) is an algebra homomorphism.
(1) h*(o(n)u, o(n)v) = h# (u,v) for all n € A'M with Inl, = 1.

(IID) Y, (o(n)w) = o(Vuyn)u + o(n)V,u for all n € ALM.

Remark 5.35. 1. This definition is taken from [35]. However, there, the map
o acts on vectors rather than forms. Through the musical isomorphisms
induced by the metric g, the passage between the two worlds are immediate.

2. Note that by (II), we have ker<g|A1M> = 0.

3. Usually we write v - ¢ in place of o(v)ep.

Definition 5.36 (Dirac operator). For z € M and (e;) an orthonormal frame
around z and (e’) the dual co-frame, define

(P)) = 3 00 ) (F.rt) 0 = (6 Vo) o)

Remark 5.37. From the properties of the map ¢ and since A! = T*M, we can
see 0|y, € CO(M,TM @ $* ® $). Now, Yu € C*(M,T*M ® §) and since

(TM®$)=(T"Me 8)",
the operator I) can be written more succinctly as

D=ypoV.

This is a particular advantage of defining o on T*M rather than T'M.
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Proposition 5.38. 0(z,&) = (&) = £+, and ) is formally self-adjoint and of
Dirac-type.

Proof. This is immediate from 5.34 (II). We leave its verification as an exercise. [

Remark 5.39. In fact, the inspiration for Dirac-type operators arises from this
particular case of Dirac operators on Dirac bundles, where the Dirac-type nature
of the operator is immediate.

In what is to follow, we write dt—! = N1

Proposition 5.40. Let (M,g) compact and g product near the boundary. That
is, there is an v > 0 s.t. U, = Z, and g(t,x) = dt ® dt + gan(z) inside U,.
Furthermore, let (§, h®, Y) — M be a Dirac bundle. Let

Au:=dt™t. e U -
Then, the following hold.

I) The operator A is an adapted boundary operator with principal symbol
oa(z,§) =dt™'-¢-

) dt-A=—A-dt.
III) A is formally self-adjoint.

Iv) If h® and Y are constant in the direction 7, the inward pointing normal,
inside U,, the operator P takes the form

Proof. a) Ad1). It is clear from this expression that
O—A<x7£) = dtil ’ g )

and therefore, it is an adapted boundary operator for Ip.

b) Ad II). First, we write

dt-Au:dt-zn:dt_l-ei-Weiu:iei-veiu.
i=2

i=2
On the other hand, we obtain

A(dt - w) Zdt‘ (dt )

= Zdt‘l o (Vedt) -u+dt™ e - dt - Veu)
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Now, fix a point x € OM and choose a synchronous frame for TM at x, where
e1 = 0;. Then, we obtain that

(Vo dt)(z) = 0.

Moreover,
e -dt-v= (ez/\dt) v =—dt-e'-v

and therefore

(A(dt - u)) ( Ze ) —(dt - Au)(z).

But since x € M was arbitrary, the conclusion follows.

¢) Ad III). Within an orthonormal frame {e;}, we compute:
h(Au,v) = h (dt‘l : zn: e - V,,u, v)
=2
= h(i el Weiu, dt - v>
i—2
= i: h(e' - V.u,dt-v)
1=2
- z; P(Veu ()" - dt-v)
- ZQh(u V. ((e) " dt-v))+ R
= ih(u, V(¢ -dt-v))+R
i—2
= ih(u,vei (' Ndt —e' Ldt)v+ (¢ - dt) -V v) + R,
i—2

where the penultimate equality is justified by ernel=e Nel —e'Le = —1. In the
last term we can observe e' L dt = 0 and on choosing (e;) with e; = 0; synchronous

at x, we absorb the remainder term R to an expression of the form div(X) for some
X € C®°(M,TM), and therefore,

h(Au,v) Z h(u, € -dt-Y.v)+div(X)
= Z h(u, —dt-e" - Y.v) + div(X)

= Z h(u,dt™ €' - V,v) + div(X)
i=2

= h(u, Av) + div(X) .
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Since

we obtain A = AT,
d) Ad IV). Let (e;) be an orthonormal frame for T'M near a point z = (t,y) € U,
with e; =7 = 0;. Then

(Pu) (@) = (dt - Vou) (@) + 3 (' Veru) (@)

=dt- ((Watu)(:v) + Z(dt’l el Weu)(u)> :

We examine the first term. For that, let (s,) be a frame for $ near x = (¢,%). Then,
(Watu) (z) = (Watua)(to, Zo)Sa(to, To) + Ua(to,xo)(vatsa)(to,xo) .

Since we have assumed that both h* and Y are constant in the 7 = 0, direction, we
have that
Vatsa =0

and therefore,
(Vo,u)(x) = (Buu) ().

Therefore, we obtain that ) is of product form as promised. n

Corollary 5.41. For (M,g) compact, g product near the boundary and with
(h$ . V) being constant in the normal direction near the boundary, the eta-function
na(s) =0 for s € C.

Example 5.42. 1. Let § = AM = AT*M and ¥V = V™ induced from the
Levi-Civita connection V9 of g. Then

e(nw=nAw—-nrw,
and the associated Dirac operator is the Hodge-Dirac operator

D=Duy=d+d;.

If ¢ is product near the boundary, then VA and the induced metric h on AM
are also constant in the normal direction.

2. Let M be Spin and fix a Spin structure &. Let $ = AM, the Spin bundle with
respect to £ and g. On considering the canonical irreducible representations
(one in odd, two in even dimensions) leads to o(n)w = n-w. Then the induced
I is a Spin-Dirac operator.
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3. Let (D, V¥ h”) be a Hermitian bundle with metric connection, then § :=
# @ E produces a new Dirac bundle by defining

e(n)(p ®u) = on)p @ u.
We get a canonical connection ;é and an induced Dirac operator D .

When § = AM, then D is typically called a twisted Dirac operator or twisted
Spin-Dirac operator.

Exercise 5.43. Verify that the structures defined in Example 5.42 3. indeed pro-
duce a new Dirac bundle.

5.8 Geometric applications

The Atiyah-Patodi-Singer index theorem has numerous geometric applications, with
the quintessential example being its consequences in the Spin case and to the so-
called signature operator. We give an outline of these applications in this section.
However, first, we must make a slight detour through genera and various character-
istic differential forms, necessary to capture the geometric features.

5.8.1 Genera and forms

Definition 5.44. A polynomial map P : Mat(N,C) — C is said to be invariant
if
P(T'XT) = P(X)

for all X € Mat(N,C) and for all " € GL(N, C).

Let (E,V) — M be a C-vector bundle, and recall that the curvature of V is
R(X, Y)U = vay’l} — VyVXU — V[Xy]?).

Definition 5.45 (Connection one-form and curvature two-form).
Let (u;) be a frame of E inside U C M. Then the connection one-form
w! € C=(U,A' M) is given by

N
Vxu; = wa(X)uj ;
i=1
The curvature 2-form is Q) € C®(U, A2M) with

N
R(X,Y)u; = > (X, Y)u;.
j=1
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Note that since R(X,Y) = —R(Y, X), @ is is indeed a local 2-forms and (Q?) is a
matrix of local 2-forms.

Indeed, the connection one-form and curvature two-forms are related by the readily
verified expression

Qf:dwf+2wiAwf.
k

Definition 5.46 (Even forms). Define

AYM = P A*M

keN

Lemma 5.47. (A®VM, A) is a commutative algebra.

Proof. For forms o € A*M and 3 € A'M, we have that
ahp=(-1)""pAra.

On A®YM the forms are all even, the conclusion follows. O

Proposition 5.48. An invariant polynomial map P : Mat(N,C) — C defines a

P((2)) e A M .

We shall not go into the guts of this statement, but the intuition is that scalar mul-
tiplication is simply replaced by the wedge-product. This is a well-defined operation
by Lemma 5.47, which guarantees that (A®" M, A) is a commutative algebra.

Example 5.49. The following is the quintessential polynomial map that we will
work with. Let

N
P(X)=det(X) = Z sgn(o) HXZ-J(Z-) :
oc€eSN =1

Then the induced action on a curvature 2-form written out locally as Qf is given by

P((9) = Y sen(@) A o7

gESy

Proposition 5.50. If (;) and (7;) are two local frames in U NU. Then for any
invariant polynomial map P,

P((2))) = P((®¥)) ec=(unb,a7M).
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Proof. The transformation between (€2%) and (Q7) is precisely given by an invertible
T such that _ '
() =T 1 ()T

By the invariant condition, the conclusion follows. O]

Exercise 5.51. Verify that there exists an invertible 7" such that (Q%) = T71(Q})T.

Corollary 5.52. Letting €2 be a curvature 2-form, we obtain
P(Q) € C*(M, A" M)

for any invariant polynomial map P.

Remark 5.53. This shows that, as opposed to the frame-dependent object Qg,
we are able to extract a global object P(€2) due to the invariant nature of P.

Recall that
0 — C®(M,A°T*M) —L5 C=(M,A'M) — --- — C*(M,A"M)..

Since d? = 0, this is a co-chain complex.

Notation 5.54. The form n € C>®(M,AM) is called closed if dn = 0 and ezact
if n = dv for some ¥ € C*(M,AM).

Definition 5.55 (de Rham cohomology). Let d;, := dlcw(M,AkM)
Coo (M, A*M) — C*°(M, A¥ M) and define

Hap (M) := ker(dk)/ran(dk—l) '

Theorem 5.56. For P an invariant polynomial, given a curvature 2-form €,
P(Q) is closed. Consequently,

[P(Q)] € D HIR(M) = HR(M).

k>0

The class [P(2)] is independent of €.




170 5 The Atiyah-Patodi-Singer Index Theorem

Remark 5.57. On a manifold with boundary, it may be that P(Q2) # 0 but
[P(€2)] = 0. Suppose that [P(2)] = 0. Then, P(Q) is exact, i.e., P(2) = dv for
some ¥ € C*°(M,AM). On integrating,

/MP(Q):/Mdﬁz/aMH,

using Stokes’” Theorem. Therefore, integration of classes is not well-defined on
a manifold with boundary, as it is the case on a boundaryless manifold. As a
consequence, in our setting, it is important to keep track of the form, and not just
the class as it is in the case with closed manifolds.

Definition 5.58. Let P : Mat(n,C) — C an invariant polynomial map of degree
k and €2 a curvature 2-form. Then

P(Q) € C(M,A* M),
and this is called the Chern-Weil form of Q) via P.
[P(Q)] € HiR (M, A**M)

is the associated Chern-Weil class.

Remark 5.59. The Chern-Weil class [P(£2)] is independent of Q. Therefore, it is
often denoted by P(FE), emphasising its dependency on the bundle E.

Of particular geometric significance, particularly to index theory, are the following
form and class constructed out of a particular polynomial map.

Definition 5.60 (Chern form/class). Let

1

Then, the form
c(Q) € A M

is called the total Chern form and
c(E) := [c()] € Hgp(M, C)

is the total Chern class of E.

Remark 5.61. Since ¢(2) € A*VM, we can write

c(Q)=14c1(Q)+...,4c, (),
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where

() € C°(M,A*M) .

Lemma 5.62. Let Q) be a connection 2-form and Q2* the 2-from corresponding to
the induced connection

V*: C®(M, E*) — C®°(M,T*M ® E*)

satisfying
d(e"(¥))(X) = (Vx¢")(¥) + " (Vx¥) .
Then,
ce(2) = (=1)Fer() .
Proof. Exercise. ]

Lemma 5.63. If (V,h) is a compatible connection and metric on E — M, then
c(Q) is real-valued.

