UNIVERSAL EXTENSION OPERATORS FOR DE RHAM COMPLEXES ON
BOUNDED LIPSCHITZ DOMAINS

MARTIN W. LICHT

ABsTrRACT. We construct universal extension operators for differential forms on bounded Lipschitz
domains. These are continuous between Sobolev—Slobodeckij spaces, Besov—Triebel-Lizorkin spaces, and
tempered distribution spaces of differential forms. The extension operators preserve the regularity class
of the coefficients and the regularity class of any weak exterior derivative. Regularized Poincaré operators
play a key role in the construction. The first class of operators extends the differential form onto the
entire ambient Euclidean space. The second class of operators extends to a collar neighborhood of the
domain and commutes with the exterior derivative. We apply these results to construct commuting
smoothing operators for differential forms in numerous graph norms. An exposition of the main results
in the language of vector calculus is included.
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Vector and tensor fields involve phenomena that are not present in the study of scalar fields. The
de Rham complex of differential forms is the most important example: the exterior derivative gives rise
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to a natural regularity theory of differential forms that is not fully captured by the regularity theory of
scalar fields. In light of that, generalizing mathematical concepts for scalar fields to the de Rham complex
requires particular attention to remain compatible with the exterior derivative.

We address extension operators for Sobolev de Rham complexes. The question of how to extend scalar
fields on domains onto the enclosing space has been addressed for a broad range of domains and function
spaces. But an extension operator for differential forms that is compatible with the exterior derivative is
not a straightforward application of the scalar-valued result, in particular if the extension operator must
commute with the exterior derivative. The present manuscript provides such an extension on bounded
Lipschitz domains.

First, we develop extension operators for differential forms on bounded Lipschitz domains onto the
entire ambient Euclidean space. The extensions are universal in the sense that the same operator is
continuous on multiple regularity scales of harmonic analysis: the tempered distributional differential
forms, the scales of Besov and Triebel-Lizorkin spaces, and in particular the Bessel potential spaces and
the Sobolev—Slobodeckij spaces. Importantly, the extensions are compatible with the exterior derivative
in the sense that they preserve the regularity classes not only of the differential forms but also of their
exterior derivatives.

Second, we contribute commuting extension operators. These satisfy the same continuity properties as
the universal extension operators, but they extend onto a collar neighborhood of the Lipschitz domain
instead of the whole space. The operators in this second class of extensions commute with the exterior
derivative and induce isomorphisms on cohomology. In particular, they are morphisms between Banach
complexes of Sobolev—Slobodeckij spaces of differential forms. Their properties are summarized in the
following main result.

Theorem 1.1. Let  C R"™ be a bounded Lipschitz domain. Then there exists a bounded Lipschitz domain
EQ with Q € EQ and the following properties. We have continuous linear operators

(1.1) Ak S(Q,AF) = S(EQ,AY), kez,
such that for all u € S'(Q, A¥) we have
Akw)o =u,  AMTdPu = dPARw.

Moreover, we have continuous operators

(1.2) Ak C(Q, AF) — C=(EQ, AF),

(1.3) Ak Wer(Q, AF) — WEP(EQ, AF), s>0, 1<p<oo,

(1.4) Al By (L, A%) = B (EQ,AF), sER, l<p<oo, 1<g<oo,
(1.5) AL Fy (L A%) — 5 (EQ,AF), sER, 1<p<oo, 1<g<oo.

The distinguishing functionality is that closed differential forms that are smooth up to the boundary
admit smooth closed extensions within the collar neighborhood. As an auxiliary result that may be of
independent interest, we develop the cohomology theory of smooth differential forms on Lipschitz domains
with a partial flatness condition.

Our extension operators combine two distinct components. On the one hand, we use classical universal
extension operators for scalar fields, applied componentwise to differential forms. On the other hand,
regular decompositions of differential forms via universal potential operators play a central role. We
review the general background on these concepts.

1.1. Universal extensions. It is a classical topic of analysis how functions initially defined on a domain
can be continued to the whole ambient space. The continuation of scalar fields has received the bulk of
attention. Whitney [67] discussed the continuation of C™ functions on closed subsets of R™. Seeley [61],
generalizing earlier work by Lichtenstein [46], developed a continuous linear extension operator for
functions defined on the half-space that preserves smoothness of every order simultaneously. Important
work on the extension of Sobolev spaces on Lipschitz domains up to a fixed order of smoothness is due
to Calderon [12]. Universal extension operators were developed over the following years, on Lipschitz
domains or more general domain classes, and for different notions of function smoothness; the term
universal extension operator seems to have been popularized in harmonic analysis. For example, we
mention work by Stein [63], Jones [35], Christ [16], Rychkov [58], Rogers [56], and by Shi and Yao [62].
We focus on Rychkov’s main result: his extension is defined on tempered distributions and is continuous
on the Besov and Triebel-Lizorkin classes of functions.
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De Rham complexes composed of rough spaces of functions, beyond the smooth spaces of classical
analysis and differential geometry, have been researched extensively [22] 18] 24} [60] [34] 50, 23]. Extension
operators for Sobolev de Rham complexes on Lipschitz domains must be compatible with the exterior
derivative. Reflection-based extensions onto tubular neighborhoods of Lipschitz domains commute with
the exterior derivative and preserve Lebesgue spaces of differential forms [59, Bl [44] [43] B1], but they
generally do not preserve any smoothness, classical or otherwise, of higher order.

The main reference for a universal extension on differential forms is due to Hiptmair, Li, and Zou [29].
As a direct generalization of Stein’s construction from scalar fields to differential forms, their operator
preserves the regularity of the differential forms and their exterior derivatives. However, this universal
extension operator does not commute with the exterior derivative. We also point out that their exposition
focuses on Hilbert spaces for reasons of brevity, and only integer-order smoothness indices are covered.
These are widely used throughout the analysis of linear partial differential equations; our goal is to cover
a wide range of function spaces, including Banach spaces of differential forms, which is pertinent to
the analysis of nonlinear partial differential equations. Their work already points out the connection of
extension operators and regular decompositions.

1.2. Regular decompositions. Regular decompositions are a feature of the de Rham complex that
does not have an analogue in the scalar theory. Regular decompositions are closely related to regularizing
potential operators. An illustrative classical result is the following decomposition into regular fields on
any convex bounded Lipschitz domain  C R3: if F € L%(f) is a square-integrable vector field such
that curl F € L?(Q) is square-integrable, then there exist a scalar field ¢ € H*(Q2) and a vector field
¥ € H'(Q2), each with first-order Sobolev regularity, such that

F=grad¢ + ¥, curl F = curl .
There exist regularizing potential operators
Pyraa : L2(Q) — HY(Q), P : L2(Q) — HY(Q)
such that
¢ = Pgraa(F), P = Py (curl F).

On general bounded Lipschitz domains, not necessarily convex, such a decomposition still holds with a
three-term sum instead of a two-term sum: one must complement grad ¢ and Py (curl F) by a third
summand that accounts for the cohomology of the domain. These cohomology fields are not gradients
and have vanishing curl, but they are smooth up to the boundary of the domain. This decomposes the
field into the gradient of a more regular function, a more regular cohomology vector field, and a more
regular vector field that is reconstructed as a potential of the curl of the original field. We find regular
decompositions in numerous forms throughout the literature [4}, B}, 32} &) 25] B0, @, 53, £4].

A significant milestone is the theory of averaged Poincaré and Bogovskii operators on bounded Lipschitz
domains, developed by Costabel and McIntosh [I7] and by Mitrea, Mitrea, and Monniaux [49]. These
potential operators are pseudodifferential operators of order —1 with symbols in the local Hérmander
class Sy é (R™). This fact already warrants a gain of smoothness and continuity across a scale of locally
convex function spaces simultaneously. In particular, this enables regular decompositions for a large class
of de Rham complexes.

The averaged Poincaré operators can be interpreted as generalized inverses. In the case of Hilbert
complexes, we distinguish them from the operator pseudoinverses of the exterior derivative between
Hilbert spaces of differential forms, which on exact forms always provide the preimage with minimum
norm. The averaged Poincaré operators, by contrast, have no such norm-minimizing property. More
generally, the averaged Poincaré operators are generalized inverses for Banach complexes when general
Sobolev—Slobodeckij spaces are considered.

In analogy with the universal extension operators, Costabel and McIntosh’s potential operators are
henceforth referred to as universal potential operators. They define a universal reqularized decomposition,
a generalized Hodge decomposition of differential forms that is continuous simultaneously for different
function spaces. This decomposition holds not only for Hilbert complexes of differential forms, but also
for Banach complexes and most generally for certain distributional de Rham complexes of locally convex
spaces.



1.3. Construction and application. We now point out a few features of our constructions. The first
operator is a comparatively simple combination of the universal regular decomposition and the universal
extension operators. Componentwise application of the universal extension operator then produces the
desired extension of differential forms onto the ambient space. This operation is compatible with the
exterior derivative: the extension onto the enclosing space inherits the regularity of the original differential
form, and likewise its exterior derivative inherits the regularity of the original exterior derivative.

We need to appreciate the cohomology of the de Rham complex to develop our commuting extension
operator. In a differential complex, the range of one differential operator is included in the kernel of the
next differential operator. For example, this structure is present in the three-dimensional L? de Rham
complex

0— HY(Q) -2 H(cwl, Q) - H(div, Q) —% L2(Q) -0
on a bounded Lipschitz domain 2. Generally, the range is a proper subspace of the kernel. The questions
arise whether we can identify the dimension of the quotient space and whether the range is topologically
complemented in the kernel.

The quotient spaces are known as the cohomology spaces of the de Rham complex. We show that they
are finite-dimensional and that their dimensions are the Betti numbers of the domain. In fact, more is
true: the ranges have a finite-dimensional complement spanned by a basis of smooth differential forms.
In particular, the closed differential forms allow a decomposition into an exact differential form and this
finite-dimensional complement. This holds for the common Hilbert complexes of differential forms, and
more generally for the Banach complexes and Frechét complexes.

The universal regular decomposition involves a universal harmonic complement, which is a finite-
dimensional topological complement to the ranges of the differential operators inside the kernel of the
next differential, simultaneously for all regularity classes of the source. If we pick an arbitrary smooth
extension for each of these finite-dimensional harmonic complements, then this leads to an extension
operator on the full space. However, the resulting extension operators may not preserve the cocycle
property of these harmonic forms, which obstructs the commutativity with the exterior derivative. For
example, the non-zero constant functions span the kernel of the gradient operator but admit no extension
onto R™ that is both gradient-free (i.e., constant) and square-integrable. Another example is that the
extension of harmonic complements in H(curl, ) may not be globally curl-free.

This is resolved by our second class of extension operators, which modifies the machinery previously
described. If we consider universal extensions onto a small collar neighborhood E2 of the bounded
Lipschitz domain €2, but not onto the whole ambient space, then a prudent choice of the extension of
harmonic forms ensures that the extension operators commute with the exterior derivative. This gives
commuting diagrams such as

grad

H5(Q) He(cwl, Q) — Hs(div,Q) —2 H5(Q)

Agl A}ll Aﬁl A(?;J(
H9(EQ) &2 Hs(cwrl, EQ) —%Ls H¥(div, EQ) — s H*(EQ).

Here, we enlarge the original domain by a small neighborhood such that the topology remains the same
and the Betti numbers are preserved. This observation motivates the search for a commuting extension
operator from the bounded Lipschitz domain onto the enlarged domain that is then an isomorphism on
cohomology.

The decisive insight is that smooth closed forms, such as in the universal harmonic complement, admit
a smooth closed extension onto the collar neighborhood. This follows from the exactness of the smooth
de Rham complex of the outer collar neighborhood EQ \  when imposing flat boundary conditions along
the interior Lipschitz interface 9€2. We develop the following auxiliary result through the apparatus of
sheaf theory [13| 10l 491 23] 19].

Lemma 1.2. Let Q C R" be a bounded Lipschitz domain. Then there exists a bounded Lipschitz domain
EQ with Q € EQ such that for any u € C°(Q, A*) with d*u = 0 there exists v € C™(EQ, A*) with
d¥v =0 and v|g = u.

De Rham complexes on the L? scale have received the largest share of attention; Costabel and McIntosh
focus on these operators for simplicity of exposition. As we leverage pseudodifferential calculus, we cover
a much wider class of function spaces: for the range of Lebesgue exponents 1 < p < oo, we recover
the full Sobolev—Slobodeckij regularity scale on Lipschitz domains, including spaces with fractional
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smoothness and the negative-order spaces. In fact, we utilize de Rham complexes of locally convex
function spaces, such as tempered distributions or bounded smooth forms. This allows us to separate
the algebraic properties of the operators, such as homotopy formulas, from their continuity in particular
function spaces. Within the pseudodifferential calculus, we can extend the discussion to the Besov and
Triebel-Lizorkin classes with little additional overhead. To accommodate a variety of different readers,
our presentation is modular: continuity statements are given for the common Sobolev—Slobodeckij spaces
and the Besov—Triebel-Lizorkin spaces separately.

Extension operators are convenient because they make techniques for spaces on Euclidean space
available to function spaces on domains. For example, a direct application of these results is a commuting
smooth approximation operator on Sobolev de Rham complexes: a bounded family of smoothing operators
from a Sobolev—Slobodeckij de Rham complex with additional smoothness assumptions into the smooth
de Rham complex on a bounded Lipschitz domain that converges pointwise to the identity. These give
commuting diagrams such as

Wwer(Q) —£29 Wer(cwrl, @)~ Wer(div, Q) —2 s wer(Q)

M g | M e | | e |

cx@) 29, ox@RY) —, oo@ R~ ox(Q)

Here, we are concerned with non-standard smoothness spaces such as
(1.6) W?P(curl, Q) := {u € W*P(Q) | curlu € W*P(Q)},

where the curl of a vector field provides additional smoothness. While the mollification of a componentwise
extension of these vector fields is a standard smoothing argument, this does not warrant convergence
in because the componentwise extension generally does not have a curl with the improved smoothness
required by W*P(curl, ). But if we use the compatible extension operator, then smoothing produces an
approximation in the correct norm. In particular,

(1.7) C>®(9,R3) C W*P(curl, Q)

is a dense subspace.

Universal extension operators for de Rham complexes allow us to define operations on bounded Lipschitz
domains in terms of operations on the ambient space. Even though we use universal scalar extension and
universal potential operators, the construction principle can be implemented with different scalar extension
operators as a foundation. Our methodology can be instantiated with any scalar extension operator
and regular decomposition under the condition that the regularity parameters interact accordingly for
the parameter regime of interest. The class of Lipschitz domains is very general while still ensuring
convenient mathematical structure. However, this class of domains is by no means the only class relevant
for mathematical modeling.