Proof. Let Q = (Q;) be written with respect to an orthonormal frame. By compat-
ibility, 2 = (Qz) is skew-Hermitian. Therefore,

(Q) = det 1+LQ —det(1— ) —det[ (1- L0 '
¢ - 271 - e 271 - 271

1 1
= 1—-—0") = 1+ —Q) =¢Q).
det( 5 > det< to ) c(2) O

Uy’

5.8.2 Real bundles, Pontryagin forms and classes

So far, we have considered the Chern-Weil constructions for complex bundles. In
applications, it is of vital importance to consider the real case. The real case can be
accessed through complexification and the real nature of the bundle results in extra
structural features of the associated constructions.

To proceed, let V' — M be a real bundle and E := V ®g C its complexification.

Lemma 5.64. Let (V,h) be a compatible connection and metric on V and let V©
and h® denote the canonical extensions to V ®g C. Then for the induced 2-form
Qc we have

Ck(Q(c> = Ck:(Q(E) .
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Proof. Since €2 is real, by the compatibility of the metric and connection, in an
orthonormal frame, 2 can be seen to be skew-symmetric. The complexification (¢
retains the skew-symmetry, improving on the skew-hermitian condition, which we
saw is valid in the complex case. Then, a direct calculation yields the conclusion.[]

Corollary 5.65. For (V,h) as in the lemma, c,(2c) = 0 if k is odd.

Proof. From Lemma 5.62, we have that ¢, (Q%5) = (—1)"cx(Qc). Combining this
with Lemma 5.64, we obtain

cr(Qe) = cr(Q) = (—=1)*er(Qe) -

Clearly, this can only be satisfied if ¢;(€2c) = 0 for £ odd. O

These observations then allow us to define the Chern-Weil analogue in the real
setting.

Definition 5.66 (Pontryagin forms/classes). For (V,V,h) — M real vector
bundle with (V, h) compatible, define the k-th Pontryagin form

Pi(Q) = (—1)*car(c) € C> (M, A" M)

and the total Pontryagin form

Similarly,

P(V) = [Pu(Q)] € HiE (M) and  P(V):=[P(Q)] € Hix(M).

Remark 5.67. Note that as a consequence of Lemma 5.63, all of the objects in
the definition are real-valued.

Definition 5.68. Let f(z) := Y 2, fxz" € R[z] be a formal power series. Define
Ap: C¥(M,AY M) — C*(M,A\* M)

by
Af|C°°(M,A2kM) = (‘Ukﬂkfk idCoo(M’AQkM) :
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_ t2 3 :
Recall that log(1 +t) =t — %5 4+ % —.... For a fixed degree form, only finitely many
terms occur in the expansion. Consider

log(P(R)) = log(1 + P(Q) + Py(Q) +...)

P(Q)?
2

= Pi(Q) + Py(Q) — +.

Definition 5.69. For f(z) := > 2, fyz" € R[z], define

P;(2) := exp(Aiogor(log(P(Q)))) € C°(M,A* M) ,

this is called the multiplicative characteristic form.

5.8.3 Geometric applications in even dimensions

In the last section, we saw that the Chern-Weil forms are valued in A°"M and the
Pontryagin forms land in A*M. Later on, we will see that it is of importance to
be able to integrate the top order form to relate geometric quantities to boundary
conditions. Therefore, from now on, unless otherwise stated, we assume that (M, g)
is compact with even dimension n = 2m. Clearly, dim(0M) = 2m — 1 and we
continue to assume that g = dt ® dt + gsps (i.e. is product) in a neighbourhood of
oM.

The Spin case

The first applications we consider is in the context of Spin geometry. Therefore,
in addition to the assumptions we have already made on M, we suppose that it is
Spin. More precisely, we assume M admits a Spin structure. In particular, this
means that M is orientable.

Since M is even dimensional, we have two nontrivial canonical irreducible represen-
tations p*. The Spin bundle then splits as

AM=A"Mo A M
to the positive and negative half-spinors.

n—2

Moreover, dim(AM) = 27 = 2" and dim(AiM> =272 = 2" The Spin-
Dirac operator decomposes, respecting the splitting into the positive and negative
half-spinors as

D= (ID(L zbo ) with B2 0% (M, 4°M) = C= (A7)
Since ¢ is product near the boundary, we have that ) = 00(9; + A) near OM with
A a self-adjoint adapted boundary operator. A simple calculation then yields

AT 0
A:(o A—)’
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where AT are adapted operators for D respective. The symbol also splits as

0 o,
0=\t 0

P’ =0 (0 +AT).

and we obtain that

Lemma 5.70. A+M|8M — OM can be identified with AOM — OM and A+ with
the spin-Dirac operator on OM.

Definition 5.71. Let

_1_x+7x2+
Smh(%a)_ 24 5760

of$

a(x) ==

We define he A-hat or A-roof form associated with a curvature 2-form ) to be:

AQ) :=P4(Q)
Remark 5.72. Note that
2
. —r
log(a(z)) = o T ST

Therefore,

A() = exp[Aigoa(log P())]
_A@) | TR —4R(Q)

=1
24 2760

This is the crucial object that is required for us to give a geometric interpretation
of the APS theorem in the Spin manifold context.

Theorem 5.73. (M, g) is a Riemannian spin manifold with boundary of dimen-
sion n = 2m and g = dt ® dt + ggps near OM. Then

| aulo) duy(o) = [ @)

ind(mzps) _ /M Ay dimler(A) +nar (0)

and

2
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Remark 5.74. 1. Note that, since it only makes sense to integrate an n-form
on an n-manifold, we are implicitly writing

2. Let us compare this with the Atiyah-Singer index theorem on (M’, g) with
OM' = &. In this context, the index theorem reads

ind (W) - / A(TM),
M
where X X
A(TM) = [A(Q)} .
This object is topological.
Therefore, in the absence of boundary, the index theorem says that
analytical index = topological index .

Boundary no longer permits this expression, due to the reasons we gave
in Remark 5.57. Therefore, in the boundary situation, the analytic index
is described by a geometric integral in the way of the A form of Q and a
boundary term in the way of 174(0).

Exercise 5.75. Let (E,V,h) be a hermitian bundle with (V,h) compatible. The

twisted bundle splits AM @ E=A"TM@E® A M®E and [, = <l2§)+ ]DOE>
E

Taking this exercise for granted, we have the following straightforward extension of
the previous theorem. Note that here, the integral over ¢(2) A A(w) is again by
selecting the n-th order term.

Theorem 5.76. Let (E,V,h) be a hermitian bundle with (V,h) compatible and
constant in the normal direction in a neighbourhood of OM . Then, for the twisted
spin-Dirac operator D on AM ® E, we have

ind(lﬁJEr,ApS> = /MC(Q) AAQ) — dim(ker(Ang)) + UAE(O) |

With the aid of Theorem 5.73, we are able to obtain the following consequences
in various dimensions where the A-form vanishes. Let us remind ourselves that
n =2m.
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1. Suppose that m is odd. In other words, n = 2(k+1) = 4k +2 = 2 mod 4.

Then R R
An(Q) = A4k+2(Q)¢COO (M7 A4*M> )

and so A,(€) = 0.

Now consider the case m = 1 mod 4. That ism =4k +1 or n = 2k + 2.
Then dim(0M) =n—1 = 8k + 1. The operator A* can be identified with the

Spin-Dirac operator on AOM, and moreover, we know that
AT =iB,

where B is real skew-adjoint. Therefore spec(A™) is symmetric (with mul-
tiplicity) which yields na+ = 0. Also A4, (2) = Agg2(©2) = 0, so the index

theorem yields

dim (ker (A4*)) = ~2ind (D} ps)

In fact, through methods beyond our discussion here, dim(ker(A*)) mod 2
is an invariant of M independent of the metric. Therefore, this yields an
analytic proof that it vanishes for M Spin.

It remains to consider m = 3 mod 4, which occurs if and only if m = 4k + 3
or n = 8k + 6. Through similar considerations as before, we have that

An(Q) = Agys(Q) = 0.

From the classification of the Clifford algebras we know that the Spin bundle
in this dimension has a quaternionic structure @ (particularly an isomorphism
on spinors) satisfying the anti-commutativity relation

QA = —A*Q.

—

Using @ in place of op(z, N) in the proofs of II) and III) in Proposition 5.33,
we obtain that spec(A™) is symmetric (counting multiplicities) and therefore,
N4+ = 0. In this case, the index theorem says

—92ind (]pXPS) = dim (ker (A+) ) )

or that dim(ker(A™)) is even dimensional.

The Signature theorem

In this section, we return back to a more general setting. Let (M, g) be an Rieman-
nian manifold with boundary M. The additional structure we require is that M
is orientable. Note then that the volume density f, is, in fact, an n-form. For the
moment, we do not assume that M is compact.

First, we define the following metric on differential forms.
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Definition 5.77. For o, 3 € A*M witha = a1 A---Aag and B =B A--- A By
pure products of covectors, define g.(a, f) = det((g(ai, B;)) ) Then extend

n
ij=1

to the whole of AM via linearity.

Definition 5.78 (Hodge-star). Define x : AM — AM as the operator satisfy-
ing

aAxf = g*(‘%ﬂ)ﬂg
for all v, B € A¥M, extended by linearity to * : AM — AM.

Lemma 5.79. The Hodge-star operator x : A*M — A""FM is an isometry that
satisfies

_1)n(n—k)

**|AkM:( idpkyy -

For the purposes of this section, the Hodge-star operator gives us with the ability
to describe the formal adjoint dj in the following manner.

Lemma 5.80. The operator d; can be written as

*

pgas = (—1)"(n71)+1*d* = (1) s dx.

We omit the proofs of these lemmata as they are standard facts. They are both
readily verified.

Notation 5.81. Recall that a bounded invertible map 7" on a Banach space is
called an involution if T=! = T.

Definition 5.82. Let dim(M) = n = 2m. Then define an involution T : AM —
AM by
Ty = PP DMy

for o € APM.

Remark 5.83. Note that in the definition of the involution, we have that m =
appearing in the exponent. Therefore, the assumption that n = 2m is central t
our discussion from here on.

&
2
(6]

Exercise 5.84. Show that Y : AM — AM has spectrum spec(Y) = {£1} and
Eigy(—1) = Eigy(1).
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As a consequence of Exercise 5.84, T decomposes AM as a sum of its eigenspaces.

Therefore, define
A*M = Eigy(+£1).

From this, it is immediate that

AM =A"M&A M.

Lemma 5.85. The involution T anti-commutes with the Hodge-Dirac operator
Dy =d+dj. That is,

YDy ="T(d+d;) = —DyY.

Proof. This follows from Lemma 5.80 for expressing d; in terms of d and x. We
leave the verification of this as an exercise. O

Corollary 5.86. We have

Dl g arnary * € (M, AYM) — C=(M, A" M) .

As a consequence of these considerations, we are now finally able to define the
following operator. It is the protagonist of this subsection.

Definition 5.87. On (M, g) Riemannian manifold of dimension n = 2m, let

S = DH|C°°(M,A+M)

to be the signature operator.

Proposition 5.88. We have that S € Diff{ (AT M, A= M) is elliptic.

Although our discussion up to this point only required even dimensions, in what is
to come, we assume that the dimension is divisible by 4. We begin with the following
observation.

Proposition 5.89. Let (M, g) be a Riemannian manifold of dimension n = 4k.
Suppose that g is product near OM. Then, the following hold.

1) The bundle A*M|,,, can be identified with AOM .

II) The signature operator decomposes as

S:0'<at+A),




5.8 Geometric applications 179

where A is the self-adjoint adapted boundary operator for S with
A|ApaM = <_1)k+p+1(5p*8Md6M - daM*aM) .

Here, gy - AOM — AOM is the Hodge-star operator on AOM , dgys is the
exterior derivative on AOM, and €, = 1 for a 2p form and €, = —1 for
(2p — 1)-forms of AOM .

III) The operator A commutes with o — (—1)"*xarrp on APOM preserving parity.
Therefore, we obtain the splitting

A— (AO Agdd) . C(8M, AOM & Ao

— C®(OM, A" OM & A°YOM) .

Proof sketch. The expression for A simply comes from the definition of S through
a calculation. Also note that the expression for A requires dim(M) = 4k, and
this is what allows us to assert the preservation of parity and commutativity with
¢ — (—1)"xp. Consequently, we obtain the decomposition of the operator. ]

Corollary 5.90. The even part A% is obtained through composing A° with an
isomorphism and therefore,

Na(s) = 2naev(8) = 21 goaa(s) .

Proof. Since A® = A°ddo®, we have that spec(A®Y) = spec(A°d4) up to multiplicity.
Therefore, the conclusion follows. Il

In order to describe a geometric consequence via the index theorem, we require a
polynomial of the curvature.

Definition 5.91 (Hirzebruch L-polynomial). Let ¢(z) be the formal power

series of
VT
tanh(y/7)

Then, for a curvature 2-form €2, define

L(Q) := Py(Q) = exp(Aiogor(log(P()))) € C®(M,A* M) .

This is called the Hirzebruch L-polynomial of €.

This term then appears as a geometric contribution in the application of the APS
theorem to yield the following.
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Theorem 5.92 (Local index theorem for the Singature operator). On
an oriented Riemannian manifold of dim(M) = 4k, with g product near OM ,

ind(Saps) = ind(Spype(a)) = /M L(Q) — (dim(ker(A®)) + 140 (0)) .

Corollary 5.93 (Signature theorem). The quantity
ind(Saps) + dim(ker(A®)) = sign(M),

where sign(M) is the signature of a non-degenerate quadratic form in the coho-
mology H*(M). Therefore,

sign(M) = /M L() — n4ev(0) .

Remark 5.94. This is a truly remarkable formula. The signature

sign(M)

/M L(Q)

is a differential geometric object. The remaining quantity

is a topological invariant while

N4 (0)

is a spectral invariant. That is, if we scale g, the object 14.(s), a priori, is also
altered. However, only the the non-zero eigenvalues move and the kernel remains
fixed. Therefore, nev(0) remains invariant. It is remarkable that three objects,
one measuring topology, one geometry and one an aspect of the boundary appear
in a single formula.




6 Elliptically regular boundary
conditions

In Chapter 5, we saw that significance of the APS boundary condition in its ap-
plicability to geometry and topology. We have already seen that this boundary
condition is elliptically regular. Motivated by this, and through applications that
we will present in this chapter, we will obtain a deep structural understanding of all
such elliptically regular boundary conditions. Our discussion can be carried out in
a very general context. Therefore, on returning to our assumptions earlier, unless
we explicitly state otherwise, let us fix the following background assumptions on the
objects appearing in this Chapter.

(I) (M, p) measured manifold with 0M compact.
(II) (E,h"), (F,h") — M Hermitian bundles.
(III) D : C=(M, E) — C=(M, F) elliptic.
)

(IV) D and D' are complete (i.e. compactly supported smooth sections permitted
to kiss the boundary are dense in the maximal domain).

Let us further recall some terminology from earlier in this text. Applying Defini-
tion 3.75 to the first-order case, we see that a boundary condition B C H(D) (i.e.
closed subspace of H(D)) is elliptically regular if

BCH2(0M,E) and B' c H2(OM,F)
where BT := {U|<9M ’ v e dom(D*B)}.

Similarly, in Definition 3.78, we called a boundary condition B Fredholm if Dpg is a
Fredholm operator.

The definition we have just recalled of an elliptically regular boundary condition is
of a qualitative nature. These boundary conditions have a very intricate and rich
structure. The goal of this section is to obtain an extremely powerful and useful
characterisation of such boundary conditions which reveals these structural features.

We have already seen that such boundary conditions are plentiful and arise naturally.
Explicitly, given any inward pointing vectorfield T"on M and any adapted boundary
operator A with

O—A('T, 5) = O—D('TJ dt)_l © O—D(I,f) )
in Definition 5.9, we defined the APS boundary condition

Baps(A) = x~ (A)H2 (OM, E) .
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Here, a = 2 min{—A_1, A\;} where \; € Re(spec(4)).

In Proposition 5.10, we proved that Baps(A) is elliptically regular. In its proof,
we conveniently used the fact that H(D) = Hy, (Dy), allowing us to compute via
using the boundary condition to describe the Czech space, the space of all possible
boundary conditions.

Motivated by this, we consider a class of projectors which are the basis of much of
our considerations of this chapter.

Definition 6.1 (Boundary decomposing projector). We say that P, is
boundary decomposing for D if

(I) Py :H*(OM,E) — H*(OM, E) is a projector for a € [—

1
)9 "

(I) P, : H(D) — H(D) projector and P_ := (I — P,) : H(D) — Hz (M, E).

N

(D) Jlellip) = 1P-ull s oarmy + 1P+l 3 sy

Remark 6.2. Condition (III) is actually not required, it is implied by (II) since
P_ lands in H%(aM ,E). Therefore, by the open mapping theorem, the norms
Hz (OM, E) and H"2(OM, E) are equivalent on P_H(D).

Example 6.3. 1. P, = x"(A) for A invertible bisectorial adapted boundary
operator for D.

2. When M is compact, let P : Hz(OM,E) — H 2(OM, E) be a Calderén
projector. That is, a projector such that

C = PcH 3 (OM, E) = {%M ) ue ker(DmaX)} .

Then Py := Pe is boundary decomposing.

Motivated by our analysis of H4(Dy) and its accompanying space H 4(D), we define
the following.

Definition 6.4. Let
Ap, (py = PLH2(OM, E) & P*H (M, E)

with

||u||%Ip+(D) = HpiuHIQ{%(BM,E) + pri“H?{—%(aM,E)'

Notation 6.5. If B = B, @ B, is a Banach space, let Pgp, p, be the projection to
B along Bj and define By := Pp, 5 B* and B3 := Py, 5, B*.
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Definition 6.6 (Graphical L>-decomposition). Let B C H(D) be a boundary
condition and P, a boundary decomposing projector. Suppose that:

(I) There exist mutually complementary subspaces Wy and Vi of L?(OM, F)
such that
Wi Vy = PiLQ(ﬁM, E) .

(II) Wy, W; C H2(dM, E) and are finite dimensional.

(III) There exists a bounded linear map

g: Vo=V,
s.t.
g(v_ N HE (OM, E)) C V. NHE(OM, E),
g* (v;f N HE (OM, E)) C V*NH:(OM,E),
and

B = graph(g|H%(aM7E)> ew,
= {v—i—gv ’ v E V_ﬂH%(ﬁM,E)} e W, .

Then we say that B is L2-graphically decomposable w.r.t. P,.

The fundamental theorem of this chapter is the following.

Theorem 6.7 (Equivalence of ellpitic regularity and L*-graphical decomposition).
Let P, be a boundary decomposing projector. Then, a boundary condition
B C ﬁ(D) is elliptically reqular if and only if B is L2-graphically decomposable
w.r.t. Py. In this case,

o (BT = BLAr (D) - {u — g*u ‘ u e VI NHz(OM, E)} :

The proof of this theorem is somewhat complicated, consisting of many smaller in-
tricate pieces. We will present the proof later. First, we will consider some examples
and an extremely important application of this decomposition - the relative index
theorem a la Gromov-Lawson.

Example 6.8. 1. Let A be an adapted boundary operator for D and a = % min{—A_1, A1},
A; € R(spec(A)), as we have already used in defining the APS boundary con-
dition with respect to A. Then A, = A — a is invertible bisectorial, and
P, = x"(A) is a boundary decomposing projector. Let

Vi = xT(A)L*(OM,E) and Wi :={0}
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and g : V_ — V, be given by g(v) = 0. Then

B = graph(g]H%> oW, = {v + O0v ’ velV_nN H%(ﬁM, E)}
— X (A)LA(OM, E) N HZ (OM, E) = x~(A,)H? (OM, E) = Baps(A).

2. In Example 1., we can choose r # a. It is easily seen that the difference be-
tween x=(A,)L*(OM, E) and x*(A,)L*(OM, E) are a finite dimensional space
of smooth sections corresponding to the span of generalised eigenspaces sand-
wiched between the spectral cuts at r and a. Therefore, to describe Bapg(A)

with respect to Py := x(A,), the spaces W, and W_ need to be chosen
appropriately. In this case, they will contained in smooth sections.

3. Suppose now that M compact, and let P, := P; be a Calderén projector.
Then with the choice of

Vi =P (L*(OM,E)) and Wi :={0}
with g : V_ — V. given by g(v) := 0, we obtain that
B := graph(g) NHz(OM, E) & W, = (I — P¢)H? (M, E) .

From Theorem 6.7, B is elliptically regular. Note that by construction, B C
H%(aM ,E). Therefore, the nontrivial conclusion we obtain from invoking

Theorem 6.7 is that B ¢ Hz(9M, F).

Note that ker(Dp) = ker(Dyy;,) since C = {u|8M ‘ u € ker(DmaX)} and (I —P¢)C =
0.

4. In 3., let us modify the construction by choosing W, Cc C N H%(aM , ) finite
dimensional, ensuring W3 C H%(aM , F) and then defining

B:=(I—-P)B®W,.

Then,
ker(Dp) = ker(DW+) = {u € ker(Dypax) ’ ul,,, € W+} )

Remark 6.9. Example 4. is of significance to boundary value problems. We have
previously discussed that, from a modern perspective, it is useful to divorce the
‘boundary value’ part from the ‘problem’ aspect. However, from 6.8 4., at least
historically, it is clear how these aspects might be seen hand-in-hand.

In 6.8 4., what we have is a boundary condition B, with prescribed solution space
W, yielding Dp. lLe.,

Du=0  with |y, € W,.

The advantage of the operator Dg over Dy + is that the former is a Fredholm
operator while the latter is not.
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Early on in the theory of boundary value problems, particularly from the work
of Seeley in [Seely66], Calderén projectors were the only boundary decompos-
ing projectors available, and therefore, it is tempting to think of boundary value
problems without separating these into two aspects. We see, however, from a
global analysis point of view, as in 6.8 1., the spectral projectors of associated
adapted boundary operators yield an alternative geometry for ﬁ(D), better suited
to another class of problems.

The real power of Theorem 6.7 is that it allows us to decompose an elliptically
regular boundary condition from any imposed geometry on H(D), i.e. for any
boundary decomposing projector.

6.1 The relative index theorem

A significant application of Theorem 6.7 is is relative index theorem. Introduced
by Gromov and Lawson in their seminal paper [23] on the study of positive scalar
curvature. This is a topic that has recently seen a revival and is currently an active
area of research.

In application, the relative index theorem needs to be applied to the non-compact
setting, even though the guiding questions are confined to the study of positive scalar
curvature on closed manifolds. Given a closed manifold, a noncompact version is
created with this compact manifold as the boundary, and the so-called relative index
of this non-compact manifold is then used to understand the space of positive cur-
vature metrics on the compact boundary. Since we are forced to deal with the index
of operators on non-compact manifolds, we require the operators to be Fredholm.
Therefore, in addition to the usual requirement of completeness, we require further
control of the operator at infinity. This leads us to the following definition.