1.4. Context. The work in the present manuscript was undertaken to generalize an approximation result
that has been used in the context of finite element quasi-interpolation operators [45].

The connection between extension operators and regular decompositions has been recognized for some
time. Indeed, Hiptmair, Li, and Zou [29] use the generalized Stein extension operators to construct regular
decompositions (and Poincaré inequalities) from the regular decompositions on the ambient space. The
possibility of using regular decompositions in the construction of extension operators seems to have been
anticipated in their work [29, Remark 3.2]. The present manuscript seems to be the first to elaborate on
that idea. We also point out recent work by Nilsson and Pitassi [51] that has addressed the extension
problem for L? de Rham complexes to obtain uniform Poincaré inequalities relevant for unfitted finite
element methods. Their extension operator is defined on the orthogonal complement of the harmonic
forms. By contrast, our construction intrinsically relies on Poincaré inequalities because it starts from
universal regular decompositions, and the harmonic forms are extended to smooth closed forms. We
therefore draw the overall picture that extension operators and regular decompositions for de Rham
complexes on bounded Lipschitz domains are conceptually equivalent.

Sobolev—Slobodeckij spaces are of concrete interest in the numerical analysis of partial differential
equations, where smoothness, even if only partial, is reflected in the provable convergence rates of finite
element methods. This especially pertains to numerical methods in vector calculus on domains, where
solutions to partial differential equations feature non-integer smoothness that is typically rougher than
the smoothness of scalar partial differential equations. While Sobolev—Slobodeckij de Rham complexes
are fundamental for partial differential equations, discrete de Rham complexes now play a central role in
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numerical analysis. Alain Bossavit [I1, 55] identified Hassler Whitney’s eponymous forms as finite element
differential forms, and pioneering contributions by Ralf Hiptmair [28] and Douglas Arnold, Richard Falk,
and Ragnar Winther [5] have established finite element de Rham complexes as paradigmatic in mixed
finite element methods.

While Hilbert complexes have been subject to increased research in recent years, there is a long
tradition of the study of Banach complexes and of distributional de Rham complexes are instances of
locally convex spaces that form a differential complexes [52), 87, [39] [40]. Even though these are generally
not situated in the theory of abelian categories, the cohomology theory of these differential complexes is
well understood.

1.5. Organization of the manuscript. The manuscript is organized as follows. Section [2] reviews the
function spaces under consideration. Section [3]reviews the first main component of our proof, namely
universal extension operators. Section [4] reviews notions of exterior calculus and spaces of differential
forms. Section [5] reviews the second main component, namely the universal regular decomposition.
Section [f] first constructs the universal extension operator compatible with the exterior derivative and
then provides the commuting extension operator. Finally, Section [7] presents the main results in the
language of vector calculus and for Sobolev—Slobodeckij spaces.

Notation. For any set X C R", we write 1x : R” — {0,1} for the indicator function of X. We use the
notation A(n) := Ny for the set of multi-indices over {1,...,n}. For a = (a1,...,a,) € A(n), we set

la| =1+ - + ap, 0% =0yt - 9, %=t

2. FUNCTION SPACES ON DOMAINS

This section introduces the function spaces and the corresponding notation that are used throughout
the remainder of the manuscript. All definitions hold for functions on domains taking values in a
finite-dimensional real inner product space. Of course, the corresponding vector-valued function spaces
can be defined equally as tuples of functions, one for each component, with the respective regularity
classes.

Throughout this section, 2 C R™ is a domain, i.e., a connected open set.

2.1. Spaces of smooth functions and distributions. We consider spaces of functions taking values
in a finite-dimensional inner product space V' with norm | - |. We identify V' with its dual space V* via
the inner product.

We write C*°(€2, V) for the space of smooth functions on €. Furthermore, we write C2°(€2, V) for the
space of smooth functions on 2 whose derivatives of all orders are bounded, we write C°°(£2, V) for the
space of smooth functions on 2 that are restrictions of functions in C*°(R", V), and we write C°(£2,V)
for the space of smooth functions with compact support in €.

While we mostly consider these spaces as vector spaces, they can also be equipped with the structure
of locally convex spaces. The space C*(2, V) is a locally convex space by the family of seminorms that
induce the topology of uniform convergence of all derivatives on compact sets:

PK.o(u) = mea%wo‘u(ﬂi)‘v KeQ, acAn).

In fact, this topology is generated by a countable family of seminorms: if { = Ko C K1 C Ko C ... is an
exhaustion of Q by compact sets, i.e.,

U K; =9, Vie N: K,_, C int K;,
ieN
then the corresponding countable family of seminorms induces the topology of C*°(£2, V). The space
C> (9, V) of restrictions of smooth functions
C®(Q, V) :=={ulg |ue C®R",V)}

carries a natural quotient topology with a corresponding countable family of seminorms. The space
Ce (2, V) is locally convex with the countable family of seminorms that describe the topology of (global)
uniform convergence of all derivatives:
palu) i=sup [0u(@)l, o€ A(n),
e
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Finally, the space C°(Q, V) carries the usual locally convex topology; we follow the convention of
writing D(£, V) for that locally convex vector space. An explicit family of seminorms is constructed as
follows: if } = Ky C K1 C Ky C --- C  is some compact exhaustion of the domain €, then

DPm.,c(u) :==sup  sup max ¢;|0%u(z)], {m;}ien, {¢itien € NN
ieN ze K\ K; 1 Telil(n)
al<m;

is a family of seminorms that induces the topology of D(€2, V). This is the topology of uniform convergence
in all derivatives of sequences of functions supported within a common compact subset.

We review a few spaces of distributions. We let D'(£2, V') denote the dual space of D(2, V'), known as
the space of distributions on 2 with values in V. We follow the convention that the dual space carries the
topology of uniform convergence on bounded sets. Recall that a subset of a locally convex space is called
bounded if every continuous seminorm has a finite upper bound on that subset. The topology of D'(Q, V)
is induced by the seminorms

pp(u) := sup|{u, ¢)|, B C D(Q,V) bounded.
¢eB

The following smooth function space and its distributional dual are particularly important in harmonic
analysis. Recall the Schwartz space on R™, which is the vector space of fast-decaying functions

SR™, V) :={ue CFPR",V) | Vo, € A(n) : %0°u € C°(R™, V) }

equipped with the locally convex topology generated by the seminorms

lullas = sup [e°0%u(x)|,  a,p € An).
z€R™

The Schwartz space has a topological dual space S'(R™, V'), known as the space of tempered distributions,
which is again a locally convex vector space. The tempered distributions, too, carry the topology of
uniform convergence on bounded sets.

For any domain €2 C R", we define

S(QV) = {ula | u e S'(R",V)} C D'(Q,V).

This is a locally convex vector space equipped with the quotient topology. We will write (u,) for the
duality pairing of a distribution u € §'(2,V) and a test function ¥ € D(,V).
With respect to these topologies, the aforementioned spaces satisfy the continuous inclusions

D(R™, V) C S(R™, V) C C=(R", V),  S'(Q,V)CD(Q,V),
D(Q,V) CC®(Q,V), C®(Q,V) CC®(Q,V),
DIQ,V)CCR(Q,V),  CR(Q,V)C O, V).

2.2. Lebesgue spaces and Sobolev spaces. For 1 < p < oo, we write LP(§2, V) for the Banach space
of measurable functions u : 2 — V, up to equality almost everywhere, for which

1/p
(2.1) ull Le@.vy == </Q lu(z)|? dx) < o0.

For p = oo, we write L>° (€, V) for the Banach space of essentially bounded measurable functions, modulo
equivalence almost everywhere, equipped with the norm

(2.2) lull oo 0,v) := esssglllp|u(x)|.
S

We first introduce Sobolev spaces on domains in terms of weak derivatives and review the Sobolev—
Slobodeckij spaces in terms of the Gagliardo—Slobodeckij seminorms. For any m € Ny and 1 < p < oo,
we define the Sobolev space W™P(Q, V') by setting

wmP(Q, V) :={ue LP(Q, V) |Va € A(n), |a| <m: 0% € LP(Q,V)}.
With this choice of notation, Wo?(Q, V) = LP(Q, V).
For 1 < p < o0, we equip W™P(, V) with the norm
o 1/p
[ullwme @) = (ngm\la UHLP(Q,V)) :

For p = 0o, we use the norm
[ullwm.o @) = Z [0%ul Lo (0,v)-
lo|<m
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With these norms, the spaces W™P (2, V') are Banach spaces.
Let 0 <8 <1and1<p<oco. In the case p < oo, the Slobodeckij seminorm of any v € LP(2,V) is

defined as
_ Ju(z) — u(y)? e
T =

In the case p = oo, the Slobodeckij seminorm of any u € L>(Q, V) is defined as

[ulpyoce v = esssup 1D~ 4w
' z,y€Q |z —yl
TFy

The fractional Sobolev—Slobodeckij space
WoP(Q, V) = {ue LP(Q,V) | |ulworv) < oo}
is a Banach space with norm

lullwo.rvy = lullLe@,vy + [ulwor vy
More generally, for m € Ny, 0 < 0 < 1, and 1 < p < oo, the Sobolev—Slobodeckij space of order m + 6
is defined by

WmHer(Q V) = {u e W™P(Q,V) | Yo € A(n) with || =m : 9%u € WOP(Q,V)}.
This is a Banach space with the norm

[ullwmor@y = llulwm@y) + Y [0%ulwor@,v):
acA(n)
|a]=m
The Sobolev—Slobodeckij spaces on domains W#?(Q, V) as defined above are to be distinguished
from the Sobolev—Slobodeckij spaces on domains defined in terms of restrictions. The restriction-based
definition of Sobolev—Slobodeckij spaces gives us access to the machinery of harmonic analysis and
pseudodifferential calculus, but its equivalence to the intrinsic definition depends on the domain. We
focus on the reflexive spaces.
The Sobolev—Slobodeckij spaces on R™ with negative smoothness are defined as a duality construction.
If s € (0,00) and 1 < p,q < co with % + % =1, then we define the dual Banach space

WP (R, V) == W(R", V).

This Banach space is equipped with the usual operator norm.
For s € R and 1 < p < 00, the restriction-based Sobolev—Slobodeckij space WEP(Q, V) on any open

set  is defined as the space of restrictions of distributions in W*?(R™, V) to Q. The space WP (Q, V) is
equipped with the quotient norm

||UHWTZ§)(Q,V) = il’lf{Ha||Ws,p(Rn7v) | u € Ws,p(Rn’ V), ’mQ = u} .
It is evident from the construction that
W2P(R™, V) = WP(R", V).

res

For non-negative smoothness, an analogous equality of Banach spaces, with equivalent norms, holds on
sufficiently regular domains. We will prove it for bounded Lipschitz domains.

Partial derivatives are defined either in the weak sense or in the sense of duality: if s € R, m € Ny,
1 <p<oo,and a € A(n) with |a] < m, then we have a bounded linear operator

9% WEP(Q,V) — WES™P(Q, V).

res res

Moreover, we will use
W3PQ,V)CD'(Q,V), seR, 1<p<oo.

res

Remark 2.1. We have first defined the intrinsic Sobolev—Slobodeckij spaces on domains in terms of weak
derivatives and the Gagliardo—Slobodeckij seminorms. This is the definition most common in the theory
of partial differential equations, which is our main application. The definition in terms of restrictions
of Sobolev—Slobodeckij spaces on R™ is common in harmonic analysis. On general open sets, these two
definitions of Sobolev—Slobodeckij spaces are generally not equivalent, even at positive or integer orders.
However, this dissonance resolves if the domain is a bounded Lipschitz domain: then the definitions agree
for non-negative smoothness parameters. This observation is standard (e.g., [20]) and will be formally
reviewed later in Section



The situation for the Sobolev—Slobodeckij spaces with negative smoothness parameter is more delicate.
We have defined the spaces with negative smoothness as the restriction (in the sense of distributions) of the
dual spaces. These need not coincide with the duals of the corresponding positive-order restriction spaces,
even on bounded Lipschitz domains. This issue is not as pressing for the purpose of this manuscript,
though, because we use negative-order Sobolev—Slobodeckij spaces only in the sense of restrictions to apply
the methods of harmonic analysis. We point out that, by definition, for any s > 0 and 1 < p,q < oo with
% + % =1, the space W, 5P (Q, V) coincides with the dual space of the closure of C°(2,V) C C*(R", V)

within the Banach space W*9(R™, V).

2.3. Besov and Triebel-Lizorkin spaces. Sobolev—Slobodeckij spaces on Euclidean space and their
restrictions to domains have a natural generalization in terms of Besov and Triebel-Lizorkin spaces. The
Besov and Triebel-Lizorkin spaces on R™ are quasi-Banach spaces that continuously embed into the
space of tempered distributions. We first define them on R™ and then on arbitrary domains in terms of
restriction. The following outline is based on the exposition in [49].

We need the notion of a Littlewood—Paley decomposition of unity, which describes a partition of unity
in the Fourier domain. We begin with a smooth non-negative radially symmetric function ¢y € C°(R", R)
that satisfies

VEeB(0,1): () =1,  VE€B(0,2):¢(£) >0,  VEZB(0,2):¢u(§) =0,
and that we assume to be strictly decreasing in |£| on the annulus B(0,2) \ B(0,1).
For j € N, we define ¢; € C°(R",R) through
G (&) = Co(277€) — ((2'779).
This entails the support properties
vE € B0, 2T\ B(0,2771) : (;(§) >0, VEEB(0,2771) \ B(0,27-1) : ¢;(€) =0,
and the derivative bounds

Va € A(n) : sup sup 271419°¢;(€)] < (1 +2/°) sup [8¢o(€)].
JENp £€R™ £E€R™

These functions form a smooth partition of unity
G =1,  eR"
§=0

We denote the Fourier transform and its inverse by F and F~!, respectively. They act on Schwartz
functions with values in the complexification Vg := V ®g C as continuous operators:

F: S(Rna V(C) — S(Rn, VC), u — 'U:(ZII) 6*271'1'1:-.5 dl‘,
R'Il

T SR™, Ve) — S(R™, Vi), u u(z) ¥ da.
Rn

Duality gives continuous operators F : S'(R”, V) — S'(R", V¢) and F~1 : ' (R™, V) — S'(R™, V).
The Littlewood—Paley decomposition of unity is now constituted in terms of Fourier multiplier operators.
For j € Ny, we define the continuous linear Fourier multiplier operators

A;: SR V) = S'(R™, V), uw FH(TFu).