Definition 6.10. D € Diff,(F, F) elliptic is coercive at infinity if there exists a
compact set K C M and C' < 00 s.t.

Hu||L2(M,E) < C”DUHL2(M,F)

for all u € C°(M, E) with sptu C M \ K.
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Example 6.11. 1. For M compact, choosing K = M, every elliptic D is coercive
at infinity.

2. Suppose that (M, g) is Riemannian Spin manifold with compact boundary oM
and D = ) is the Spin-Dirac operator. Then, the Weitzenbock formula reads

1
DP'Du=v'yYu+ 1 scaly(u) ,
where scal, is the scalar curvature of g.
Suppose that scal, > k > 0 outside K’ C M and set K := K'UB(0M,¢). Let
u € CX(M, E) with spt(u) C M \ K. Then
2 . T B i
|1Dull* = (B Pu,u) = (V'Vu,u) +

1
1 (scal,(u), u)

1
> (| Vull” + pallul® = .

3. More generally, if (M, g) is Riemannian (not necessarily Spin) with compact
boundary and D : C*(M, FE) — C*(M, F) is a Dirac-type operator, then a
Weitzenbock formula

D'D=V'V+K

holds. Here, K is a symmetric endomorphism field, which is typically related
to curvature. If this endomorphism is bounded blow by s on a compact subset
K C M, meaning that

RE (2)[K(x)u, u] > H‘U|ZE(I) :

then mirroring the argument in Exercise 2., we obtain that D is coercive at
infinity.

Lemma 6.12. D is coercive at infinity iff there does not exist a sequence (u,) C
CX(M, E) satisfying

(1) ||UnHL2(M,E) =1

(III) For all K ¢ M compact there is a (large) number N s.t. for all n > Ng
we have spt(u,) N K = &.

Proof. We prove the statement by the equivalent contrapositive. That is, we show
that D is not coercive at infinity if and only if such a sequence as stated exists.

First, let us assume that D is not coercive at infinity. Let K1 C Ky C --- C M be
an exhaustion of M with K; compact. By our assumption that D is not coercive at
infinity, for each j € N there is a v; € C(M, E) such that spt(v;) N K; = @ and

[0l = 31 Dol -
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Let u; := v;/||v;|| so that ||u;|| = 1. This shows (I) and (III). Moreover,

| =

[ Dyl < =

<

and so ||Du,|| — 0 as j — oo. This establishes (III).

To prove the converse, suppose such a sequence exists. Then, it is easy to see that
Definition 6.10 is violated. m

Proposition 6.13. If B is semi-elliptically reqular, i.e. B is a boundary condition
and B C Hz(OM, E). Then D is coercive at infinity iff Dp has finite dimensional
kernel and closed range.

Proof. a) Let D be coercive at infinity, and let w, be a bounded sequence in
dom(Dg) s.t. Du, — v. We prove that, possibly on passing to a subsequence,
there exists v € dom(Dp) such that Du = v.

Let K C M a compact subset from the definition, and let xy € C°(M,[0,1]) with
X =1on K and K’ := spt(x). Similarly, let x € C°(M,[0,1]) with y =1 on K.

Since B is elliptically regular, from Proposition hyperref[itm:ellBCfromBoundary3]5.1 (I11),
we obtain that dom(Dg) C H] (M, E). Therefore, fixing a connection V on F,

loc

lulli e my < IV 200y + IXUl L2 01 )

~ ~ (6.1)
S ||DB(XU)||L2(M,F) + ||XU||L2(M,E)

for all v € dom(Dp). Now, recall that
Dgp(xu) = xDpu+ op(-,dx)u,

and spt op(-,dx) C K'. Therefore,

X (i — un)HLQ(M,E) < IIx(um — un)HHl(K/,E)
< [[D(xx (um — un))HL?(M,F) + 10X (wm — un)HL?(M,E)
S IxDp(um — un)”L2(K’,F) + llon (- dx) (um — un)”L2(K’,E)
+ X (um — wn) |25,
S 1Ds(um — UTL)HL2(M,F) + lIx(um — “n)HL?(K',E)
+ X (um — wn) |12k )
S D5 (um = wn)llz ey + IX(m = w)ll 20 gy »

where we used (6.1) in the second inequality and that y = 1 on spt y = K.

By hypothesis, |Dp(um — un)lli2prpy — 0 as m,n — oo. It remains to obtain
convergence of the term |[X(um — un)|l;2(x/ - Note that, since K’ is compact,
H'(K’, E) embeds compactly into L?(K’, E). Since yu,, € H'(K’, E), we can pass
to a subsequence and obtain ug: € L?(K’, E) such that u, — ugs. Therefore, on
passing to a subsequence, we obtain that ||(xum — )|l 2(gr gy — 0 as m,n — oo,
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We now fix this subsequence, and we slightly abuse denoting it also by w,. We
compute

[ = vnllizarm < X (m = wn)ll2arm + 11 =20 (W = )2y
S lIx(um — Un)HL2(K',E) + D1 = x) (wm — Un))HL?(M,F)
< [Ix(um — un)HLQ(K’,E) + lon (- dx) (um — un)“L2(M,E)
+ 1(L = x) D (tm — Un)HL?(M,F)
< [Ix(um — Un)HL2(K',E) + 1D — Un)HL2(M,F) J

where in the second inequality, we used the coercive at infinity property since spt(1—
X)(wy — ) € M\ K. From our earlier estimate, along with the fact that Du,, — v,
we obtain that the right hand side, and hence [u;, — un |l 25y 5 — 0 as m,n — oo.
Therefore, we obtain u € L?(M, E) s.t. u,, — u, Du,, — v and since Dp is closed,
we conclude u € dom(Dg) and v = Dpu.

b) We prove the remaining implication by contraposition. For that, suppose D is
not coercive. Then by Lemma 6.12, we obtain w, € C(M, E) which, on taking
larger and larger compact subsets K, have spt (un]) NK; =@. So, <unj, f > — 0 for
all f € CX(M, E). Since ||lu,|| = 1, we have no convergent subsequence in dom(Dp)
and in particular L?(M, F). But HDBunj H — 0 and if Dp had finite dimensional
kernel and closed range, then every bounded sequence ||v,|| < C with Dgv, — w
has a convergent subsequence. Clearly this is a contradiction and so we conclude
that Dp either has infinite kernel or the range is not closed. O]

Corollary 6.14. If D, D' are coercive at infinity, and B is elliptically reqular,
then Dg is Fredholm and

ind(Dp) = dim(ker(Dpg)) — dim(ker(DgT>> €Z.

Proof. Proposition 6.13 tells us that Dp is a Fredholm operator. On application of
Lemma 5.4, we obtain

ind(Dp) = dim(ker(Dp)) — dim(ker(D}y)) .

From Corollary 4.125, we have that ngT = D3. O

6.1.1 Deformations of boundary conditions

A virtue of Fredholm operators is that their index is stable under continuous de-
formations. In the context of boundary conditions, it is useful to understand how
continuous deformations of boundary conditions yield to an appropriate continuous
deformations of the operator itself. We formalise this in the following definition.
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Definition 6.15. A family of boundary conditions B, ¢ H(D) for s € [0,1] is a
continuous deformation from By to By, if there exist isomorphisms

Ps - BO — B, with Yo = id

with s — ¢, € %(By, H(D)) continuous.

Remark 6.16. The continuity condition can be more compactly written as ¢. €

C°([0, 1], 8(Bo, H(D))).

Exercise 6.17. Suppose that By are elliptically regular for all s € [0,1]. Then,
s € %(BO,H%@M, E)).

The way in which continuous deformations of boundary conditions yield continuous
deformations of operators is precisely captured in the following proposition.

Proposition 6.18. Suppose that s — g is a continuous deformation of boundary
conditions. Then there exists a 5, € B(dom(Dp,),dom(Dyax)) continuous in s
s.t. ®sdom(Dp,) = dom(Dg,).

Proof. Recall that dom(D maX)/dOHl( Dun) = H(D). Since dom(Dp,) C dom(Dyax)

dom(Dax)

is a closed subspace and dom(Dp, )/dom( Dunin) © /dom( D) ™ obtain

that 4 D
Om( BS)/dOm(Dmin) = Bs

in the sense of Banach spaces with the constant in the isomorphism independent of
B,.

Now,

d0m<DBs) = dom(DBS )/dOm(Dmin) . dom(Dmin)
=~ B @ dom(Dyyin)

= (ps(BO> ©® dOIn(Dmin>
= By & dom(Dyyin)

= dom(Dp, )/dOIIl(Dmin> ® dom(Dnin)
>~ dom(Dp,) & dom(D,y,) -

In the fourth isomorphism, s +— ¢, is continuous and determines @, : dom(Dp,) —
dom(Dp,) continuously. The conclusion follows. O

Exercise 6.19. Describe the map &, explicitly from ¢,.
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Corollary 6.20. Let P, be a boundary decomposing projector. Let B be an ellip-
tically reqular boundary condition, and write

B = graph<g|H%> ew,
via Theorem 6.7 with respect to P,. Define
ps:Bo=V_®W, — By := graph(sg|H%> e w,,
ws(V+wy) =v+sgu+wy,
where we recall Vo @ Wi = PLL*(OM, E) from Definition 6.6.

Then s — @s : By — H(D) s a continuous deformation of boundary conditions

and
iIld(DBO) = ind(DBs) = 1nd(DB) o

Proof. It is immediate from construction that s — o, € C°([0,1], B(B,, H(D))) =
CO([0,1], Z(By, Hz (OM, E)) and it is an isomorphism for each s. Also, ¢y = id and
therefore, it is a continuous deformation of boundary conditions.

Let @, : dom(Dpg,) — dom(Dp,) be the induced isomorphism from Prop 6.18. Then,
we Dp, o ®, : dom(Dp,) — L*(M, E) is bounded, continuous in s, and therefore,

iIld(DBs e} CI)S) = ll'ld(Bo)

since the index is invariant under a continuous deformation. But since &, is an iso-
morphism, the dimension of the kernel and cokernel remains unchanged, so therefore
ind(Dp,) = ind(Dp, o ®y). O

P_H? (8M,E)) '
If we choose A bisectorial invertible and let P, = y*(A), then P_ (H%> = Baps(A).
Therefore, relating these two indices means in effect that we are relating the index

of a general boundary condition B to a generalised APS boundary condition given

a boundary decomposing projector P,..

A consequence of this corollary is that we are able to relate ind(Dpg) to ind (D

We begin with the following useful technical lemma.

Lemma 6.21. Let X CY C H be closed subspaces of a Hilbert space H. Then

H/X%’ /XGBH/Y-

Proof. Since H is a Hilbert space, we find complementary subspaces (i.e., by taking
orthogonal complements) s.t.

Y=XaX andH=YpY'.
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Therefore,

Recall that we say a boundary condition B is Fredholm if Dp is a Fredholm operator.

Proposition 6.22. Let By C By be Fredholm boundary conditions. Then,
dim(By/B;) < oo and

ind(Dp,) = ind(Dg, ) + dim(B2/Bl) .

Proof. The condition By C By is equivalent to Dp, C Dp,. Therefore, dom(Dp,) C

dom(Dp,), ker(Dp,) C ker(Dp,) and ran(Dp,) C ran(Dp,). Note that the ranges
are closed because B; are Fredholm boundary conditions.

Since these are Hilbert spaces, we find orthogonal complements
ker(Dp,) = ker(Dp,) @+ K and dom(Dp,) = ker(Dp,) & R; .
Note that R; = ran(Dp,) via D : R; — ran(Dp,) and therefore, Ry C Ry let
Ry=R & R.
Therefore,
dom(Dp,) = ker(Dp,) ® Ry = ker(Dp,) @ K ® Ry ® R =dom(Dp,) ® K ® R.

Now B dom(D
e om( B2)/dom(D31) =Kok,
where the first isomorphism is readily verified, and the second follows from our

construction above.

We prove that B2/B1 is finite dimensional. It suffices to prove that K and R are
finite dimensional. First, we note that K is finite dimensional, since ker(Dp,) is
finite dimensional by Fredholmness of Bs.

To show R is finite dimensional, note

2
= LM, E)/ran(DBz) S 1ran(DBz)/mn(DBl)

>~ coker(Dp,) ® R?/Rl = coker(Dp,) & R,

coker(Dp,) = LA, E)/ran(DBI)

where the second isomorphism uses Lemma 6.21. By the Fredholmness of B,
coker(Dp,) is finite dimensional and hence R is finite dimensional.

Now we prove the index formula in the conclusion. We simply calculate:
ind(Dp,) = dim(ker(Dp,)) — dim(coker(Dp,))
= dim(ker(Dp,)) + dim(K) — dim(coker(Dp,)) + dim(R)
= ind(Dp,) + dim(K & R)
_ (B
— ind(Dp,) +d1m< 2/31) . O
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Theorem 6.23. Let P, be a boundary decomposing projector, B elliptically reg-
ular and let W4 be the subspaces arising from the graphical decomposition of B
with respect to Py in Definition 6.6. Assume further that D, D' are coercive at
infinity. Then letting B_ := P,H%((?M, E), we have that

ind(Dp) = ind(Dp_) + dim(W,) — dim(W_),

Proof. Using Theorem 6.7, we write
B = graph(g| 1) ® W,

where PiH(D) =Vo@®W.. Let By :=V_@ W, as in Corollary 6.20 and from there,
we obtain

1nd(DB) = ind(DBO) .

Now let us consider B_ & W, which is an elliptically regular boundary condition
1 1
since W, C Hz2 is finite dimensional and B_ = P_iHz(0M, E). Since B_&W, D By

and B_a W (Ve W_aW,)
- @ —_ (Vo W_&
+/BO_ +/

(voew,) ==
using Proposition 6.22,

ind(Dp_aw, ) = ind(Dp,) + dim(W_).
Also, B_ C B_ @ W, and therefore,

ind(Dp_gw, ) = ind(B_) + dim(W,.).
Combining these two equations, we get

ind(Dp,) + dim(W_) = ind(Dp_) + dim(Wy)

which is the formula appearing in the conclusion. O]

Remark 6.24. This allows us to understand and compute the index of a gen-
1

eral elliptically regular boundary condition via P_Hz2(0M, E) of any boundary

decomposing projector P, of our choice. We will see later, that the spaces

W, and W_ can be explicitly described as W, = B NP, (H_%@M , E)) and
W_ = BLnpr (H*%(aM, E)).

6.1.2 Splittings and decompositions

In this subsection, we consider how the index of an operator on a boundaryless
manifold can be related to an induced operator on this manifold by cutting along
a hypersurface to produce a manifold with boundary.To fix notation, let M be a
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connected manifold with OM = @. Let N C M be a two sided compact hypersurface
in M (i.e. N has a trivial normal bundle). Then we can cut M along N, to obtain
a manifold

M/ = (M\N)U(NlL]Ng),

where Ny = N, Ny = —N (i.e. with opposite orientation) and with OM’ = N; U Ns.

Y

Remark 6.25. As the image shows, cutting along N need not necessarily force
M’ to be disconnected.

Given a density © on M and bundles E, F' — M, there are the naturally and
canonically induced objects p/, E', F’ via pullback to M’. If D € Diff;(E, F'), then
we obtain D' € Diff; (E', F").

Proposition 6.26. We have
L2(OM',E) = L*(N,, E) @ L*(N,, E) = L*(N, E) @ L*(N,E) .

Suppose that Ay is an adapted boundary operator on Ny = N. Then,—Aq is an
adapted boundary operator on Ny and A = Ay & —Ag is an adapted boundary
operator on OM' = Ny U Ny. Moreover,

f(D') = Ha(D) = (x~ (A)HE (N, B) ® x*(A0)H 3 (N, ) )

& (X" (A)HE(N, B) @ X~ (A)H 3 (N, B))

Proof. We leave the majority of these assertions as an exercise, only noting that

f4(D) = (X~ (A)H (N1, B) & X" (Ag)H ™ (N, E)
@ (X_(_AO)H

from which the formula for H(D) follows. O

N[

(N, E) & x*H(~AH 3 (N, E))
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Lemma 6.27. D, D are complete and coercive at infinity iff D' and (D’)Jr are.

Proof. This follows from Definition 6.10 using that N is compact. We leave the
verification of this assertion as an exercise. O

Definition 6.28 (Matching condition). The boundary condition
By = {(u,u) ’ u € H%(N,E)}

is called the matching condition.

The following is of paramount importance. It also demonstrates the usefulness and
power of the graphical decomposition.

Lemma 6.29. By is elliptically reqular.

Proof. Fix Ap, an invertible bisectorial adapted boundary operator. In light of
Proposition 6.26, define:

Vo= X_(AO)L2(N7 E) ® X+<A0)L2(N7 E) )
Vi i= X" (Ag)L*(N, E) @ x~ (4o)L*(N, E) ,
Wi = {0}

Moreover, define g : V_ — V. by

Then,

By Theorem 6.7, we have that By is elliptically regular. O]
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Lemma 6.30. Let Ay be an invertible bisectorial adapted boundary operator on
N, which means that A :== Aqg@(—Ao) is an invertible bisectorial adapted boundary
operator on OM = Ny U Ny. Then

Baps(A) = H2(N, E)

and
ind(DlBM) = ind(DBAps(A)) 0

Proof. We have

Baps(A) = x~

Now, for the choices of V. used in Lemma 6.29, namely Let Vi := x*(Ag)L%(Ny, E)®
XT(Ag)L?3(Nay, E) and for g as defined there, define

By = graph(sng%> )

Clearly this is a continuous deformation of By to BY; = Baps(A) and so by Corol-
lary 6.20, the conclusion follows. O

Theorem 6.31 (Splitting theorem). Let M, pu, E, F and M' 1/, E', F' be as
above, and D € Diffy(E, F) elliptic. Suppose that D,D’ are complete and co-
ercive at infinity.

Suppose that (on identifying H%(Ni, E) with H%(N, E)) that
B ® B, =H:(N,E).

Then
ind(D) = ind (D%, pp,) -

Proof. Let By be the matching condition as defined in Definition 6.28. On identi-
fying the pullback sections, say via a map ® from E to E' , we get

dom(Dg,, o ®) = dom(D).

Moreover,
ind(Dp,,) = ind(D).

From Lemma 6.30

ind(Dp,) = ind (D, ) = ind(Dp,p,) 0
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Example 6.32. 1. On fixing an invertible bisectorial adapted boundary oper-
ator Ay on N, the canonical choices are By = x~ (Ap)H2(N, E) and By =
X" (Ag)H2 (N, E). Clearly, B, & B, = H2(N, E) = Baps(A).

2. If D admits a self-adjoint adapted boundary operator on N, we can let B; C
Hz (N, E) be elliptically regular on Ny and B, := Bi"™ NHz(N, E) considered
as a boundary condition on Nj.

Now choose Ag invertible self-adjoint adapted boundary operator, by sub-
tracting a small number from the self-adjoint boundary adapted operator we
assumed exists. Set
Vo=V 10 V.o,
Vi=Vii® Vi,
Vip = X" (A)LA(N, E)
Vi = xT(—A0)L*(N, E) = x¥(Ap)L*(N, E).
Write

By =W, @graph(g; : Vo, — Vi ) NH
By =W, @®graph(gs : Voo — Vio)NH

(N, E),
(N, E).

N[ [N

But since By L By in L?, we have that Vo = Vo, Wio = W= and g2 = —gj.

The adjoint boundary condition for By ® By is By @ B;. Therefore, B; & By =
H%(N7 E) and so Theorem 6.31 applies.

The splitting theorem applies in a particular and useful way when N separates
M, leading to a decomposition theorem. That is, suppose M = M’ U M" where
N = OM' = OM". In this case, we obtain induced objects E', E”, F', F" et cetera,
on M’ and M" respectively,

Corollary 6.33 (Decomposition). Let Ay be an invertible bisectorial adapted
boundary operator on N pointing into OM'. Assume D, DT are coercive at
infinity. Then on letting B, = x (Ag)Hz(N,E) = x (Ag)Hz(dM',E) and
By = xT(Ag)H2 (N, E) = x~(—Ag)Hz (OM", E), we obtain that

ind(D) = ind(D%,) + ind(D3,) .

Proof. Exercise, follows from D = D" & D". m

6.1.3 The ®-relative index and relative index theorems

Relative index theorems are index formulas measuring the difference of the indices
of two operators living on two distinct manifolds, which can be identified outside of
a compact set. These theorems were originally proved by Gromov-Lawson in [23],
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motivated by the study of positive scalar curvature metrics on closed manifolds.
Their method was to construct a noncompact manifold with their original closed
manifold as a boundary, apply the relative index theorem to the Spin-Dirac operator,
and use the Weitzenbock identity where scalar curvature appears to study the space
of positive scalar curvature metrics.

The methods used by Gromov-Lawson are quite different to those that we present
here. Our perspective, using boundary value problems, emerges from the work of
Bér-Ballmann in [10], where they generalised the theorems of [23] to Dirac-type
operators. In our exposition, we will drop this assumption altogether to prove these
theorems for general first-order elliptic operators.

In the previous subsections, we have developed the technical tools necessary to prove
the relative index theorems. However, the statement of these theorems require us to
relate two manifolds, bundles and operators outside a closed subset. We formalise
this notion in the following definition.

Definition 6.34. Let M;, M5 be manifolds and (Ei, hEi), (E, hFi) — M; Hermi-
tian vector bundles. Let D; € Diff|(E;, F;) and K; C M; a closed subset. Then
we say that D; and D,y agree outside K7, K if they are related by vector bundle
isometries Eily\ i, = B2y g, and Fil MK S F| Mo\, EXplicitly, we require
the following.

(I) There is a diffeomorphism f : M; \ K1 — M; \ K.
(IT) There exist vector bundle isometries

[E‘ o E1|M1\K1 - Ez‘MQ\KQ and IF : Fl’Ml\Kl — F2|M2\K2

over f. That is, Ir and Ip are fibrewise linear isometries s.t. the following
diagrams commute:

Er|a\x, 1z, Es| mo\k Film\ i, 1, F|mo\ ko
L 4 and 4 J
M\K, L M)\ K, MI\K, -5 M\ K,

(ITI) The operators Dy and Dy are related by Ig, Ir and f. Explicitly,
IroDiuo f~' = Dy(Igouo f)

for all w € C*(M; \ K1, Ey).
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Mo \Ko

Theorem 6.35 (®-relative index theorem). Let M;, E;, D;, OM; = @& with
compact K; C M; such that Dy, Dy agree outside of K1, Ko as in in Definition 6.5/.
Additionally, let u; be densities on M; such that g = f*pe on My \ K and assume
that D1, Dy complete, elliptic and coercive at infinity.

Suppose that there exist a compact hypersurfaces Ny separating My = M{UM] with
OM{ = OM{ = Ny and Ky C M{. Then, Ny := f(N1) separates My = My U My
and Ky C M. Denote the induced operators on M] and M]" from D; by D; and
DY respectively.