Since the cutoffs (; are real and even, A; preserves real V-valued distributions. These operators satisfy
the decomposition property

u = ZAju, ue S (R, V).
=0

Here, the series converges in the topology of &'(R™, V).
We can now define the Besov spaces. Let s € R, 0 < p < o0, and 0 < ¢ < oco. The Besov space
B, ,(R™, V) is the quasi-Banach space of tempered distributions u € S'(R", V') such that

(2.3) [l

Bj ,(R"V) = H(2”||AjU||LP(R",V>)jeNO fa(No.R)

9



The usual modification applies if ¢ = co. Here, we use the quasi-norm of the generalized Lebesgue spaces

1/p
lull Lo ®n vy = (/ |u(z)P dx) < 00,
R’IL

for any 0 < p < 00, generalizing the LP-norm as defined in (2.1]) for 1 < p < co. Analogously, we define
the quasi-norm of the generalized sequence spaces

1/q

o0
ll(a;)jemollesvomy = | D layl < oo,
7=0

for any 0 < ¢ < 0o, which generalizes the usual ¢?-norm for 1 < g < co.

The Besov space B;q(Q,V) on any domain is defined as the space of restrictions of tempered
distributions in By (R", V) to the domain 2. The space B, (£2,V) is equipped with the quotient
quasi-norm

(2.4) [l

3 ) = f { il g oy | € By (RV), il =

The Triebel-Lizorkin spaces are defined similarly. Let s € R, 0 < p < o0, and 0 < ¢ < oco. The
Triebel-Lizorkin space Fy  (R", V) is the quasi-Banach space of tempered distributions u € S'(R", V')
such that

(2.5) el vy = || (27 250) o,

Lr(R™,€4(No,V))

Again, the usual modification applies if ¢ = co.
The Triebel-Lizorkin space FIf’q(Q, V') is defined as the space of restrictions of tempered distributions
in £y (R",V) to the domain €. The space F; (€2, V) is equipped with the quotient quasi-norm

(2.6) ]

ry vy = inf {[ll g, o v | T € B, (R, V), o =}
Remark 2.2. The Besov and Triebel-Lizorkin spaces are quasi-Banach spaces. If p,q > 1, then they are
Banach spaces and the quasi-norms and are norms. However, if p < 1 or ¢ < 1, then the spaces
are quasi-Banach spaces that are not locally convexf} but they continuously embed into the locally convex
space of tempered distributions.

Different choices of the smooth partition of unity ({;);en, yield different Littlewood-Paley decomposi-
tions, but the different resulting quasi-norms on the Besov and Triebel-Lizorkin spaces are equivalent,
both on R™ and on domains.

Remark 2.3. We summarize a few identifications of function spaces and refer to the literature [57,
Section 2.1.2] for further details. The Besov and Triebel-Lizorkin spaces generalize the Sobolev—Slobodeckij
spaces in the sense that

WEPR™, V) = F;»,(R", V), s€Z, 1<p<oo,

res s

WEP(R™, V) = BS (R, V) = Fs (R"V), seR\Z, 1<p<oo,

res

with equivalent norms. Moreover, for every s € R,
W*2(R™, V) = B3 ,(R", V) = F5,(R", V).

By restriction, the corresponding equivalences hold on every domain with WEP(Q, V) in place of
wWeP(R", V).
Write v(z) := /1 + |x|2. For s € R and 1 < p < o0, the Bessel potential space is defined by

H?(R",V):={ueS'R"V)|F ' v*Fu) € LP(R",V)}.

Equipped with the LP-norm of F~'(v*Fu), it coincides with F,(R", V') with equivalent norms. Another
important special case is that B3, . (R",V) coincides with the Holder-Zygmund space C*(R",V) for
s> 0.

2Any locally convex quasi-Banach space has an equivalent norm that makes it a Banach space.
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3. UNIVERSAL EXTENSION OPERATORS ON LIPSCHITZ DOMAINS

We introduce Lipschitz domains and review another central concept of this manuscript: universal
extension operators on Sobolev spaces on bounded Lipschitz domains.

Any domain 2 C R™ is called a Lipschitz domain if each x € 02 admits an open neighborhood U C R™
of z, numbers r > 0 and h > 0, an isometry

(3.1) ©:U = (=r,7)" "t x (=h,h),

and a Lipschitz-continuous function v : [—r,7]"~* — R such that

(3.22) p(2) =0,

(3.2b) p@NU)={y=@"yn) |y (=rn)""" x(=hh), yo <) },
(3.2c) 90(390 U)={y=1y ,yn) [y € (=rn)" ™ X (=hyh), g =(y') }
(3:2d) e (2°NU) = {y=m) [y € (=rr)" " X (=h,h), g > () }.

We call the mapping ¢ : U — (—r, 7‘)”’1 X (—h,h) in (3.1) a Lipschitz-graph coordinate chart, and we
call U a Lipschitz-graph chart domain.

Remark 3.1. One can show that each z € 02 admits a Lipschitz-graph chart domain U C R", xz € U,
such that the intersection U N is itself a Lipschitz domain.

The class of bounded Lipschitz domains features the equivalence of different definitions of function
spaces. For example, the intrinsic definition of Sobolev—Slobodeckij spaces on bounded Lipschitz domains,
using weak derivatives and Gagliardo seminorms, is equivalent to the definition of Sobolev—Slobodeckij
spaces in terms of restrictions from R™. This result is standard, being an easy consequence of the following
extension theorem, and we briefly review it for completeness.

Proposition 3.2. Let Q2 C R" be a bounded Lipschitz domain. Let s > 0 and 1 < p < oo. Then there
exists a bounded linear operator
Easp: WP V) = WP(R", V)
such that Eq s pttlo = u for allu e W*P(Q, V).
In particular, the Banach spaces WP (Q, V) and WEP(Q, V) coincide, with equivalent norms.

res

Proof. For s = 0, extension by zero has the required properties. For s > 0, we refer to the literature;
see [26, Theorem 1.4.3.1], [2I]. The equivalence of the intrinsic and restriction-based definitions of
Sobolev-Slobodeckij spaces on bounded Lipschitz domains is now evident. [l

A universal extension operator for Sobolev spaces (of integer order) on bounded Lipschitz domains is
due to Rogers [56]. One easily sees that the extension operator is continuous between the corresponding
spaces of smooth functions equipped with their Fréchet topologies.

Proposition 3.3. Let Q C R™ be a bounded Lipschitz domain. Then there exists a bounded linear
operator
(3.3) Eaw : WTP(QV) - WHP(R™ V), meNy, 1<p<oo,
such that Eqwulq = u for allu € W™P(Q,V).
In particular, we have a continuous linear operator
(3.4) Eaw : CP (V) = CEP(R™, V),
and the locally convex vector spaces CE° (2, V) and C*°(Q,V) are isomorphic.

Proof. We refer to the literature for an extension operator that satisfies (3.3) for all m € Ny and
1 < p < o0; see [56, Theorem 8| if n > 2 and [61] if n = 1. We briefly show that it satisfies the continuity

condition ((3.4)).
Suppose that v € C°(Q, V). Then u € W™(Q,V) for all m € Ny, with

[ullwm.i@,v) < Csup sup [0%u(z)|.
z€Q acA(n)
la|<m
We write u := g wu and observe that u € W™ (R", V) for all m € Ny, with
il wm.pgn vy < Cllullwme@,v)-
11



By the Sobolev embedding theorem, we have u € Cy°(R”, V), i.e., u is a smooth function with bounded
derivatives of all orders. We have
sup sup [07(@)| < Ol e,
TER™ a€ A(n)
loe| <mm
This also shows (3.4)), which means that the operator Eq w : C°(Q,V) — C°(R™, V) is continuous with
respect to the topology of uniform convergence of all derivatives.

Recall that v € C*°(€, V) implies that there exists u € C*°(R",V) with g = u, and thus u €
Ceo (9, V). Hence, there exists a continuous embedding © : C*(Q,V) — C2(Q, V) of locally convex
vector spaces. Applying Eq w : Co°(Q, V) — C°(R™, V) and taking the restriction to Q gives another
continuous embedding 7 : C2(2, V) — C°°(Q, V) that is inverse to the first one. We conclude C2o(€2, V)
and C*°(Q, V) are isomorphic. O

We now reference the universal extension theorem for vector-valued distributions on bounded Lipschitz
domains. This provides an extension operator that is simultaneously continuous across the Besov and
Triebel-Lizorkin scales of function spaces. This includes its continuity across the restriction-based
Sobolev—Slobodeckij scale.

Theorem 3.4. Let Q C R" be a bounded Lipschitz domain and let V' be a finite-dimensional normed
space. There exists a linear map

q: S'(QV) = S'(R",V),

such that for every u € §'(Q, V) we have

(3.5) Eaula = u,

and the following operators are continuous:

(3.6a) Ea: C (V) = CEE (R, V),

(3.6b) Eq : WIP(Q,V) - WIP(R™, V), seR, pe(l,00),

(3.6¢) €a: B, ,(2,V)— B, (R", V), seR, p,qe(0,00],

(3.6d) €q: Fy ,(Q,V) = F; (R", V), seR, pe(0,00), ¢e€(0,00]

Proof. Rychkov’s extension operator [58] is applied componentwise. This yields a continuous opera-
tor £q : S'(Q, V) = S’'(R™, V) that satisfies the extension property (3.5) and the continuity condi-

tions (3.6b)), (3.6¢), and (3.6d)). Since (3.6al) is not explicitly stated in [58], we describe a short proof.
Combining (3.6b)) with Proposition we obtain bounded operators

Eq : WP(Q, V) — W*P(R", V)

for all s > 0 and p € (1,00). Adapting the argument in the proof of Proposition using p = 2, now
yields the continuity condition (3.6a)). O

Remark 3.5. Rychkov’s universal extension operator [58] covers Besov spaces and Triebel-Lizorkin spaces.
Up to endpoints of the integrability exponents, this includes Sobolev—Slobodeckij spaces. If one is only
interested in Sobolev spaces (with non-negative integer smoothness indices), then the extension operator
by Rogers is one of many alternatives [56].

4. DIFFERENTIAL FORMS

Exterior calculus reformulates the familiar three-dimensional vector calculus and generalizes it to
arbitrary spatial dimension. The differential operators of vector calculus, which are the gradient, the curl,
and the divergence, can be conceived as special instances of the exterior derivative. Exterior calculus
is a subset of tensor calculus, and its objects are particular classes of tensor fields, namely alternating
(skew-symmetric) tensor fields. These are fields over a domain that take values in skew-symmetric
multilinear forms. Such fields are better known as differential forms, and exterior calculus also comes
under the name of calculus of differential forms.

We refer to the standard literature [14] 2 [T], [41] 20] for the necessary background on multilinear algebra
and tensor fields.

12



4.1. Exterior algebra. Let A*(R™) be the vector space of alternating k-linear forms on R”. For example,
A(R™) is the dual space of R", and A°(R™) = R. We follow the common convention to define A¥(R") := 0
unless 0 < k& < n.

Given two alternating forms u; € A*(R™) and uy € AY(R™), we write u; A ug € A*+H(R") for their
exterior product. The exterior product is bilinear, and it is graded-commutative and associative:

Uy N\ ug = (—1)“162 ANuy, U € Ak(Rn), U € Al(Rn),

(Ul AN ’U,g) ANusg =up N (UQ A ’U,g), Uy € Ak(Rn), U € AZ(R"), us € Am(Rn).

Given a vector a € R” and an alternating k-linear form u € A¥(R") with k > 0, we write a 4 u for their
interior product, also known as contraction, which is defined by

(a su)(vy,...,vp-1) :=ula,vy,...,06_1), v1,..., 051 € R™
We define the interior product as zero if k¥ < 0. The interior product is anti-commutative:
ay o (ag su) = —ag 1 (ag Ju), ai,as € R™, uEAk(R").

Recall that the standard basis of R™ gives rise to a basis of the dual space A'(R™). That basis is written
dxl,... dz™ € AL(R™). We have a corresponding basis of A¥(R") given by

{da™ Ada™ Ao Ada™ [ 1<y <y <o <ip <nj.

By definition, this set is empty unless 0 < k < n. Also, in the case k = 0, we have A°(R") = R and the
basis consists only of the constant function 1. In particular, any u € A*(R™) has the form

(4.1) U= Z uil,m,ikdmil Adz® A - Adate, Uiy i € R
1<ig < <ip<n

Here, the coefficients satisfy
uil,m,ik = u(eil gee ,eik).

This definition includes dz? := 1 and ug := u. We define the Euclidean inner product on A* (R™) as

<u,v) = Z Wiy yyin Vg, in

1<ip < <ip<n
The corresponding Fuclidean norm | -| is characterized by
2. _ Z 2
|u| T Wiy, in:
1<i1 < <ipg<n
In what follows, we may use the musical isomorphisms, which are the mutually inverse isometries
Al n P n
gAY (R™) =R, Y vda’ = Y viey,
. RN 1 n n n i
p:R™ = AY(R"™), >, _jaie;— Y . _ja;da’.

The exterior product and the interior product satisfy a duality relationship with respect to the Euclidean
inner product

(a sup,up) = (uy,a’ Aug), a €R™, € AMFHR™),  uy € AF(R™).
Furthermore, the following inequalities are known:

la sul <|al - |ul, aeR™ wue AFRY),
|U1 A ’LL2| < CkJ‘ul‘ ' |U2|, ur € Ak(Rn)7 Uz € Al(Rn)a

where Cj; > 0 is a numerical constant [22] Section 1.7.5], which is known to satisfy

Cry < (k,jl), Cim-k =1, Cro=1
13



4.2. Smooth differential forms. A differential k-form on an n-dimensional open set is a function with
values in the space of alternating k-linear forms A¥ = A¥(R™). The spaces of smooth differential forms

C>=(Q,A"), C(Q, AF), C>=(Q, A"), C>(Q, A7)

are of particular interest. The exterior derivative

(4.2) d¥ . 0= (Q, AF) — C°°(Q, AFTY)

is defined as usual. In explicit form, the exterior derivative of any u € C°°(£2, A¥) reads

(4.3) dFu = Z da? A 0ju = Z Gjuily___,ikdxj Adz® A Ada.
1<j<n 1<j<n

1<iy<-<ip<n
It satisfies
d*dky =0, u € C™(Q, AF),
A" uAv) =d*unv + (=DFunde,  weC®(Q,AF), veo™®(Q,A).