Fiz an invertible bisectorial adapted boundary operator A to D} on M, i.e. using
a transversal vector field pointing into M. Let By := x~(A)Hz(M,, Ey) and B
be identified with By under (Ip, Ir, f). Then Dy, D; 5 are Fredholm operators and

ind(D;) — ind(Ds) = ind(D} 5,) — ind (D} ,) -

Proof. Since M; \ K is diffeomorphic to M \ Ky, it is clear that Ny = f(Ny)
separates My = M U MY and Ky C M.

By Proposition 6.26, since A is an adapted boundary operator on dM], we obtain
that —A is an adapted boundary operator on dM;. On setting B := B;

B := x*(A)H2(0M], B) = x " (A)H? (N1, E)
from Corollary 6.33, we obtain

ind(D;) = ind<D/1,Bg) + ind( /1,»31'> :

Let B} := By and BY be the boundary condition BY pulled across to OM} via
(g, Ir, [), we get
ind(Dg):ind([%J%>~+ind<D;Bg).
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Since Dy and D, agree outside M] and M) we get

md( 1 B//) 1nd< 23H> .

By taking the difference we obtain the conclusion. O]

We now want to express the right hand side of this index theorem in terms of index
densities for Dy and D, respectively. For that, we need to embed the manifold M/
inside a larger closed and fixed manifold, extending D; appropriately.

Lemma 6.36. Let My and My be two compact manifolds with boundary s.t.
Dy, D elliptic agree outside K; C M;. Then there are M; compact with OM; = &
s.t. the following hold.

(I) M; C M;,
(II) E; C E;, hB smooth with hE2| = h¥,

(111) D; elliptic s.t. D; and Dy and Dg agree outside K1, K5,

(IV) Dyl = Dily. .

Proof. Take M; and set M := M, as the second copy of M;. We will glue this
second copy M2 to M;, regardless of whether i = 1 or 4 = 2. That is, define

Mi = Mz UUl- M12nd

identifying inside U; := M; \ K;, which by hypothesis is identified with M; \ K via
a diffeomorphism.

By hypothesis, the D; agree on U; open and containing 0M;. In U;, D; and D,
agree through identification by (I, Ir, f). So on doubling, we keep the smooth
coeflicients and obtain D;.

Similarly, hEi have smooth coefficients also. Therefore, the conclusions as stated
follow. O
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Theorem 6.37 (Relative index theorem). Let My, My be measured manifolds
without boundary, D; € Difty(E;, F;) elliptic and complete, and Dy, Dy agree out-
side compact K1, Ko, and py = f*us. Suppose further that there is a compact
hypersurface Ny C My s.t. My = MU M with OM] = OM{ = Ny with Ky C Ml.

Then D1 is Fredholm iff Dy is Fredholm and in that case

ind(Dy) — ind(Dy) = /

K

@o,p, (7) dpa () —/ 0,0, (y) dua(y),

Ko

where o p, 1s the local index density for D; inside of M.

Proof. Since K; are compact, applying Corollary 6.14 to a manifold without bound-
ary gives that D; are Fredholm iff D; are coercive at infinity, say w.r.t. a set K; (c.f
Definition 6.10). But K; U K; is still compact and D; are coercive at infinity w.r.t.
K; U K, and hence it is easy to see that D; is Fredholm iff Dy is Fredholm since
Dy, Dy agree outside the compact set K; U [~Q.

Now from Theorem 6.35, we obtain Ny = f(N;) separates My = M} U MY with
Ky C M. Let D} and D/ be the induced operators on M, and M/ respectively.
Choosing By := yx (A)Hz(N, E) for an invertible adapted boundary operator A
on Nj, and with By pulled back to No = f(Ny) via (Ig,Ir, f), we obtain from
Theorem 6.35 that

ind(D,) — ind(Dy) = ind (D] 5,) — ind(D} p, ) -

On application of Lemma 6.36, we obtain M; containing M! and D;. But M; is
closed, D; is elliptic on a closed manifold, so by Corollary 6.33,

ind ([71) = ind (D:Bz) + ind (DZB?) :
where B! := yt(A)Hz(N, E) and B} is B/ identified on M/ through (I, Ir, f)
given by Lemma 6.36.

By construction, Dl and Dg agree outside of K5, K5. In particular, Dl and DQ agree
on M7 and M. Therefore

ind (Dg',’Bi/) = lnd <Dl2/’Bé/> s
and ) )
ind(DLBl) — ind(DgyBé) = ind <D1> — 1nd(D2) .

Since M; are closed and D; are first-order elliptic, we can apply Atiyah-Singer index
theorem to obtain

ind(f)z-> = /M oy p, (7) dpi()

(3

- /K | g p, () dpi(x) + /M - g p. () dpi(),
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where o p, 18 the constant term in asymptotic expansion of tr(e_TDi Di _ =Dy ).

The operators Dy, Dy agree outside K, K and so certainly Dy, Dy agree outside
Ky, K5. Moreover, since we assume jo = f* 1,

/ o p, (@) dm(z) = / g p,(y) dua(y) -
M\ K1 M2\ K>
Also, D; = D; on K;, so
g p, (%) = ao,p, ()
for x € K;. Hence, we conclude

ind<[)1) _ ind<D2> - /K

0.0y () dpn () — /K Qo) daly).

1

Remark 6.38. 1. This theorem demonstrates the enormous applicability of
the heat kernel proof of the Atiyah-Singer index theorem. Since the index
densities are pointwise, we are able to localise and exploit cancellations.
The topological approach to the Atiyah-Singer index theorem would not
lend itself to such a calculation as we have done here.

2. If we were to dispense with using Lemma 6.36, we would need to directly
compute ind(D;’Bi). In the situation where A; := A is self-adjoint, we
can accomplish this using the Atiyah-Patodi-Singer index theorem, The-
orem 5.27. By pulling across A to M), to obtain Ay we have that
dimker Ay = dimker A; and 14, (s) = na,(s). Therefore, these terms cancel,
and we obtained the stated relative index formula. The advantage of using
the Atiyah-Singer index theorem is that we do not need to make any extra
assumptions on D;, as we would need to for using the Atiyah-Patodi-Singer
index theorem.

3. We have asserted multiple times that the L?-graphical decomposition is at
the heart of the proof of these relative index theorems. It is always true,
without any additional assumptions, that

ind(D) = ind(D%,,) -

However, in order to compute the index on the right, we needed to deform
By to the APS condition with respect to A = Ay @ (—Ap). In order to do
so, we needed to assert that By is an elliptically regular boundary condition
and then represent it in a way that lends itself to deformation. It is in
this seemingly trivial point where the L2-graphical decomposition becomes
of paramount importance.

This is, in fact, a deep and significant achievement. Classically, boundary
conditions that were considered were elliptic, which traditionally meant that
they were obtained as f

B = PHz(0M, E)
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where P is a pseudo-differential projector of order 0 satisfying a certain
ellipticity condition with respect to a boundary decomposing projector. Such
an operator is pseudo-local, meaning that it does not increase the support
of a section by ‘too much’ However, it is clear that a matching condition
By cannot be written in this way. The matching can happen in a region
where the boundaries are as far away as we like them to be, and through
matching, whatever happens at one boundary is immediately reflected in the
other. It was the genius of Bér-Ballmann in [10] to understand ellipticity,
which we call elliptic regularity, from the equivalent graphical decomposition
perspective. Through this powerful tool, the central issue lying at the heart
of these deep relative index theorems are almost trivially resolved.

6.2 Proof of Theorem 6.7

We now return to the matter of proving Theorem 6.7, which states that the L2-
graphical decomposition for B, as defined in Definition 6.6 is equivalent to the
elliptic regularity of B. The proof of this theorem contains many small parts, and
it is advantageous to organise it in a way which makes the conceptual ideas of the
proof clear. First, we prove this following abstract lemma regarding the behaviour of
projectors on Hilbert spaces which are densely contained in each other. To motivate
this lemma, we note that in application, we take Hy = H: (OM,E), H=L1%*0M,E)
and H, = H 2 (M, E).

Lemma 6.39. Let Hy C H C Hi, be densely and continuously embedded Hilbert
spaces. Suppose that (Ho, Hi) (a perfect pairing) with (-, -)|,, = (-, )3 Moreover,
suppose that H = W @& Hy with finite dimensional W C Ho. Let Py w : H — H
be the projection to Hy along W. Then we have the following.

I) PHW’W|’H0 : Ho — Ho is bounded and Py, wHo = Hw N Ho.
1) PHW7W|:{O : Hy — Hi (adjoint with respect to (Ho, H1)) satisfies

(M)} = Poyy wlyy Ha = W HoH)

and (W)} 1= Py |y, Ha = (Hw N Ho) 000

1I) If further (W*), C Ho, then with Hy, = Py, wH (the adjoint projector in
M), we have that Hj, N Ho is dense in (Hyy, ), and

* . *—Hl
Prw wla, = Prww = Pigy, wl,

Proof. a) AdI).
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Fix u € Hy and write u = Py, wu + Pw,, w. Then,
Py wte =1 — Pwa,u € Ho + Ho C Ho .

By definition, Py, wu € Hw, and so, Py, wu € HwNHo. This proves Py, wHo =
Hw N Hy.

Now we show Py, wl,, € B(Ho). For that, first note that since W is finite dimen-
sional, || Pw sy sy, = [[Pway ull,. Therefore,

Prwe wttllyyy S lullygy + 1 Pwag llyy, < llullyy, -

b) Ad II).

Since we are only considering Hilbert spaces, by Proposition 2.62, PHW7W|;O cH —
‘H1 is a bounded projector. Now,

we WhHHH) o Yy e W10 = (u,w)
& Vhe € Ho: 0= <u PW,HW|HOhO>
& Vhe € Ho: 0= <73W,HW|;OU, ho>
& wu € ker (PW,HW ’;0> = PHW,W’;Hl ;
where the secogd equivalenge follows from W C H, and the last from the fact that
idy, = Pwitw |y, + Prw,wly, -

)J.,(’Ho,'Hl

A similar argument shows (Hy N Ho ) = PHW,W|;OH1~

¢) AdIII).

Fix u € H; and by the density hypothesis, fix a sequence u,, € Hg such that u,, — u.
Write

. * *
Up = PHW,W|HOun + PW,HW |H0un .

It suffices to prove P;*{W’W]H()un — u and that P?ZW,WMOUTL € Ho, where the latter
utilises the fact that (W)} C Hy. We leave this as an exercise. O

From here on, unless otherwise stated, we fix a boundary decomposing projector

P,.

Notation 6.40. For a subspace V' C |J,_.r H*(OM, E) define

aeR

V8 .= VNHPOM, E) ™
V=V, (0) ",

" =l
V:=VnHp (D) .
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Recall that when we have a Banach space B = By @ B,, and <B, l§> is reflexive, we
write B} := 73;;1’32[? where B = Bi & Bs.

Proposition 6.41. Suppose that Vo & Wy = PLL*(OM, E) with Wy, W} C
Hz (OM, E) finite dimensional. Then the following hold.

I) Py, wiepsizlyy Hz(OM, E) — Hz (M, E) is a bounded projector.

=VeoW_eVeeoW, = (V)" oW o (V)" ®@ W for

}.

1) VE is dense in Vi_% and (V;)% is dense in (V;)_%'

H) H“(@M,E
NS {—%,

~—

N =

Proof. This follows from making the right choice for spaces Hy, H and H; in
Lemma 6.39, noting that Py |y, : H(OM, E) — H?(OM, E) is a bounded projector

for B € [—3,3]. The details are left as an exercise. O

Corollary 6.42. Under the hypothesis of Proposition 6.41, the L? inner product
(-,-) extends to perfect pairings

<7>;H% (OM, E), PLH 3 (8 M, E)>, <7D;;H—% (OM, E), PLH3 (8M, E)>,
wpwe), e, (), ()R,

(fip., (D), Hp, (D)) .

Proof. This is an immediate consequence of Proposition 2.63, combined with the
assertions of Proposition 6.41. O

As a consequence of this corollary, for the purposes of legibility in the coming sec-
tions, we make the following notational remark.

Notation 6.43. For V C H*(OM, E), we let V-1 be the annihilator w.r.t.
(H*(0M, E),H *(0M, E)) induced from L. Similarly for V' C Hp, (D) we write
VERPL D) and for V € Hp, (D) we write VEHP+ ) to be the annihilators w.r.t.

(fip, (D), Tip, (D).
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6.2.1 L2-graphical decomposability implies elliptical regularity

Having developed some technical tools, the easier direction in the proof of Theo-
rem 6.7 is that the L2-graphical decomposition yields elliptic regularity for a bound-
ary condition B.

Proof of Theorem 6.7, L2-graphical decomposability implies ellpitic reqularity. By as-
sumption that B is L2-graphically decomposable, we write

B= graph<g|H%> oW, Cc H:(OM, E).

To show that B is elliptically regular, we need to show that B C H%(aM JF).
However, this is equivalent to proving that

B (P) « H2(OM, E) .
We note that
. 1 R
BJ_,HP+(D) — BJ_,H 2 N Hp+(D)

_1 _1 ~
— Wi ? ngraph(gl )" " N Hp, (D)

_1 _1
and so we first compute Wi * and graph(g\H%)L’H ’.

Recall from Definition 6.6 that L2(OM,E) =V_®&W_@V, W, andg: V_ — V,.
1 1
From Proposition 6.41, H%(ﬁM, E)=V2eW_aV?eW,. Using Lemma 6.39, we
obtain that . ) .
Wit =wre (V) e (V) 2.

Similarly,

LH 2 IRRE
graph(g| )" © = {v + gv ‘ v E Vf}

[N

:Wf@Wj@{u—g*u‘ue(Vj)

Therefore,
-1 -1 1H2 1
Bt — w7 n gfaph<g|H%> =W {u —g'u ‘ we (Vi) 5}
and hence
~ 71 ~
B+t = B2y, (D)
_1 1 L

= BY P NP H (M, E) ® P Hz (M, E)

=W {u —g'u ‘ (Vj:)%} .
Since by assumption g* <(V4’f) %> c (V7) : C H2(OM, E), we obtain that pLir. (D) -
H2(OM, E). O
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6.2.2 Elliptical regularity implies L>-graphical decomposability

Showing that an elliptically regular boundary condition has an L2-graphical decom-
position requires a lot more effort. The difficulty is that we have to construct the
decomposition from having B. We will accomplish this in three steps. First, we de-
fine the space and prove that it has the required properties (c.f. Proposition 6.46).
Then, we show that the spaces interact nicely with the boundary condition (c.f.
Proposition 6.47) Lastly, we prove the theorem, where the main point is to con-
struct the map g.

Throughout this subsection, we assume that B is elliptically regular. That is, we
assume that B is a boundary condition and

B, B~ (") c Hz(OM, E).

For the first step, as an ansatz, we define the following spaces:

W* :=P'L*(OM, E BL i, (D),
W, =P, L*OM, E)n

( )N

( )N
V=P LAOM, E) N (

( )N

ey (6.2)
V, =P, L20M, E)n Wi
Using these, define:
W_.=P_.W*,
Ve 63
Vi=PV,.

First, we note a couple of abstract results that we will require in computations.

Lemma 6.44. Consider Hilbert spaces H = Ho ® Hi = Ho ® H). Then
PH/17H0|H1 : Hl — Hll

1s a Banach space isomorphism.

Proof. Exercise. O

Lemma 6.45. Let By C By be Banach-spaces s.t. for all u € By we have

lulls, < llulls, -

If B3 C By is closed, then B3 N By is closed in B;.
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Proof. Exercise. O

The first step in our proof is the following proposition, which gives us the properties
required of the spaces above to satisfy Definition 6.6.

Proposition 6.46. For the spaces defined in (6.2) and (6.3), the following hold.
I) P_B and ’PiBL’ﬂm(D) are dense subspaces of Hz (OM, E).
II) Wy, Wi C H2(OM, E) are finite dimensional.
III) All spaces we have defined above are closed in 1L2(OM, E).

IV) PiL(OM,E) = Vi & Wy and PLL2(OM,E) = Vi @ W,

Proof. First we note that B C Hp (D) is a closed subspace since it is a boundary
condition. Also, by hypothesis, B C H%(GM ,E). Now, recall that the inclusion
H2(OM, E) — Hp (D) is continuous. Therefore, by Lemma 6.45, B is closed in
Hz(OM, E).

Equivalently, this is saying that (B, |H|H%) and (B, ”"|Hp+(D)> are both Banach

spaces. Moreover, we have that the inclusion (B, ||||H% — | B, ||'||H7:+(D)> is a

bounded bijection. Therefore, the open mapping theorem says that the inclusion is
continuously invertible. This yields
lellyy = luly, oo
for all w € B. Hence,
lullyy = llulla,, o) = IP-ullyy + Prull -y -

Now
compact

P, : B C H2(dM,E) — H2(0M, E) H2(OM, E).
That is, Py|, : B — H’%@M, E) is a compact map. By Lemma 5.5, we obtain
ran (73_] B) is closed in H2(0M, E) and ker <73_| B) is finite dimensional. But note
that
ker(P,|B) —{ueB|P.u=0}

={ueB|ueP,L*0M,E)}

= BNP,L*(0M,E) =W,.
Similar calculation yields that P_‘;BL’HPJr (P) s closed and W7 is finite dimensional.
This proves I) and part of II).
To prove the remaining parts of IT), we note

L*(OM,E) = P_L*(OM,E) ® P.L*(0M, E)
=P L*(0M, E) ®* P:L*(OM, E) .
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By previous Lemma 6.44, we have that Pf : P.L*(OM, E) — PiL*(0M, E) is an
isomorphism. Therefore, W} = P, W, is finite dimensional, and W} C Hz (OM, E)
since P, : HP — HP for B € [~1,1]. Similarly W_ = P_W* C Hz(OM, E) is finite

272
dimensional. This proves II).

We prove III) and IV). For that, first we prove that P.L*(OM,FE) = V, & W,.
First, L2(0M, E) = W, & Wi Fix u € P,L*(OM, E) and write u = Py, you +
Pw L w, u. Rearranging this, we find
u — PW+,W¢U = PWJJF‘,WJFU .

But by construction, W, C P,L?*(OM, E) and therefore,

Pwiw,u € Wi NPLLYOM,E) =V, .
This shows P, L*(OM,E) =V, & W,.
A similar computation yields P*L?*(0M, E) = V* @ W*. Since the maps

Py : PiL*(OM,E) — PLL*(OM, E),
Pi: PLL*(OM,E) — PiL*(OM, E)

are isomorphisms, we obtain that all the spaces in (6.2) and (6.3) are closed in
L%(OM, E) proving III) and also IV). O

The second part we require is the following proposition.

1 - 1
Proposition 6.47. P_.B =V? and P_";BL’HH(D) = (Vj:) Z,

Proof. We prove this in a number of steps.
_1
a) Claim: W* = P*H 2(dM, E) N BLH 2,
Direction ‘C’ is clear, so we prove the reverse inclusion. Let u € PiH‘%(aM ,E)N

_1 A
BHH 2 In particular, we have that u € Hp, (D). Therefore,

1 _1 1 1 A

P*H 2(0M,E)NB-" * =P*H 2(0M,E) N B-" * NHp, (D)
— P*H 2(0M, E) N B-7+ (D)
C P*H2(OM, E) N B-1+(P) W |

where the last set containment follows from the fact that, by the elliptic regularity
of B, we have that BXH7+(P)  Hz2(OM, E).

b) Claim: (P_B)""" % = w*,
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We simply compute:

we P H 2(OM,E) and Vb € B: (w,b) =0
wePH 2 and Vb € B: <73iw,b> =0
weP*H 2 and Vb € B: (w,P_b) =0
wePH? and Vv € P_B: (w,v) =0

weWw*

r ¢t 00

wePH2(OM E)N(P_B)H*
& we (P_B)P Y
where the last equivalence follows from a).

¢) Claim: P_B = (Wj)ivprf(aM,E).
This is immediate since from Corollary 6.42, <PiH%(aM7 E), P*H_%(a]\/ﬂ E)> is a
perfect pairing.

1
1P _H2

d) Claim: (W*) CAP_LAOM, E) N H (OM, E).

)L,L

= (W=
This is also readily verified.

)J_,L2

e) Claim: (W* )l’L

NP_L2(OM,E) = P_ <(Wi CAPILA(OM, E)).

Containment ‘D’

1,12

Let u € P_ ((Wf) NP*LA0M, E)) Then v = P_u’ for some u' € (VVi)L’L2 N
P*L2(OM, E). Let w € W* and note

(w,u) = (w, P_u') = (Prw,u) = (w,u') =0.

Therefore, u € (Wf)L’LQ. Furthermore, u € P_L?*(0M, E) and so the containment
‘D’ follows.

Containment ‘C’.

Let u € (Wf)L’I}ﬂP_LQ(BM, E). Applying Lemma 6.44, we find a u* € P*L?(0M, E)
s.t. u = P*u*. Then, fixing w € W*, we obtain

0= (u,w) = (P_u*,w) = (u*, P w) = (u*, w).

Therefore, so u* € (Wf i and also by hypothesis u* € P*L%(0M, E). This shows

(C7

)J_,L

D=

f) Claim: P_B =V
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We compute

Y AP L2(0M, E) N HE (M, E)
)Y P L on, E)) N HE(OM, E)

= (W)
=P (W
= P_V*NHz2 (M, E)
= V_NH2(M, E)
v

where the first equality is b), the second d), the third e) and the remaining steps
are by definitions (6.2) and (6.3).

; 1
The claim P_*FBL’HH (B) — (Vj_‘) % follows by mimicking this argument mutatis mu-
tandis. O

Finally, we have the required ingredients to prove the remaining direction of Theo-
rem 6.7.

Proof of Theorem 6.7, B elliptically reqular implies L?-graphical decomposability . We
fix the spaces we have defined in (6.2) and (6.3). Proposition 6.46 then guarantees
that these spaces satisfy the requirements in Definition 6.6.

1 1
To prove the stated assertion, it remains to construct g : V_ — V, s.t. g|H V2= Ve

1 1
with g*|H% : (Vj)2 — (V_*) ? satisfying B = graph<g|H%> @ W,. We perform this
construction in the following steps.

1 1 1 1 1 1
a) First we construct go : V2 — V2, o : (ij)é — (V_*); and ho : (V)2 — (V¥)z.
For that, define

._ . 1,2 _ i3
X_:=P_| - BNWEY P . B=V2,

1,12
BNw

* * § L, L2 * §
X+ = P+|BL’ﬂP+(D)m(Wf>l’L2 B a (W—> - ’P—i—BL’Hm' .

We show that X_ is a bounded isomorphism with bounded inverse (i.e. a Banach
space isomorphism).

i) Claim: X_ is surjective.
Let x € P_B and write x = P_b with b € B. Then

a::P,b:P,(P

1,12
Wi

b,

Wy

7W+b + PW+,W+L’L2 b) — ,Pf,PWi,L?
where the ultimate equality follows from the fact that W, C ker(P_) =
P.L*(OM,E). Also

P b=b-"P, ,12b€EB+B=B8,

1,12
W+ W Wi, +
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and therefore, z = P_Pwlvm,wf‘ Since P

b€ BAWEY the claim is
+ +

1,12
Wi,

proved.
ii) Claim: X _ is injective.