4.3. Rough differential forms. We define spaces of differential forms whose coefficients are in spaces
of distributions and in non-smooth function spaces. The spaces D'(Q2, A¥) and S’(Q2, A¥) are preserved by
the exterior derivative:

dr : D(Q,AF) = D'(Q, AFTY, dF L S(Q,AF) = ST, AR,

For any s € R and p € (1,00), we consider the spaces LP(Q, A¥) and WP (2, A¥). These are Banach

spaces. They can be characterized equivalently as those differential k-forms whose coefficients show the
respective regularity properties. On the Sobolev scale, the exterior derivative lowers smoothness by one:

d¥ WEP(Q,AR) - WESTP(Q AR seR, pe(l,00).

res

In addition to the Sobolev spaces, we also consider the Besov spaces B;Q(Q7 AF) and the Triebel-Lizorkin
spaces F} q(Q7 A¥). The exterior derivative also lowers smoothness by one on these scales:

dr: B;’Q(Q,Ak) — BI“;:Zl(Q,Ak"’l)7 seR, p,qe (0,00,
dk . sz’q(KLAk) — Fz‘f,;l(Q,AkH), seR, pe(0,00), qe€(0,00].

5. UNIVERSAL REGULAR DECOMPOSITION

The Poincaré homotopy operator is instrumental in proving the exactness in positive degrees of the
smooth de Rham complex on contractible domains. This homotopy operator defines a differential form
via a line integral starting from a fixed pivot point and therefore assumes strong regularity. If we take
a smooth average over the pivot point, then the construction also works as a mapping between much
rougher spaces. The averaged homotopy operators are pseudodifferential operators that increase the
smoothness on the scales of Sobolev—Slobodeckij spaces, Besov spaces, and Triebel-Lizorkin spaces. The
homotopy operators are interpreted as potential operators, since they produce a preimage for every exact
form, and the homotopy identities describe regular decompositions.

The classical and averaged homotopy operators (or potential operators) work on domains that are
star-shaped with respect to a point or an open set, respectively. We can construct potential operators
that satisfy a homotopy formula up to a defect, subject to the non-trivial topology of the domain. This
results in a universal potential operator and a universal regularized decomposition.

5.1. Poincaré homotopy operators. The classical Poincaré homotopy operator with pivot point
a € R™ is defined for every k € {1,...,n} and any u € C*(R", AF) by

1
Pru(z) := / t" Yz —a) su(a+t(x —a)) dt, x € R™.
0
We also formally define P¥ := 0 for any k ¢ {1,...,n}.
This operator preserves smooth differential forms and satisfies a homotopy formula.
Theorem 5.1. Let a € R™. For every k € {1,...,n}, we have a linear map
Ph: C(R", AF) — C(R", AM).
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For u € C®(R", A*) with k € Z and z € R™, we have

(5.1a) u(z) = PLd%u(z) + u(a), k=0,

(5.1b) u(z) = A1 PRy (x) + PP AR (), 1<k<n-1,

(5.1c) u(z) = d" 1 Pu(x), k=n.

We have the continuity condition

(5.2) sup [0°PRu(x)] < sup sup (|z — a| +m) |0%u(tz + (1 —t)a)|, x €R", meN,.
olfé(:l) 0<t<1 75&(:@)

Proof. Suppose that u € C*°(R", A¥). Suppose that k¥ > 1 and that there exists a ball B with a,z € B.
Then a short induction proof and the dominated convergence theorem imply that for all sequences of
m > 0 indices i1, ...,%, € {1,...,n} we have

1 1
Oi, -+ 0i,, / tF Yy (a 4 t(x — a)) dt = / th=14mg,, - 0;, u(a +t(x —a)) dt.
0 0

Contraction of a smooth vector field with a smooth differential form preserves smoothness, and therefore
Py € C>°(R™, A*~1). Explicitly,

tm*Y a

Diy -+ 05, Pru(z) = (x — a) o /1t’“1tm8“ -0, u(a+t(x—a)) dt

+ Z €i; - /tk Lgm= 1611-~-8ij718ij+1-~-6¢mu(a—|—t(x—a)) dt.

1<j<m
The inequality (5.2]) is an easy consequence.
We prove the homotopy formula. In the special case & = 0, this is the standard equation

PLAOu( / —u (a +t(x —a))dt = u(z) — ula).

Suppose now k > 1. On the one hand, the exterior derivative of the homotopy operator equals

k=lpky(z) = dF~! lk_lx—a Ju(a r—a
= 0kute) = ([ 00 ettt - ) o)
Z dmj/\/ t*e; su(a+t(x —a)) dt + Z dgcj/\/0 tk(w—a)Jaaxuj(a—&—t(x—a)) dt.

1<j<n 1<j<n
On the other hand, applying the Poincaré potential to the exterior derivative yields

PRk u(z) = (z — a) Z / thda’ /\—(a—i—t(m—a)) dt

1<j<n
x Ou & Ou
= Z(m—a)J t (a+t(z—a)) Z dz? A t (x —a) s — (a+t(x —a)) dt.
- 8.TJ ai[,'j
1<j<n 1<j<n
We sum these terms and use cancellation effects:
A" PRy (z) + PETL AR u(x)
ou
k—1 k
3 dxﬁ/\/ Fle; su(a+tz—a) dt+ 3 (m—a)j/ e (@t ta ) di

1<j<n 1<j<n

ou
— k— 1w k
_/ kt (a+t(x—a)) dt + E (x —a) /tax] (a +t(lx —a)) dt

1<j<n

= /0 % (t"u (a +t(z — a))) dt.

Here, we have used dz? A (ej su) = k-u for k-forms. The fundamental theorem of calculus now applies.
We conclude that the identities ([5.1]) hold, which completes the proof. O
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5.2. Averaged local potential operators. Suppose that ¥ € C2°(R™, R) is non-negative, supported in
a ball B, and normalized to have unit integral:

I(x) de = 1.
R’!‘L
We define the averaged homotopy operators
(5.3) Pru(z) == 9(a)PFu(z) da, keZ.
R’n

This is a linear map
Py C=(R™,A*) = C*(R", AF71).

From the definition, it is clear that P%u(x) depends only on the values of u over the convex hull of BU {z}.
We reformulate the averaged homotopy operator. Suppose that 1 < k < n. By the substitution
7:=1/(1 —t), one finds

‘:Pﬁu /n/ th— 9(a) (x —a) su(a+t(x —a)) dtda
[ [ -0 @) - 0) e+ a0/ drda

and by the substitution y(a) := x + (a — x)/7, one arrives at the formulation

(5.4) fPﬁu /n / Verten=ky (z + 7(y — 2)) d7 (z — y) 2 u(y) dy.

We define the kernel function Gy, : R™ x R™ — [0, 00] by

(5.5) Go.k(&:m) = / (r=1)" M (T —n)dr,  1<k<n
1
The kernel function enters the definition of the Poincaré potential of any differential form u € C°°(R", A):

(5.6) Piul@) = [ Gonrn1(y,7) (@ —y) suly)dy, 1<k<n.
Rn
In particular, the averaged homotopy operators are integral kernel operators.
We define a localized version of the potential operator on domains that are star-shaped with respect to
a ball. For any z,y € R™, the closed line segment between x and y is written

[,y ={(1—-t)z+ty|0<t<1}.

Suppose that 2 C R” is an open set. We say that € is star-shaped with respect to a point x € Q if for all
y € Q it holds that [z, y] C Q. We say that 2 is star-shaped with respect to a ball B C Q if for all x € B
and y € Q we have [z,y] C Q.

Domains star-shaped with respect to a ball are Lipschitz domains; see [42, Lemma 3.15] and [48]
Lemma 2.

Remark 5.2. Each star-shaped open set is connected and contractible, and thus it is simply connected.
Domains star-shaped with respect to a point need not be Lipschitz domains, but domains star-shaped
with respect to a ball are always Lipschitz domains. Cartan’s homotopy relies on the set being star-shaped
with respect to a point, but the regularized homotopy operator requires the domain to be star-shaped
with respect to a ball.

The essential properties of the Poincaré operator are summarized in the following statement.

Theorem 5.3. Let Q C R"™ be bounded and star-shaped with respect to a ball B € . Suppose that
¥ € C°(R™,R) is non-negative, has support in B, and has unit integral. We have continuous linear
operators

(5.7) PED(Q,AF) = D'(Q, AP, keZ,
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that restrict to the following continuous operators:

(5.8a) PE L S(Q,AF) = S'(Q, AP,

(5.8b) PEC®(Q, AF) = C(Q, AP,

(5.8¢) PE L CR(Q, AF) — Co (2, AP,

(5.8d) PELWEP(Q, AF) — WEFLP(Q, AR, seR, pe(l,00),

(5.8e) Ph By (L AY) = BiEH(Q, AR, seR, p,qe (0,00,

(5.8f) Ph L ES (QAF) = FSEL(Q, A, se€R, pe(0,00), qe€ (0,00
In addition, if u € D'(Q, A¥), then

(5.9a) u = Phd°u + (u, V), k=0,

(5.9b) w=d"1Phy + PEHIARu, 1<k <n-—1,

(5.9¢) u = d* 1Pk, k=n.

If u € D'(,A*) and w C Q is relatively open with u|wna € C°(w N Q, AF), then for every x¢ € w there
exists w' C Q relatively open with o € W' and (Phu)|,no € C2 (W' N Q, AFTL).

Proof. For any compact K C R", write

H(K):={a+t(xr—a)|aecsupp(¥), z € K, t €[0,1]}.
The set H(K) is compact. Since (2 is star-shaped with respect to B, it holds that
(5.10) KeQ = H(K)e.

When K C R" is compact, then Dg (R™, A¥) C D(R™, A¥) denotes the subspace of forms whose support
is contained in K.
It is clear that we have linear maps

(5.11) PE L O®(Q,AF) = C(Q, AP ).

The bound (5.2)) for the classical homotopy operator yields the following bound for the averaged homotopy
operator:

(5.12) max |0%Pru(z)| < (diam(Q) +m) sup  max [9%u(z)|, x€Q, meN.
Cfefi(n) zeH({x}) ale‘zi(n)

As an immediate consequence, we have continuous operators and , the first one with respect
to the topology of uniform convergence of all derivatives on compact subsets of 2, the second with respect
to the topology of uniform convergence of all derivatives on (2.

The same formula defines linear maps

(5.13) PE L O®(R™, AF) — C°(R™, AF1)

continuous with respect to the topology of uniform convergence of all derivatives on compact sets. This is
compatible in the sense that

(Pu)le = Pilule),  ue CX(R™AP).

The discussion of distributional spaces requires a recourse to pseudodifferential calculus. The averaged
Poincaré operator, say, as a continuous linear map P¥ : C°(R", A¥) C C®(R", A*) — C°(R", AF~1),
is a pseudodifferential operator on R™ whose symbol belongs to the local Hérmander symbol class
ST, G(R™); see [I7, Theorem 3.2]. This means that its symbol in Fourier space is a smooth function

ap € C®(R™ x R™, AF=1 ® A¥), taking values in the C-linear mappings from A* into A*~! such that for
any compact set K C R™ and multi-indices a, 8 € A(n) there exists Ck o5 > 0 satisfying

(@, €) € K x R" : (020, ap(,€)| < Crap (1+ €)1,
V(z,€) € K x R™ : ay(z, &) = an(z, —8).

Thus, using the Fourier transform and its inverse, we can write

@) = [ [ @D guty) dyds = [ a6 (Fu)(€) e

Rn
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for any u € C°(R",A*) and = € R™. Here, we only observe that the integral is convergent because
Fu € S(R™,AL). We refer to the literature ([33, Chapter XVIII], [27, Definition 7.1], [65, 7.1.4], [66]
Definition 2.1, Definition 2.3], [68]) for the definition of pseudodifferential operators and their symbols.

We let o € C2°(R™,R) with o = 1 within an open bounded neighborhood of . For simplicity, we
assume that supp(p) is convex and thus star-shaped with respect to B. Therefore, supp(p) is star-shaped
with respect to the same ball B. Define a(z,&) := o(v)ar(z,€). Now, ar € C°(R™ x R™, AF=1 @ AF),
and for all multi-indices «, 8 € A(n) we have the estimate

V(z,€) € R” x R™ 1 020k (2, €)| < Cap (1+ €)1

Thus, @, belongs to the global Hormander symbol class S} é (R™); see [33] Definition 18.1.1], [68], Definition
6.1]. This immediately implies that this symbol defines a pseudodifferential operator Q¥, and this operator
is a continuous map between Schwartz spaces [33, Theorem 18.1.6], [68, Proposition 6.7]:

(5.14) QkF : S(R™, AF) — S(R™, A*1).
By definition,
(5.15) (Q%u)|o = (P*u)lq, u € S(R™, A¥).

The pseudodifferential operator QF defines a transpose (Q%)* with the same symbol class [33, Theo-
rem 18.1.7], [66, Theorem 1.3.1], which is again a well-defined continuous map between Schwartz spaces:

(5.16) QM) S(R™, AF~1) — S(R™, A").
The transpose pseudodifferential operator is also uniquely defined by the pairing
(QFu,v) == (u, (QF)'v), u € S(R™,A%), wve SR, A,

By duality (see also [33, Theorem 18.1.7], [65, Lemma 7.1.1]), embeds into a continuous operator
(5.17) QF . S'(R™, A*) = S'(R™, A1),

We show that (QF)* maps D(R", A*~1) into D(R", A*). Suppose that v € D(R",A*"1) and let
u € D(R™, A¥) such that supp(u) N H(supp(v)) = (. Then Q¥ vanishes on supp(v). From

(u, (9" ) = (Q*u,v) =0

we conclude that supp((Q¥)'v) C H(suppv). As (QF)! is already a continuous mapping on the Schwartz

space, for any compact set K C R™ we therefore have a continuous operator (QF)t : Dy (R™, AF=1) —
Dy (k) (R™, Ak). In particular, we have a continuous operator

(5.18) QM) : DR, A1) — D(R™, AF).
By duality, we have a continuous operator
(5.19) QF . D'(R™, A*) — D'(R™, A*~1).

Note that (5.14) embeds into ([5.19).
If u € S'(R", AF) with u|g = 0, then for any v € C°(2, A¥=1) we observe

(QFu,v) = (u, (Q%)v) =0
because supp((Q¥)tv) C Q. Since (5.17) is continuous and preserve the kernel of the restriction to (2, we
conclude that we have a well-defined operator
(5.20) QF . §'(Q,A%) = §'(Q,AF )

that is continuous with respect to the quotient topology.
Recall that for any compact set K C Q we have H(K) C Q. We have seen that we have a continuous
operator (Q%)! : D (R", A*~1) — Dy () (R™, A¥). Thus, we have a well-defined continuous operator

(5.21) QM) D(Q, A1) = D(Q, AF).
We define a linear operator
(5.22) QF . D(Q,A%) = D(Q, AL, wes (u, (QF)).

The continuity of (5.21) implies that ([5.22) is continuous. Furthermore, the restriction to S’(Q, A¥)
coincides with the original operator (5.20).
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We have already established the continuity of the operator P5 : D(R", A*) — D'(R",A*~1). By
restriction, we have a continuous operator

(5.23) PE . D(Q,A%) — D(Q,AFT).

The latter agrees with Q% : D'(Q, A¥) — D'(Q, A¥~1) on D(Q, A¥), which is dense in D’(2, A¥). Therefore,
the operator (5.23) embeds into the continuous operator (5.22). We conclude that we have continuous
linear operato and that extend (5.8D)).

We now draw on continuity properties of pseudodifferential operators with symbols in the global
Hoérmander class S1 o- Since Q% has a symbol in the global Hérmander class, we have continuous linear
operators (see [36] Theorem 4. 1], &7, Theorem 7, Theorem 9|):

Q% B ,(R",A") = BSHHR™ AP, seR, p,qe (0,00,
kB3 (R™,A%) = FESTHR™ AP, seR, pe(0,00), g€ (0,00].

These operators map distributions that vanish on 2 to distributions that vanish on €2, and therefore we
have well-defined continuous operators

Q% : BS (Q,AF) = BsHH(Q, AR, s€R, p,qe (0,00,
QF: Fp (AR = FSEH QAR Y, seR, pe(0,00), g€ (0,00,

with respect to the quotient topologies. The domains of the latter two mappings embed into S’ (€2, A¥),
where QF and P* agree. As a consequence, we obtain the continuity of the operators and .

The continuity condition between Sobolev—Slobodeckij spaces is now evident due to the usual
identification with Besov and Triebel-Lizorkin spaces, depending on whether both s and s + 1 are either
integral or non-integral; see Remark

The homotopy identities are known to hold for u € D(, A¥). Smooth compactly supported
differential forms on 2 are dense in the distributional differential forms on {2, on which the involved
operations are continuous on distributional differential forms on 2. By density, holds for any
u € D'(Q, AF).

It remains to show that ﬂ’g preserves local smoothness. Here, we only need to consider k € {1,...,n}.
Let u € D'(2, A*) and w C Q be relatively open such that u|,no € C2°(wNQ, A¥). Let 7 € w. If 79 € Q,
then we restrict w to a Lipschitz domain w € €2, and we write @ := w. If zg € 02, then we may restrict w
such that there exists a Lipschitz-graph chart domain & at x¢ with w = QN @; in this case, both & and w
are Lipschitz domains.

Since w N is now assumed to be a Lipschitz domain, there exists # € C°°(R"™, A*) with %|,n0 = U|wna-

There exists n € C°(R™,R) with n =1 in an open neighborhood of zy and supp(n) € &. Therefore,
nu € C(@, A*), from which we conclude

Q¥ (nu) € C°(R™, A*~1).
This implies
P () = Q" (nu)|e € CFF(Q, AFTY).
The expression PX((1 — n)u) is analyzed via its Schwartz kernel. Abbreviate R := 2diam(f2). There

exists € > 0 small enough such that n = 1 on B(zo, 2¢). For all 2 € B(zy, €), the properties of ¥ and the
definition of the Poincaré operator yield

P <<1—n>u>=// YLy (o 4 7y — ) (1 — 1) (@ — v) - uly) dr dy
- / / (r = 1k (2 4 7y — ) (1 — () dr (z — ) 2 uly) dy.

yEB(z0,2R) \B(a:o,2e)
1<r<diam()e~ !
In particular, for x near xg, the Schwartz kernel is smooth in both variables and its support in the second

variable is contained in a compact subset of Q2. It follows that P% ((1 — n)u) is smooth near z( for any
u € D'(Q, AF). We conclude that

P (u) = Ph(nu) + P5((1 — n)u)

is smooth near xy with bounded derivatives of all orders.
The proof is complete. O
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Remark 5.4. The averaged Poincaré operators have symbols only in the local Hérmander class, which is
why the multiplication with a cut-off function is used. Costabel and McIntosh [I7] focus on the Bessel
potential scale with p = ¢ = 2 for the sake of exposition. The proof in this manuscript, albeit perhaps
verbose, collects elementary facts on pseudodifferential operators, explicitly available in the literature, to
make the key results reproducible for a wider audience.

5.3. Global potential operators. We follow the construction of a global potential as described by
Costabel and McIntosh [I7]. We develop two geometric auxiliary results. The first one is that within
sufficiently small local chart domains, the Lipschitz domain is star-shaped with respect to an interior ball.
The second one is that each bounded Lipschitz domain admits a family of open covers with subordinate
partitions of unity satisfying additional properties.

Lemma 5.5. Let Q C R"™ be a Lipschitz domain and p € 0). Then every open neighborhood of p contains
a convex Lipschitz chart domain U with p € U such that

e UNQ is star-shaped with respect to a ball B C U N Q. -
o UNR™\ Q is star-shaped with respect to a ball B' C U NR™\ Q.

Proof. The statement is trivial if n = 1, so we consider the case n > 2. By assumption, there exists an
open neighborhood U C R" of p, numbers 7, h > 0, an isometry

©:U = (=r,7)" "t x (=h,h),
and a Lipschitz-continuous function 7 : (=7, 7)1 — R such that (3.2) holds. We write L > 0 for some
positive upper bound on the Lipschitz constant of v and abbreviate
w:=(—=r,7)""t x (=h,h), I':=p(UnNnon), C:={( yn) ER" |y < —L|l¥/||} .
Note that I' is the graph of «v. Then C is a cone whose apex is the origin. Abbreviate § := 2v/n — 1r.
The graph of v is contained within (—r,r)"~1 x (=L, L§). Hence,
(—=r,7)" "t x (—=h,—3L5) C T +C.
We restrict » > 0 so that h/2 > 3L5. Then (U N ) is star-shaped with respect to (—r,r)"~1 x
(—h, —6L+/n — 1r), which includes the desired ball ¢(B). In this situation, (U N (R™\ 2)) is analogously

star-shaped with respect to (—r,7)"~! x (6Ly/n — 1r, h), which includes the desired ball ¢(B’). We can
require both r and h to be as small as needed. O

Theorem 5.6. Let 2 C R"™ be a bounded Lipschitz domain. There exist finitely many finite families
U, Uz, ..., Un
of sets open in R™ having the form
Ui ={wij | 1<j<m}, 1<:<N,
with the following properties:
o For each 1 <1i < N, the family U; is an open cover of Q by convex sets.
e For each 1 < i < N and each 1 < j < my, there exists an open ball B; ; C w; ; N Q such that

wi,j N8 is star-shaped with respect to B; ;.
e For each 1 <i < N, there exists a smooth partition of unity (x:j)i<j<m, satisfying

m;
Xij € C°(w; ;, R), Xi,j > 0, ZXW =1 on an open neighborhood of Q.
j=1

o For every x € Q there exists 1 < i < N such that

Xi,ls  Xi,2»  --->  Xi,m; are constant mear x.

Proof. We first show that each point p € € admits an arbitrarily small convex open neighborhood U C R"
such that U N is star-shaped with respect to a ball B C U N Q.

This is clear if p € Q, because then we can take a sufficiently small open ball U with U C Q and a
smaller concentric open ball B C U. If p € 02, then we use Lemma [5.5

With that auxiliary result in place, we construct the open covers and the partitions of unity. For each
z € §, we choose an open neighborhood w, C R™ such that both w, and w, N Q are star-shaped with
respect to an open ball B, C w, N . In addition, we choose V, open and convex such that z € V, € w,.

Because (2 is compact, there exists a finite set Z := {21,..., 2y} C Q such that {V, | z € Z} is a finite
open cover of Q.
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Consider any 1 < i < N. Using the above auxiliary result and a compactness argument, we obtain a
finite family of open sets U; such that

e For each U € U;, both U and U N are star-shaped with respect to a ball B C U N Q.
® w, €U,
o Vo, NU Wi\ {ws}) = 0.

Let (Xu)pey, be a smooth partition of unity subordinate to U;, which means that each xu € C2°(U,R)

is non-negative and there exists an open neighborhood Q of Q such that
1= veuxvla-

In addition, only one of the functions is non-zero on V,,, and that function must equal 1 on V,, N Q
because we have a partition of unity. Since the sets V., z € Z, cover 2, this shows that for every z € Q
there exists 1 < ¢ < NN such that the functions x; 1,...,Xs,m, are constant near x. This defines the
families U, ..., Un of open covers and the partitions of unity, as in the statement of the theorem. [

Remark 5.7. By taking the union of the open covers U, ...,Uy in Theorem we may assume that the
different partitions of unity are all subordinate to a single open cover.

We proceed with the construction of the global potential operator. Let 2 be a bounded Lipschitz
domain. By Theorem [5.6] there exists a finite family of open covers
U = (Wij)igi<my, Uz = (W2 i)1<j<mey -5 UN = (WN5)1<j<mans

and associated partitions of unity

(X1i)1<i<mes (X2 g)1<j<mas --o0 (XNG)1<i<mn -

For each 1 <4 < N and 1 < j < 'my, the set w; ; is star-shaped with respect to a ball B; ; C w; ; N €. We
assume that ¢; ; € C°(R",R) is a non-negative smooth function with unit integral and support in B; ;.
This allows us to define the local Poincaré potential operators

P D (wiy NLAY) = D (wi; NQAY, ke
We define the intermediate potential operators
PELDI(QAR) = DI(Q A, keZ
by the sum
D> Xii P (Ul jn0)-

1<j<m;
We comment on why the operator P¥ is well-defined: the support properties of (Pi»f ; imply that (Pﬁ ;(u
on the open set {2 Nw; ; depends only on u|wi’jmg.

Suppose that u € D'(£, Ak). In the case k = 0, we observe

Prdfu= > Pl n0) = D xig(u— (W) =u— D> (ud;)xi

1<5<m; 1<j<m; 1<j<m;

wiyij)

In the case k > 1, we observe the homotopy property

dF PRy PR ARy = dF T DT (PR )+ D X P dR
1<j<m; 1<j<my;
= Z dkil(Xi,j(Pf, (w) — dek 1:Pk u"‘Xsz 1:Pk u"‘Xz,J:Pk-Hdku
1<j<m;
=u+ Y A" (i P (w) = xadE PR ju
1<j<m;
Note that

Yo AP (w) = xagd TP = T (d0xag) A PE ().

1<j<m; 1<j<m;
This motivates the following definitions of residual operators. We define
K D(Q,AF) = D'(Q,AY), kez,
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by setting

KO(w) ==Y (u,9i5)Xis,

1<j<m;

K (u) = — Z (A% ) A ‘Pﬁj(u), kE>1.

1<j<m;
The homotopy property takes the form
u = Prd% + K0 (u),
u=d" 1Py 4 PR ARy 4 K (w), k> 1

This residual operator commutes with the exterior derivative: in the case k = 0, we find

Ao (w) = Y ()%= D (u—P;;d%u)d

1<j<m; 1<5<m;
== Y (Pd%)d, =— Y d%i, A (P;d%) = K (d%u),
1<j<m; 1<j<m;
and in the case k > 1, we find that
AP (u) == Y dF (i) APE () = >0 (@xig) AdETIPE
1<j<m; 1<5j<m;
= > (i Au— > (d%;) AP (AR u) = KEH(dRu),
1<j<m; 1<j<m;

where we have used the local homotopy formula and 3 j d%x;,; = 0. We define the global Poincaré
potential operator as the following sum of compositions:
N
PRo= KK PE, k>
i=1
Using that the residual operators commute with the exterior derivative, we again observe a homotopy
property:

N
dF PRy 4 PRHLQRy = gF 123(’“ P K PRy Kb K PR R

=1 =1
N N
= KFKE - KE AR PR Y o - K PR R
1=1 =1
N

= KEKE - KE (@ TPE 4 PET AR

=1
N
=D KiKE - Ky (u — Kfu)

=u— KFKE Ak

We consider the composition

Kk = xhackoxk L ke
We have shown that

uw = d*1PRy 4 PRIk 4+ IR,
It is clear that

dFack = g Htar,
As a consequence for closed forms, if d*u = 0, then
uw= d* 1Py 4+ KFu.
As a consequence for exact forms, if v = d*~'v, then
w=d" PRy 4 KA e = d (PR 4 K )
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We review a few known mapping properties of these operators; see [I7, Corollary 3.4, Theorem 4.6]. Tt
may come as a surprise that X is, in fact, infinitely smoothing.

Theorem 5.8. We have continuous linear operators
(5.24) Kk DI(Q,AF) = C(Q, AF), ke€Z.

Proof. We show that each K¥ preserves local smoothness. Suppose that u € D’(£2, A¥) such that for
some relatively open set w C Q we have u|,ng € C2°(w, AF). Given any z¢ € w, we use Theorem [5.3) and
finiteness of the open cover U; to conclude that there exists a set w’ C ) relatively open with xy € w’
such that (K¥u)|wno € C°(w' N Q, AF).

For every zg € € there exists 1 < 4 < N and w C  relatively open such that 29 € w and
Xi,1>Xi,2, - -+ Xi,m; constant on w. It follows that Kfu|w is smooth on w with bounded derivatives of all
orders.

Taking into account that {2 is compact, we conclude that the composition K* = K¥XK5 - - - KX defines
a linear map

(5.25) KF:DI(Q,AF) = C°(Q, AF).

It remains to prove that (5.25) is continuous. As an auxiliary result, we first notice that X% :
D'(Q, A¥) — D'(Q, A*) are continuous operators, and so their compositions are continuous:

(5.26) Kk D(Q,A%) — D'(Q, AF).

Suppose now that u; € D'(2, AF) is a sequence that converges to u € D’'(€, A¥) such that the sequence
K*u; converges to v € C(£2, A¥), each with respect to the locally convex topology. Then KX*u; converges
to v in the topology of D'(Q2, A¥). By continuity of X* : D'(Q, A¥) — D'(Q, A¥), we infer that v = K*u.
We conclude that K" : D'(Q, A¥) — C2°(Q, A¥) has a sequentially closed graph.