By linearity of X_, it suffices to show ker(X_) = 0. So fix u € BN Wi’LZ and
assume that X_u = 0. By definition

0=X_u="P_u
and so u € P,L?(OM, E). Therefore,

we P LAOM,EYNnBNWEY =w, nwiY = =o0.

iii) Claim: X_ is bounded with bounded inverse.

BN Wf’lﬁ is closed in H%(aM , E) and from Proposition 6.46 I), we know that

P_B is also closed H%((‘?M , E). Moreover, since P, is boundary decomposing,
P_:HP(OM, E) — H?(OM, E) bounded for all 8 € [—1,1]. Clearly, it follows

202
that X_ is bounded. But we have shown that X_ is a bijection, and by the

closedness of the above said spaces, it is a bounded linear bijection between

Banach spaces. Therefore, the open mapping theorem guarantees that X' is
bounded.

A ) A
Similarly, X7 : BHHP (D) (Wf)L’L — PiBL’Hm(D) is also a bounded map with
bounded inverse, which is seen by mimicking this argument.

Define
1 1
9o = Py, woep_12 © (X_)_l V2=V,

: (Vﬁ)i — (V_*)%.

-

ho = ,PVLWiGBP_T_LQ @) (X_T_)_l

1 1 IS
Proposition 6.47 gives us that V2 = P_B and (ij) 2= PjBl’Hﬂ(D) and Proposi-
tion 6.41 yields Py, w, ap_ 12 : Hz(OM, E) — Hz (M, E). Therefore, the maps go
and hy are bounded in the induced subspace topology from H%(aM JE).

b) Next, we show that B = graph(gy) @ W.
i) We leave it as an exercise to verify that graph(go) N W, = 0.

ii) The direction ‘D"
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Clearly, W, C B by construction. Let v € V2 = P_B and by a) write
uw:=(X_)"'veBn Wi’LQ. Then,

v+ goU =V + PV+,W+EB73,L2 (X_)flv

=X_u+ 7)V+,W+EBP_LQU
=P-u+ Py, w,er 12t + Pw, v,epr_r2u
=P_u+ Py, w,er_12u + Pw, viepr 12U — Pw, viep_r2u
=P-u+Pru—Pw, v,ep_ 12U
=u— Pw, v,ep_L2U
eBNWHY oW, c B,

where the fifth equality follow from P,L2(OM, E) =V, & W,.

iii) The direction ‘C".
Let b € B and write b = by + by |, where by = P 12b and by | =

Wy Wi
iz, b Clearly, by 1 € BOW" and on letting v := X_b, | € P_B,
+

1,L2
Wi,

by = (Xf)_lv
=P (X )+ Pvwper 2(X )0+ P, vyep 2(X ) o

= v+ gov + Pw, vier_ 1204 1.

However, Pw, v, ep_ 12041 € Wy C B and so by, € graph(go) ® W,. There-
fore,
b= b+ + b_;,_’L € W_;,_ + graph(go) D W+ C graph(go) SP, W+ .

Similarly, pLir. (D) _ graph(ho) @ W* by mimicking this argument.

¢) The adjoint map of gy in H 2(OM, E) satisfies g (ij)_% — (V*)"2 with
95 .3 = —ho. Similarly, the adjoint map of hg in H~2(9M, E) satisfies ho : (V)2 —
(V) ™2 with Agl 1 = —go.

)

[SIE H

1
Recall from Corollary 6.42 that <Vf, (V;)_%> extends (L2(OM, E),L?(OM, E)).
Consequently, we obtain that

9= (V) = (72)
be the adjoint map with respect to this pairing.
By definition,
(Vo V) = (v Vi) = (B, BHIm D) o (6.4)
1 1
Now, fix u € (V})? and v € V2. Then, using (6.4), we obtain

0= (v + gov,u + hou) = {(gov, u) + (v, hou) .
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That is,
(v,g8u> = <U7 _h0u>

1 1
for all v € V2. By previous Proposition 6.41, we know that V* is dense in V_ and

1
V_ 2. Therefore, we conclude that gju = —hou for all u € (Vj)%.

By considering the adjoint map to hg, it is clear that the stated conclusion for Aj
follows.

d) The map go extends to g : V. — V, bounded.

We prove this this by resorting to complex interpolation (c.f. Section 3.9). Note
that we know that

L*(0M.E) = |H:(0M, E),H *(0M.E)|

Moreover, we know

(OM,E) — H2(OM, E),

N

1 1 . H
V2 WiaPsH2

(OM,E) — H 2(0M, E).

N

1 , cH™
Vy 2 Wi@PsH 2

We use the Retraction-Coretraction theorem, Theorem 3.57. For that, define

B, :=H?(0M, E) By :=H 2(OM, E)
—~ 1 —~ _1
Bl :Vf BQ::ViZ.
Define R :=P _. , and S :=id. Indeed, since R is now a projection on
Vy 2 WiePzH™ 2

gj, the choice of S indeed makes R a retraction with coretraction S.

With this choice of spaces, Theorem 3.57 then asserts

Sy [Vf,vj} — (79 HE (M, B), HH(OM, E) y

_1 1
Vi 77W+@P$H_§)ﬁ
However Sy = id, and hence Sy [Vf Vi 5} = [Vf, V, 5] . Therefore, by choosing
9
Y= %, we deduce
11
Vi = [vi v

=

By ¢), we conclude
1 1 1 1
Bo VR ViR and byl VE V2

By interpolation, obtain h := (hf) 9=1 V_ — V., boundedly. By construction, this
extends —gop and therefore, g := —h is the desired map. O]
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Remark 6.48. In b) iii), Pw, v,ep_r2bs 1 is not necessarily 0 even though
by € Wi’LQ. This is due to the fact that Py, v, ep r2by 1 does not project

along Wi’LZ. By Lemma 6.44, we certainly have Wi’LQ ~V, P _L%0M, E), but
in the calculations here, what is required is equality.

This is one reason why the proof of this theorem is cumbersome. We are required
to organise splittings of the relevant spaces in a very precise way so that we can
obtain equalities than just isomorphisms.

6.3 Properties of elliptically regular boundary
conditions

In this short section, we examine some salient features of elliptically regular bound-
ary conditions. To that end, we start with the following definition.

Definition 6.49 (Semiregular ad regular boundary conditions). For s >
%, we say an elliptically regular boundary condition B is (s+ %)—semiregular
if there is a boundary decomposing projector P, s.t. W, C H*(OM, E) and
g(V_S) C V3, where W, and g are the objects appearing in Definition 6.6 for
the L2-graphical decomposition of B:w w.r.t. P,. We say B is (S aF %)-regular, if
both B and B are (s + 1)-semiregular.

A map P is called a classical pseudo-differential projector of order 0 if locally, it can
be written as an integral against a symbol, which is simply an endomorphism, and
where the symbol enjoys a certain asymptotic expansion. The ‘classical’ part of this
is precisely the asymptotic expansion. Pseudo-differential operators of order 0 act
boundedly on all Sobolev spaces on a closed manifold. The quintessential example
of a classical pseudo-differential operator of order 0 in our context are the spectral
projections y*(A) associated an invertible bisectorial adapted boundary operator
A.

These are traditionally well studied objects, and we shall refrain from exploring their
technical underpinnings to greater lengths, as this is beyond the scope of this text.
We mention these as they have historically been central to the study of boundary
value problems. These projectors induce an important class of boundary conditions
as identified in the following definition.

Definition 6.50. Let P be a classical pseudo-differential projector of order 0.
Then

o)

Bp := PHz(0M, E)
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is called a pseudo-local boundary condition. 1f £ C E|,,, is a smooth subbundle,
then

I-lz2¢py

B :=Hz (M, E)

is called a local boundary condition.

Remark 6.51. If £ is a smooth subbundle, then it has an associated projection on
each fibre, which varies smoothly. This then defines a classical pseudo-differential
projector of order zero. Therefore, every local boundary condition is pseudo-local.

Theorem 6.52. Let Bp be a pseudo-local boundary condition. Then the following
are equivalent.

(1) Bp is elliptically reqular and Bp = PHz(OM, E) (i.e. PH2(OM, E) is au-
tomatically closed in H(D) ).

(II) For some (equivalently all) invertible adapted boundary operators A,
P —x"(A) : L*(OM, E) — L*(0M, E)
is elliptic (equivalently Fredholm,).
(III) For all x € OM and & € T OM \ {0} the principal symbol
op(x,&): E, — E,

restricts to an isomorphism

@ EiglUA(x,f)()\) = O-P(xvg)Ew

Re(X)<0

and op(x,&) restricts to an isomorphism

@ EigwA* (:t,f)()‘> = op- (l‘, f)EﬁC :
Re(X)<0

Corollary 6.53. FEvery pseudo-local elliptically reqular Bp is oo-regular. In par-
ticular, if Dg,v € C®(M, F), then v € C*(M, E) (i.e. smooth up to the boundary
oM ).

Clearly, the APS boundary conditions associated with an adapted boundary op-
erator are pseudo-local. We have seen in Chapter 5, these are the most signifi-
cant boundary conditions from a point of view of global analysis and index theory.
However, there are also interesting local boundary conditions which are elliptically
regular for first-order operators, even if they do not lead to index formulae.



216 6 Elliptically regular boundary conditions

Example 6.54 (Absolute and relative boundary conditions). Let (M, g) be
a Riemannian manifold, and 7' = 7 the inward pointing normal. Let 7 = N = i,
the associated conormal. Define

E=F:=AT"M=ANT"MxC.
The natural operator on this bundle is the Hodge-Dirac-operator
Dy=d+d".
On the boundary, we have the following splitting
NPT M|y, = NPTIOM & 7(x) NAPT'TEOM .

Therefore, we have that u € APT;M]|,, can be written as
uw=u" +7(x)ANut.
Define E' := AcOM = AOM ® C. Then, absolute boundary conditions for Dy is
given by
Bups i= H(OM, E') = {u € HF(OM,E) | u* = 0} .

Now, define E” := 7 A AcOM. Then, the relative boundary conditions for Dy is
given by

1

b= 00 = fu 01,51 7 =0}

Both these boundary conditions are locally elliptically regular.

Example 6.55 (Chiral boundary conditions). Assume now that (M, g) is Rie-
mannian Spin manifold. Then, the bundles in question are E := F := AM and I)
is the Spin-Dirac.

We say that a map G : AM|8M — AM\aM is a boundary chirality operator if

G* =id, h(Gu, Gv) = h(u,v),
WGZO, O'm(x,f)OG:—GOUID(ﬁL‘7§), and
op(x, 7)o G =Goop(z,T)

for all £ € T;OM. Fibrewise, G is an involution and therefore its spectrum consists
of {£1}. Hence, we obtain bundles

E. = Eigy(£1), AM=E, ®E_.
The local boundary conditions
By :=Hz2 (M, E.)

are the chiral boundary conditions. They are local elliptically regular boundary
conditions.

Let us now look at some particular examples of boundary chirality operators.
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1. If dim(M) is even then G := pc complexified volume element is a boundary
chji[rality operator. In this situation, the usual splittings to the subspaces
ATOM are precisely Eig,, (+1).

2. If dim(M) is odd and G := o7, then the space B, is called the MIT Bag
Condition. This was originally conceived to model electrons contained in a bag.
It illustrates that, despite the lack of an index formula, local elliptically regular
boundary conditions for first-order operators may still be of physical relevance.
It is this boundary condition which appears in the following illustration, also
appearing on the cover of this text.
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