As D'(Q2, A%) is ultrabornological and Cg°(Q2, A¥) is a Fréchet space, hence a webbed space, we
can apply a classical generalization of the closed graph theorem [38, 35.2| for operators between such
spaces with sequentially closed graphs to infer the desired continuity of K*. On a Lipschitz domain,
C(Q, AF) = C>(Q, A¥), and thus the proof is complete. O

Theorem 5.9. We have linear maps
PFD(Q,AF) = DI(Q AR, KE L D(Q,AF) = C(Q, AF).

We have bounded linear operators

(5.27a) PF L S(Q, AF) — S'(Q, AT,
(5.27h) PF L C(Q, AF) = C=(Q, AR,
(5.27¢) PFWEP(Q,AF) — WEFLP(Q, AP, seR, pe(l,00),
k. ns k s+1 k—1
(5.27d) P¥By (A7) — Bp"z (Q, A, seR, p,q€ (0,00,
k . s k s+1 k—1
(5.27e) PELES (AR = ESTH(Q AR, seR, pe(0,00), ¢e€(0,00]

We have compact linear operators

(5.28) KE L WEP(Q, AF) — WEP(Q, AF), s,t€R, pe(1,00).

In addition, if u € D'(Q, A¥), then
(5.29) u = d" PRy 4 PEHL ARy 4 IR,

Proof. The properties (5.27) and (5.29) is a combination of the previous results. The compactness
of (5.28) follows with a Rellich-Kondrachov compactness theorem on bounded Lipschitz domains. O

The potential operators P* and the residual operators X* are universal in the sense that they are
defined and continuous on a range of function spaces simultaneously. We now introduce additional
universal constructions: a universal harmonic complement and a universal regular decomposition. These
generalize the homotopy formulas.

Theorem 5.10. For each k € Z, there exists a finite-dimensional subspace

HE c C>=(Q, AF), dkk =0,
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and continuous operators
PELDI(Q,AF) = DI(Q,AFTY), 7 D AR) = HE

such that the following properties hold:
k

e 7" is a projection.
e For any u € D' (2, AF), we have

AFPRHLgky = dku, dbrhu =0, o Hlaky =0,

w =Pk 4+ ohy + A1 PR,
e Ifu € D'(Q,A*) with d*u = 0, then
u = hu+ dF 1Pk

o We have
ker (dk 1 C®(Q, AF) = C=(Q, Ak"'l))

dim H* = di = — :
" M ing (A1 : 0o (@, AR-1) - C0(0, AR))

e The operators PE have the following continuous restrictions:

(5.30a) Pk S(Q,AF) = §'(Q,AF Y,

(5.30b) Pr (0, AF) - C®(Q,AF ),

(5.30c) Pr L O (0, AF) = C2(Q, AP,

(5.30d) PELWEP(QAR) —» WEELP(Q AR, seR, pe(l,00),

(5.30€) PEBs (AR = BIELQ,ARY), seR, pge (0,00,

(5.30f) PELFS (AR = ESPLQ AR seR, pe(0,00), g€ (0,00
e We have direct sums

(5.31a)  {ueD(Q,A") | d*u=0} =H"@d"ID/(Q A,
(5.31b) {u € WiP(Q,A") | dFu=0} = H' @ "' WEITPP(Q AR, pe(l,0), seR,
(5.31c) {u€ B} (UA") |d*u=0} =3 @d" "B QA seR, p,qe(0,00],
(5.31d) {u€ Fj (A" |d*u=0} =3 @d" ' FSH(Q,AY), seR, pe(0,00), qe€ (0,00
Proof. We use a differential complex of Hilbert spaces for auxiliary computations. Define
Xk = wnok2(Q, AF).

res

Write Xj“_ C X% for the orthogonal complement of the nullspace of d* : X* — X**+1 and write
7%+ X* — X% for the orthogonal projection. We have bounded operators d* : X* — X*+1 We first
prove that these differentials have closed range. Suppose to the contrary that (v,,)men is a sequence of
unit vectors in X j“_ such that (dkvm)meN converges to zero. Recall that

Uy, = ﬂ'ﬁvm = ﬂﬁﬂ{kvm + Wﬁdk_lﬂ’kvm + Wﬁ?kﬂdkvm = Wﬁﬂ(kvm + ﬂ'ﬁkaHdkvm.
By continuity of P**!, the summand wﬂ“_CPk“dkvm converges to zero. Recall that X* : X* — X% is
compact. By that compactness, we can restrict (wﬂ“_ﬂ(kvm)meN to a subsequence that is convergent to a
vector v € X% . That is a unit vector. But since d* : X* — X**1 is continuous,
d*v = lim d*z% X*v,, = lim d*%*v,, = lim K*+Hdke,, = 0.

m—o0 m—r o0 m—o0

We conclude that d* : X* — X*+1 has closed range.
There exists a closed subspace Y* C X% such that we have an orthogonal sum

ker (d% : X% — XFF1) = gkl xk-l g yk,
Write H’g : Xk — YF for the orthogonal projection. In addition, the closed range property implies
the existence of a bounded operator (Pl;rl : Xk+1 5 X that is the Moore-Penrose pseudoinverse of
dr: XF — XL
Suppose that z € Y*. Then d*z = 0, and the homotopy formula in Theorem shows
2 =Kz + PR 4 PRy = KF e 4 AP PR
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Since P*z € X*~1, we get
z= H’gz = H’g (IKkz + dk_li]’kz) = H";f}(kz.
As z € Y and K* : X* — X is compact, the space Y* is finite-dimensional.
We define the projected subspace and the operator
HF = K’“dk, 7r§ = kaHf;ﬂCk.
We have H* C 0> (Q, A*¥) by Theorem If u € Y* with K*u = 0, then v = d*~1P*u, which implies
w = 0. This means that X* : Y* — HP* is injective, hence bijective. In particular,

dim Y" = dim H".
We review the properties of 7f. If u € D'(2, A¥=1), then
mod* = KK A" e = KT e = 0.
If u € D'(Q, A¥), then
dFrfu = AP IRy = KF AP 5CRu = 0.
We verify that 75 : D'(Q, A¥) — HF* is idempotent. To see that, suppose v € Y* and let z := K*v. Recall
that d¥v = d¥z = 0. Using z € C>(Q, AF), we get
moz = KMIEK 2 = KMIE (2 — 51 PF2) = KM 2
= KMIEK o = KHIE (v — &1 PRo) = KMo = Kho = 2.
Hence, 7§ : D'(Q, A¥) — HF* is a projection. We also conclude
(5.32) d*1D/(Q, AR Nt = {0}

because m’f annihilates the first space in the intersection and acts as the identity on the second.

We prove the universal regular decomposition. Let u € D’'(€, A¥) with d*u = 0. The homotopy formula
of Theorem [5.9] yields

u = dF PRy + KCFa.

The orthogonal decomposition gives that w = K*u — H’;ﬂ(ku € d*1Xk-1. Consequently, KFu =
H{;kau +w with w = d*"1P% K*u, and we have

Kru = K u + dF 1K Khu.
The last decomposition is orthogonal in X*. Now,
Kru = KEAF— 1Ry 4 KCF Ik
= dF I PR 4+ KT K+ KFAE T PR IR = dF T (3T PR 4+ KPR KR ) 4+ KT K,
It follows that
w=d"" (Pru+ KE PRy 4 KPR IR 4 KT K.
Define the operator
Pk = P 4 gk Lk 4 gk -tk gk,

We have shown that if u € D'(Q, AF) with d*u = 0, then
(5.33) w=d""1Pku + nhu.
As an immediate consequence,

dFPEH aFy = dFu.
For any u € D'(Q, A¥), write v := u — (T)gﬂdku. Thus, d*v = 0, and
U= ﬁg“d’% +v= §§+1dku + dk_lﬁsgv + .
Define the operators
Pk = CT”S (Id—ﬂA)ngk) , m* = nk (Id —f/]\’g"’ldk) .
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If u € D'(Q, A¥), then

u = PFIAFy 4+ dF 1 PPy + Fu, dFu = dFPrF1dky,
d*u=0 = u=d"""Pfu 4 7*u,
dbrku =0, o tldky = 0, whrku = 7.

The continuity conditions (5.30) hold after composition.

Now, (5.32)) together with the decomposition (5.33) via Theorem shows the topological direct
sums ([5.31). The proof is complete. O

Remark 5.11. The auxiliary differential complex in the proof of Theorem [5.10]is an arbitrary choice;
different choices need not lead to the same universal complement space. In particular, the universal
regular decomposition is not identical to the orthogonal Hodge decomposition of those Hilbert complexes.

We also remark that the last harmonic complement space H"™(§2) of an n-dimensional bounded Lipschitz
domain is always trivial, i.e., dim H"(2) = 0, as is known from algebraic topology. In particular, the
homotopy operator for the divergence always finds a potential vector field whose divergence equals the
original source field.

6. UNIVERSAL EXTENSION OF DIFFERENTIAL FORMS

The combination of the universal extension operators on scalar fields and the universal regular
decomposition on de Rham complexes leads to the universal extension operators of differential forms. We
first present an operator that extends differential forms on a bounded Lipschitz domain onto the whole
ambient space and preserves the regularity of both the differential form and its exterior derivative; this
preservation of regularity is what we refer to as compatible. For example, if the differential form is in a
Sobolev—Slobodeckij space and its exterior derivative has additional regularity, then this will be reflected
in the extension onto the enclosing ambient space.

The second extension operator modifies that simple construction: it is not onto the whole space but
only onto a collar neighborhood of the original Lipschitz domain. However, it commutes with the exterior
derivative and induces isomorphisms between the cohomology groups on the Lipschitz domain and its
extension.

An exploration of the smooth de Rham cohomology on a bounded Lipschitz domain subject to a partial
flatness condition is a critical auxiliary result and also a contribution of independent interest.

We now develop the universal extension operators for differential forms on bounded Lipschitz domains.

6.1. Compatible extension of differential forms. We write ¥ for the componentwise universal
extension operator of Theorem acting on k-forms.

Theorem 6.1. Let 2 CR™ be a bounded Lipschitz domain and k € 7. Let Pk and 7 be the corrected
potential and projection from Theorem[5.10. We have a continuous operator

(6.1) AF S, AF) = SR AF),  wes EFPRFIgRy 4 dF LR 1Pk 4 g aku,
such that for all u € S'(Q, A¥) we have
(6.2) (AFu)|q = u.

Moreover, we have a continuous operator

(6.3) AR 0% (Q, AF) — C(R™, AF).

Each of the following inequalities holds if its right-hand side is finite:
e IfseR and p € (1,00), then

(6.4a) A Ul @n ary < Cllullwer @.a),

res

res res

(6.4b) [ e <||dku||Ws,p(Q)M+1) + ||7rku||Wrs£1,p(Q7M)) .
e IfseR and p,q € (1,00], then
(6.4c) ||Aku||B;;,q(Rn,Ak) < CHUHB;')Q(Q,A")’

(6.4d) Ja A ull g on sy < C (Il g o, a000) + 17 0ll g ) )
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e IfseR and p,q € (1,00] with p < oo, then
(6.4e) A ullps @n ary < Cllullps  (@,a%),

(6.4f) [|[d* AR

r g nity < C (5l g 0 aeny + 7l g a0 ) -
Here, the constant C' only depends on Q0 and the relevant parameters s,p,q.
Proof. The continuity conditions and follow from Theorems and Throughout the
proof, let u € S'(2, A¥). To show the extension property, we observe
(Ao = (@€ PR o + (EFrFu)lg + (EFPFHdFu)lg

_ dk—l(gk—l’j\)ku)lﬂ + (gkﬂ_ku)b + (8k’35k+1dku)|ﬂ

= dF 1Pk 4 rFu 4+ PP ARy = .
The last equality is the homotopy identity in Theorem [5.10} It remains to prove the other continuity
properties. We begin with the Sobolev—Slobodeckij scale. Let s,t € R and p € (1,00) with ¢t > s —1. In

what follows, we write A < B if A < CB holds with a constant C' > 0 that only depends on €, p, s, and ¢.
From the definition of the extension operator,

M ull i @ any S 1EFPF dPu + A5 ER T PR+ R by e e any

S ||5k§)k+1dk“||w;;£(w,/\k) + ||dk71Ekilf]A)kuHWrijf(R",Ak) + (|7 | wzr re any,s

ARl o aresry S [AFEFPF AR+ AFER TR Uy g vy
S ||dk5k§k+1dku||wgg(w,Ak+1) + A" Er T ul yep e )
We address the harmonic terms, using Theorem and the fact that 7 has finite-dimensional range:
||‘5k7fku||wgf(Rn,Ak) S HﬂkUHngﬁ’(Q,M) S Hu”WfC'f(Q,Ak)v
|dF ek k|

k_k k
wig e aett) S NET Ullypieir@n any ST ulliire o any S lullwee @ar)-
Next, we notice

14 4 PR e o ay S IEF PRl sy S IP5ullyetion iy S lullwae ons-

res res

A similar combination of techniques gives

H8k?k+1dku||ws’p(RH,Ak) S ||?k+1dku\|wfe’g’(sz,zxk) S ||dku||WS*17P(QyAk+1) S ||U||Wg§(sz,/\k),

res res

and
||dk8k§k+1dku||ch’f(R"?A’““) S ||gk{ﬁk“dk“”ertl*P(R",A’“)

Dh+1 3k k
SIP  ullyesooan S I ulwiz@ar):
This shows the desired continuity estimates for the Sobolev—Slobodeckij spaces.

The proof of the continuity estimates for Besov spaces and Triebel-Lizorkin spaces of differential forms

is fully analogous. O

Remark 6.2. The exterior derivative of the universal extension operator depends only on the exterior
derivative of the original differential form and its projection onto the universal harmonic complement. The
exact part in the universal regular decomposition does not enter the extension of the exterior derivative.
We point out that on any contractible domain, the harmonic complement vanishes in all degrees except
degree zero, where it corresponds to the constant functions.

6.2. Elements of sheaf theory. The main result of this manuscript will build on sheaf theory, for which
we now give a short overview. Our exposition is inspired by work in global analysis on manifolds [23], 49],
and the reader is referred to the literature for additional background on sheaf theory [64].

Suppose that X is a topological space, whose collection of open sets we denote by O. A sheaf on X
is a collection of vector spaces {F(U)}ueo together with a family of linear mappings {pv.v}vveo,vcu
such that the following conditions hold:

o If VCU € O, then we have a linear map py,y : F(U) = F(V).

e For each U € O, we have py,y = Idr@).
e Forall U,V,IW € O with W CV C U, we have

PW,VPV,U = PW,U-
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e If U € O and U = {U;}icr € O is an open cover of U, and {f;}icr, fi € F(U;), satisfies the
compatibility condition

Vi,j el pUiﬂijUifi = pUimUj7Ujfj7
then there exists a unique f € F(U) such that py, y(f) = fi for all i € I.
The mappings py,y are called restriction operators. We follow the convention of abbreviating f|y :=
pvu(f) for any VU € O with V C U and f € F(U).

A sheaf homomorphism 6 : F — G from a sheaf F to another sheaf G on X" is a collection of linear
maps

{9(] : f(U) — Q(U)}er

that commute with the restriction operators, i.e., py,yfy = Oy py,y for all U,V € O with V C U. The
support supp(é) of the sheaf homomorphism is the smallest closed subset outside of which 6 restricts to
the trivial homomorphism.

A sheaf is called fine if for each locally finite open cover U = {U, };cr there exists a family of sheaf
homomorphisms {0; : ¥ — F} such that

Zﬁi =1d, Vi e I :supp(b;) C U;.
iel
We emphasize that the last sum is locally finite and hence well-defined. In practice, these families of sheaf

homomorphisms correspond to multiplication by partition-of-unity functions subordinate to the given
local cover.

Suppose that FO, F1, F2,... is a sequence of sheaves over the space X and that we have a sequence of
sheaf homomorphisms 6% : F*¥ — F*+1 such that
0k+19k =0.

We have a well-defined diagram
(65) 0 ]:0 0° ]:1 0 ]:2 9*
that we call a differential complex of sheaves.

The differential complex of sheaves (6.5]) is called ezact if the following condition is satisfied for all
k€ Ng: if U € O and f € F*(U) with 6% f = 0, then for each x € U there exists V € O withx € V C U
and F' € F*=1(V) such that 0*~1(F) = py.u(f).

We consider the sheaf of locally constant functions on the space X that vanish on a fixed subset I' C X.
Here, we define

Ryr(U):={u:U —= R |ulynr =0, u is locally constant}

for each U € O together with the obvious restriction operators. Note that the restrictions are not
necessarily surjective.

Theorem 6.3. Let X be a Hausdorff topological space, let T' C X be a closed subspace. Suppose that
every subspace of X is paracompact, that the topology of X has a base of open sets that are contractible in
X, and that the relative topology of I' has a base of open sets that are contractible in I'. If we have an
exact differential complex of sheaves

0 1 2
(6.6) 00—+ Fli=Ryp —— F 2 7,1 % , 72 °
where the sheaves FO, F', F2,... are fine and 1 is injective on each open set, then we have vector space
isomorphisms

ker (6% : F*(X) = F*UX) bk v DR, kez
rng (071 : FF-1(X) 5 FR(X)) sing (X, T, R), )

Proof. This result is stated in the literature [23, Theorem 5.1], but we outline how to derive it from
available references.

Under the assumptions of the theorem, the diagram is a so-called acyclic resolution of the sheaf
R r; see [7, Lemma I1.3.3|, also [19], Satz 4.5.12], [I3, Satz 2.17, Satz 3.2]. Therefore, the cohomology
groups of the differential complex of global sections
(6.7) 0 — 5 Rar(X) —— FOx) 2 Frx) 2 Prx) -2

28



are isomorphic to the so-called sheaf cohomology groups of the sheaf Ry r; see [7, Proposition II.2.4],
also [13| Satz 3.5].

The latter cohomology groups can be shown to be isomorphic to the singular cohomology groups of X
relative to I' with coefficients in the real numbersﬁ An explicit statement [is found in the textbook by
Bellaiche [I0], the textbook by Bellaiche [10], namely Theorem 4.3.15 together with the definitions in
Sections 4.3.1-6 and 4.3.11. In combination, the claimed theorem follows. [l

6.3. Aspects of smooth de Rham cohomology. Let 2 be a bounded Lipschitz domain. Let I' C 02
be a relatively open subset of the boundary. We recall that there are topological invariants

bo(,T), b1 (1), ..., b(QT),

which are known as the Betti numbers of  relative to I Ihe k-th Betti number is the dimension of the
k-th singular cohomology group over the real numbers of €2 relative to the subspace I':
(6.8) br(Q,T) := dim HE

sing

(Q,T,R).

The Betti numbers are a standard concept in algebraic topology and reflect topological features of the
domain [64]. The absolute Betti numbers by (Q) := by (2, () are more widely discussed in the literature.
For example, by(Q) = bo(2, () is the number of connected components of Q. The Betti numbers are
closely related to the cohomology groups of de Rham complexes, which is well-known for the absolute
Betti numbers but deserves some exposition for the relative Betti numbers.

We introduce the vector space C*(Q,I', V) C C*(Q,V) by requiring that each v € C*(Q,T',V)
satisfies the following condition: every x € I" has an open neighborhood w, C R™ such that the zero
extension of u to w, (i.e., the function that coincides with v on w, N Q and vanishes on w, \ ) belongs
to O (w,, V). Note that this encodes a boundary condition that is more restrictive than the common
Dirichlet condition: the function and its derivatives of all orders are required to vanish towards I'.

It follows from the definition that the exterior derivative preserves the boundary condition, so that we
have well-defined mappings

d* . C>=(Q,T,A%) = C°°(Q,T, AF).

In particular, we have a differential complex

(6.9) 0— C®(Q,T,A%) ——— C>=(Q,T,AY) C>*(Q,T,A™) — 0.
We study the cohomology of the smooth de Rham complex subject to these boundary conditions.

Proposition 6.4. Consider a bounded Lipschitz domain €. Let T be a union of connected components of
0f). Then the differential complex realizes the Betti numbers of Q relative to T' on cohomology. In
particular,

ker (d¥ : C°(Q,T,A%) — C>=(Q,T, AFF1))

i g (d5—1: C(Q, T, AF-1) 5 C%(Q,T, AF)) b (2, T).

Proof. Recall that 2 is connected. If I' = ), then by(Q,0) = 1 and 1o € C>(Q,T,A%). If T # (), then
bo(Q,T) =0 and 1o ¢ C°°(Q, T, A%). In order to address the degrees k > 1, we use the elements of sheaf
theory introduced above so that Theorem can be applied.

Write X := QUT. If U C X is a relatively open set, then U NT is relatively open in U, and we can
define

FRU) :=C®UNQ,UNT,A").
If U,V C X are relatively open sets with V' C U, then the restriction yields operators
pvu : FEU) = FE(V).
The families {F*(U)}yca together with the restriction operators {py 7 }vcy form a sheaf on X'
bWhile this is folklore in sheaf theory, it is surprisingly difficult to find an explicit reference in the literature.
“Theorem 4.3.15 in [10] seems to be stated best with an additional hypothesis, e.g., that the subspace be locally contractible,

too. As a counter example that violates that hypothesis, consider the case X :=[0,1] and I" := {0,1,1/2,1/3,...} and the
cohomologies of X relative to I': the first sheaf cohomology equals @72 R and the first singular cohomology equals 72 R.
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We show that the sheaves F* are fine. Let U = {U,};cs be a locally finite relatively open cover of X.
We can find a family of smooth functions (¢;);es such that

Vi € I : supp(¢;) N X C U;,

Z ¢; =1 on an open neighborhood of X'.
iel
We define sheaf homomorphisms
0, FF = FF  iel,
by multiplication with the partition-of-unity functions ¢;. It is clear that supp(6;) C U; and that
> icr Ui =1d. Hence, the sheaves F* are fine.

Recall the sheaf of locally constant real-valued functions on X that vanish on I', which we write as
Rx r. We have a well-defined sheaf homomorphism

ZZRX’F —>.F0

that gives an injection on each open set.
The exterior derivatives provide sheaf homomorphisms

d*: FF 5 FML kel

We have a differential complex of sheaves
(610) 0—Ryr ! Fo F! d v’ F = 0-
Clearly, X is Hausdorff and locally contractible. Since it is a metric space, all its topological subspaces
are paracompact. The subspace I is locally contractible. To satisfy the conditions of Theorem [6.3} it
remains to show that (6.10) is an exact complex of sheaves.

Consider now any relatively open set U C X and let w € F*(U) with d*w = 0. We want to show that
the closed form w is locally exact, i.e., each p € U admits an open neighborhood on which w is exact.

Recall that any interior point p € €2 is contained within an open ball V' C Q with positive distance
from 9. It then follows that the differential complex of sheaves (6.10)) gives rise to a local complex on V'
that is just the smooth de Rham complex

dO

dl dn—l

0
0 R — s C®(V,A%) —L— C=(V,AY) C>®(V,A") = 0.
Here, 1+ : R — C°(V, A°) denotes the inclusion of constant functions. This differential complex is exact.
Hence, any p € U N Q admits an open neighborhood V' C U such that wly is exact.
Consider any point p € U NI'. Here, we use the Lipschitz property of the domain. Let w, C R™ be an
open neighborhood of p such that the extension-by-zero w € C*(wy, A*) is a smooth extension of w on

wp. Lemma @ establishes that every open neighborhood of p contains a convex Lipschitz chart domain
V with

pEV Cuwp, VNXCuwp,
and V' \ X is star-shaped with respect to a ball B C V' \ X. Let by € R™ denote the center of that ball.
We recall the classical homotopy operator T’zfo s C(V,AF) — C>(V,AF=1) with pivot at by. Write
§~ = f]”goﬁ € C=(V,A¥=1). Tt is clear that dk_lg: w. In addition, glv\g = 0 by construction of the
homotopy operator, which implies & := £|yng € C(V NQ,V NT, AF~1) with dF1¢ = w.
We have verified the conditions of Theorem Thus,
i ke (A CF(Q D AR 5 CR@IAY) o
@1 OO, T, A1) 5 O, T, Ak~ RV = be(2. 1),

The last identity holds because the pairs (X,T') and (Q,T") are homotopy-equivalent [64], 2.4.2, 2.4.3].
This completes the proof. O

We recall the existence of a collar neighborhood along the boundary of a Lipschitz domain.
Lemma 6.5. Let Q CR™ be a bounded Lipschitz domain. Then there exists an embedding
D00 x[0,1] = R"\ Q
that is bi-Lipschitz onto its image and satisfies
Vo € 00 : ®(x,0) = .

Moreover, for each s € (0,1], the open set QU ®(IQ x [0, s)) is a domain with smooth boundary ® (9, s).
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Proof. We use a result by Ball and Zarnescu [6, Theorem 5.1, Remark 5.1]; see also [I5, Theorem 8.3,
Theorem 8.8] for further discussion. For every e > 0 small enough, there exists a bi-Lipschitz map
F. : R™ — R"” such that F, is a diffeomorphism on R™ \ 952, such that . := F.(2) is a bounded domain
with smooth boundary, and Fi(z) = z for all z € R with dist(x, 0Q) > e. Notice that Q. = F.(0) is
therefore a smooth hypersurface.

Fix € > 0 small enough. By standard results in differential geometry, there exists an embedding of
manifolds with boundary ®. : 99, x [0,1] — R™ \ Q. that satisfies ®.(x,0) = « for all x € Q.. One can
show that ®. is bi-Lipschitz onto its image.

We define ® : 9Q x [0,1] — R™ \ Q by setting

O(x,t) = F. 1 (D (F(x),t), x€d, tel01].

€

This is the required transformation. O

For the bounded Lipschitz domain 2 C R™, we fix some bi-Lipschitz embedding ® as in Lemma [6.5
and define

Q:=QU®HN,[0,1)),  NQ:=d(HQ,(0,1)).

We recall that fvl, which we henceforth refer to as the extended domain, is a Lipschitz domain with
boundary ®(99, 1), as in the statement of the preceding lemma, and that N is a finite union of pairwise
disjoint Lipschitz domains with pairwise positive distance. Furthermore, NS consists of two disjoint
compact sets, namely ®(9€2,0) = 9Q and ®(992,1). We study the smooth de Rham complex on NS
subject to boundary conditions along 0f2.

Proposition 6.6. The de Rham complex

0 = C°(NQ,00,A%) — ¥ co(np, 00,1~

C>®(NQ,00Q,A™) — 0
is exact. In particular, the Betti numbers of NQ relative to OS2 vanish:

ker (dk : C®(NQ, 09, AF) — C"O(NQﬁQ,Ak“))
rng (dk—1 : C°(NQ, 9, Ak—1) — C°(NQ, 90, A¥))

Proof. Taking into account Proposition for each connected component of N{2, it only remains for us
to show by, (NQ, 9Q) = 0. To that end, we define a mapping © : NQ2 x [0,1] — NQ by setting

O(P(z,t),s) = ®(x, st), x €0, s,tel0,1].

be(NQ, 09) = dim =0.

Then O is continuous, and for all x € 92 and s,t € [0, 1] we have
O(P(z,t),1) := P(x,t), O(P(z,t),0) := x, O(z,s) = x.

This means that © is a strong deformation retraction of N onto 9, which means that these two
topological spaces are homotopy-equivalent |64, 2.4.1, 2.4.3]. It then follows that the embedding of 99
into N induces an isomorphism on the singular cohomology groups, and hence the Betti numbers of NQ
relative to 9Q must be trivial: by (N, 9Q) = 0 for all & € Z. This shows the desired result. d

This has prepared the following auxiliary lemma. It concerns the closed smooth extension of closed
smooth differential forms.

Lemma 6.7. Let Q be a bounded Lipschitz domain and let Q be a collar extension with respect to a
boundary collar. If u € C=(Q, A¥) with d*u = 0, then there exists u¢ € C>°(Q, A*) with d*u® = 0 and
utlg = u.

Proof. Let u € C*(, A¥) with d*u = 0. By Theorem there exists w € C°°(Q, A*) with w|q = .
This implies d¥w|g = 0. In particular, all derivatives of any order of d¥w vanish at 902, which means that
d*w € C>®(NQ, 09, AR ).

By Proposition there exists v € C*(NQ, 99, A¥) such that d*v = d*w on NQ. We extend v trivially

onto € and call that extension . Because the derivatives of v vanish at 8, this gives & € C°°(€Q, A¥)
with d*o = d*w. Define u® := w — v. By construction,

u®lo = u, d*uf = 0.

This proves the desired statement. O
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Corollary 6.8. Let 2 C R" be a bounded Lipschitz domain. Then there exists a Lipschitz domain EQ with
Q) € EQ such that the following holds. If u € C> (2, A¥) with d¥u = 0, then there exists u¢ € C(EQ, A¥)
with d*u¢ = 0 and u®|q = u.

Proof. Since 2 is a Lipschitz domain, Lemma gives a boundary collar ® : 90 x [0, 1] — R™ by which
we extend €2 to another Lipschitz domain Q. Moreover, EQ := QU ®(dQ, [0,1/2)) is a bounded domain
with smooth boundary ®(9$,1/2) and Q € EQ € Q. If u € C*°(Q, AF) with d¥u = 0, then there exists
u® € C (9, A¥) with d*u® = 0 and u¢|q = u. Since EQ € Q, we have u®|gq € C°°(EQ, A¥). O

6.4. Universal commuting extension of differential forms. After this excursion, we return to the
construction of extension operators for de Rham complexes. We address the second objective of the
manuscript, which is the construction of a universal extension operator onto the extended domain that
commutes with the exterior derivative. The main difference to Theorem is how the extension operator
acts on the harmonic complement.

Theorem 6.9. Let Q C R"™ be a bounded Lipschitz domain. Then there exists a bounded Lipschitz domain
EQ with Q € EQ such that the following holds. We have linear continuous operators

(6.11) Ak S'(Q, AF) — S'(EQ, AF), k€Z,
such that for all u € §'(Q, A¥) we have
Aku)o =u, AT dPu = d¥ AR

Moreover, we have continuous operators

(6.12) Ak C(Q, AF) — C=(EQ, AF),

(6.13) AL WEP(Q, AF) — WEP(EQ, AF), seR, 1<p<oo,

(6.14) Al By (L, A%) = BS (EQ,AF), sER, 1<p<oo, 1<g<oo,

(6.15) AL Fy (L A%) — 5 (EQ,AF), sER, 1<p<oo, 1<g<oo.

Proof. Suppose that 1y, ...,n;, € C=(Q, A¥) form a basis of the finite-dimensional harmonic complement

H*(Q). Using Corollary we can find closed extensions 7, ...,n¢ € C*(EQ, A¥) of the basis elements
of the harmonic complement. By linear extension, this defines a continuous linear operator

ek 3R (Q) — O (EQ, A),
such that
Vn € HHQ) : EXmlo = n, v € H*(Q) - d*ehn =o.
We define the universal commuting extension operator by
Abu = (dF 1R PR e + Efymu + (EMPFH dRu) .

The continuity conditions (6.11)) and (6.12)) follow from Theorems and Throughout the proof,
let u € S’(Q, A*). To show the extension property, we observe

(Aku)|q = (¥ 1R 1Pk | + (X 7Fu)|q + (EFPF1dRu))q
= d* L (EFIPR )| + (EkmRu) | + (EFPFH AR )|
= dkilﬁku + i + (Tjkﬂdku = u.

The last equality is the homotopy identity in Theorem
To prove the commuting property, we compute

dFAfu = dbdFteR T PRy 4 dR et + dheR PR by
= dberPrtidhy
— dkEk@Hldku + 8’13+17rk+1dku + 8k+1§k+2dk+ldku — A§+1dku.
It remains to prove the other continuity properties. We begin with the Sobolev—Slobodeckij scale. Let
s€Rand p € (1,00). In what follows, we write A < B if A < CB holds with a constant C' > 0 that only

depends on €2, p, and s.
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From the definition of the extension operator,
[A§ullwer Eoar) < 1€FPFH dRu + ab TR PR+ fmtullvag ea,an)

< | EFPR L AR U e g any + [[dFTIERTIPRY|

res

wirEaar) + €T ullwyr ga,am-

We address the harmonic terms, using Theorem and the fact that 7% has finite-dimensional range:
Ihm ullwer gaar) S ITullwer@ary S lullwzr@,ar-

Next, we notice

||dk_1gk_lyk“HWngD(EQ,Ak) S ||‘Sk_l?kunWré;ng’P(EQ,Akfl) S ”ﬂ)kuHW”LP(Q,Ak*l) < HuHer’g’(Q,Ak)-

res

A similar combination of techniques gives

res

”‘Sk?k+1dku‘|ws’p(EQ,Ak) S ||?k+1dku||wfe’§(Q,A’€) S ||dku||wfeg1’P(Q,Ak+1) S ||u||W,.i;§(Q,A’€)-

This shows the desired continuity estimates for the Sobolev—Slobodeckij spaces.
The proof of the continuity estimates for Besov spaces and Triebel-Lizorkin spaces of differential forms
is fully analogous. O

Remark 6.10. The closed extensions of the harmonic complement via Lemma [6.7] rely on smooth correction
terms that not only ensure that the extension is closed but also are localized in the boundary collar so as
not to disturb the extension property.

Theorem 6.11. Let Q CR™ be a bounded Lipschitz domain. There exists a family of linear maps
(6.16) MF - S'(Q, AF) — O (0, AF), €>0, k €z,
such that

d*MEy = M AR, we S'(Q,A%), kez,

and the following holds.
We have the following continuity and convergence properties:

MF:S'(Q,AF) = S/(Q,AF), uweS(QAY) = nn%M’;u =u in §'(Q,A"),
e—
MFE . C=(Q, AF) — C>=(Q, AF), ue C®(Q,A") = lin(l)Mfu =u in C°(Q, A").
€E—
The following boundedness and convergence conditions hold:
e IfseR andp € (1,00), then

k <
s,p k HMEU||W;=£(Q,A'€) ~ |u||er’§’(Q,A’C)
u € WaiP(Q,A°) = { lim, HM’ju - U||W;2§’(Q,Ak) 0

e IfseR and p,q € (1,00), then

[V ul Bs (Q,AF) < ||U|\B;,Q(Q,Ak)

s k
u€ By (A7) = { lime o [|MEu — ul

Bg  @.ar) =0
e IfseR and p,q € (1,00), then

IMEul s @am) S lullps . @am)
weFs (Q A = T g AT poalth
a4 { lime-so [EEu =l .50y = 0

The constants implicit in < are independent of € and only depend on Q and the relevant parameters s, p, q.

Proof. The theorem follows from combining the standard mollification operator with the commuting
universal extension operator of Theorem Let Ag be the universal extension operator of Theorem
Let ¥ € C°(R™,R) be a standard mollifier, that is, 9 > 0, [;, ¥ = 1, and supp(J) € B(0,1). For any
e > 0 and = € R", we define the scaled mollifier ¥.(z) := e "9 (x/e). We define the global smoothing
operator by

SFu =9, xu, uecSR"AY.

We notice that d*8fu = 8F*d"u for all u € §'(R", A¥).
Write § := dist(Q2, R™ \ EQ) and assume that € € (0,d). Then the locality of the global smoothing
operator shows that we have a well-defined operator

8¢+ S'(EQAY) — 8'(Q,A").

33



We define the mollification operator by applying the global smoothing to the universal extension and
then restricting back to the domain:

Mbu = (8 0 Aku),  ue S (QA").

All claimed properties of the mollification operator now follow from Theorem and the standard
properties of convolution with a mollifier. This constructs the operator for ¢ > 0 small enough, which
gives the statement of the theorem. O

Remark 6.12. Theorem [6.11] is restricted to p,q < oo for simplicity of exposition. We refer to the
literature [57), Section 2.1.3] for background on the general case.

The main application is the following. On any open set 2 C R", we define

WEP(Q,AF) i= {u € WEP(Q,AF) | du € WER(Q,AFT)}, pe(l,00), s€R, te[s—1,00).

res res

This is a Banach space with the norm
||UHWs=tm(sz,Ak) = ||UHW;:5(Q,M) + ||du\|w,?é§(Q,Ak+1)~

It describes Sobolev differential forms whose exterior derivative shows additional smoothness. If Q C R3
is a three-dimensional domain, then we set

WHEP(Q, curl) := {u € WEP(Q,R?) | curlu € WiP(Q,R?)},

WEP(Q, div) = {u € WEP(Q,R?) | divu € WEE(QLR)},

res res

where p € (1,00) and s,t € R with ¢ > s — 1. These spaces of three-dimensional vector fields are equipped
with the obvious norms and are special cases of W*tP(Q, A¥).

The results in this manuscript allow the following smooth approximation. We use Theorem but
the result can also be derived similarly by Theorem

Proposition 6.13. Let Q C R™ be a bounded Lipschitz domain. Let p € (1,00) and s,t € R witht > s—1.
Then we have a dense inclusion

C>(Q, A*) C wetP(Q, AF).
If n = 3, then we have dense inclusions
C>=(Q,R?) C WHP(Q, curl), C>=(Q,R?) C WHP(Q, div).
Proof. This immediately follows from Theorem [6.11] O

7. EXAMPLES IN VECTOR CALCULUS

We present the main results of this section in the language of vector calculus on domains, and for the
special case of Sobolev—Slobodeckij spaces, defined in terms of weak derivatives and Gagliardo seminorms.

Throughout this section,  C R3 denotes a bounded Lipschitz domain. Recall the Lebesgue spaces of
scalar fields L,(£2) := L,(Q,R) and vector fields L, () := L,(2, R?). For non-negative o > 0, we define
the corresponding Sobolev—-Slobodeckij spaces

W7 (Q) :== W] (Q,R), W7 (Q) := W7 (Q,R?).

Spaces of vector fields with non-standard smoothness are an intrinsic feature of vector calculus. Given
l<p<o>ando,re Rar with 7 > ¢ — 1, we define the spaces

W27 (Q, curl) := {ue W7 () | curlu € W;(Q)} ,
W27 (Q,div) == {ue W7 () | divu € W;(Q)} .
These spaces are equipped with the obvious norms
lullwgm(@,curty = lullws @) + [[curlullwr @),  [lullwg@.aiv) = lullwe @) + [ divullw; o).

Moreover, these spaces constitute a differential complex. If 1 < p < co and p,0,7 € RS‘ witho >p—1
and 7 > o — 1, then this differential complex takes the form

grad curl

o o,T : div T
WP Q) —— W27(Q,curl) —— W77 (Q,div) —— W] ().
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As a common base space that contains all the preceding classes of scalar and vector fields, we define the
restriction spaces of tempered distributions with values in scalars and vectors. This ultimately simplifies
the exposition. We define

§'(Q) := 8 (Q,R), S'(Q)3 = S'(Q,R?).
Accordingly, we have a differential complex
S'(Q) -2, s~ s~ sQ).
Earlier in this manuscript, we have reviewed the potential operators of Costabel and McIntosh. For

completeness of exposition, we summarize the properties of these operators explicitly, including their
behavior on spaces of vector fields.

Theorem 7.1. Let Q C R3 be a bounded Lipschitz domain. There exist linear continuous operators
perad . §/(Q)3 — S'(Q), peurl . §/(Q)3 — S'(Q)3, PIV . S(Q) — S'(Q)3,
and continuous operators with finite-dimensional range
xerad L §(Q) - 0°(Q), KU S(Q)?P - Cx(Q)3, KW S(Q)P = C®(Q).
In addition, the following homotopy identities hold:
Vu € §'(Q) : u = P& grad u 4 K&y,
Vu € 8'(Q)% : u = P curl u 4 grad Peady 4 JCUy,
Vu € 8'(Q)% : u = PU divu 4 curl Py + KVq,
Yu € §'(Q) : u = divPUVa.
For any 1 < p,q < oo and o,7 > 0, the following operators are compact
Kerd W) » W (),  KMIWI(Q) - WI(Q), KW :WI(Q) > WI(Q).
In addition, if 1 <p < oo and 0,7 € Rg with T > o — 1, then we have the following continuity properties:
perad WO (Q, curl) — W),
P WOT(Q, div) — W (Q, curl),
P LW (Q) —» W (Q, div).

We have introduced the commuting extension operators. These have the following specialization to
vector calculus.

Theorem 7.2. Let Q C R? be a bounded Lipschitz domain. Then there exists a bounded Lipschitz domain
EQ with Q € EQ such that the following holds. We have linear continuous operators

AFPS'(Q) = S'(EQ), AT :S'(Q)° - S'(EQ)?,
AdY - S'(Q)? — S(EQ)?, AY:8(Q) — S'(EQ),
such that for all u in the respective spaces we have
AT =u,  AFwlo=u,  (ASWle=u, (A=,
and we have
Yu € 8'(Q) : AL (grad u) = grad (A8 u),
Vu € 8'(Q)3 : AV (curl ) = curl(A5" ),
Yu € 8'(Q)% : AY(divu) = div(AGVw).
In addition, if 1 <p < oo and 0,7 € RS‘ with 7 > o — 1, then we have continuous operators
AP WO (Q) — W (EQ),
AG W27 (Q, curl) — W77 (EQ, curl),
AGY : W27 (Q,div) = W (EQ, div),
AQ W (Q) — W (EQ).
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As a result, we have commuting mollification operators for these de Rham complexes. These smoothing
operators converge to the identity in the strong operator topology, which shows that smooth fields are
dense in the spaces of non-standard regularity.

Theorem 7.3. Let Q C R3 be a bounded Lipschitz domain. There exists a family of linear maps
Me2d . S/(Q) — C®(Q), MU S(Q)P = C™(Q)3,
MIV . S§(Q)3 — C=(Q)3, M2 :S'(Q) = C=(Q),
indexed over € > 0, such that the following commuting properties hold:
Vu € S'(Q) : grad(M&2dy) = M (grad u),
Vu € 8'(2)3 : curl (M) = MY (curlu),
Vu € 8'(Q)3 : div(M3Vu) = MO (divu).
Ifl<p<ooando,T € R(J{ with 7 > o — 1, then we have continuous operators
M= WI(Q) = W (Q),
newrt W27 (Q, curl) — W7 (€, curl),
M WIT(Q, div) = W7 (Q,div),
MY W7 () — W ().

€
If1<p<ooand o,7 € RS with > o — 1, then we have dense inclusions
Cc>(Q) C Wy (Q), C>(Q)3 C W27 (€, curl), C>=(Q)3 C W7 (€Q,div),
and the mollification operators converge strongly to the identity in the respective norms as € goes to zero.
Lastly, we point out a reformulation in vector calculus of our extension result on smooth forms.

Proposition 7.4. Let  C R3 be a bounded Lipschitz domain. Then there exists a Lipschitz domain ES)
with Q) @ EQ such that the following holds.

o Ifuce C”(Q)?’ with curlu = 0, then there exists u® € C‘X’@)S with curlu® = 0 and u®lq = u.
o Ifu e C®(Q)3 with divu = 0, then there exists u¢ € C*°(EQ)? with divu® = 0 and u¢|q = u.
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