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Abstract

We solve three basic potential theoretic problems: Hodge decompositions for vector fields,
Poisson problems for the Hodge-Laplacian, and inhomogeneous Maxwell equations, in arbitrary
Lipschitz subdomains of a smooth, compact, three dimensional, Riemannian manifold. In each
case we derive sharp estimates on Sobolev-Besov scales and establish integral representation for-
mulas for the solution. The proofs rely on tools from harmonic analysis and algebraic topology,
such as Calderéon-Zygmund theory and the de Rham theory.

1 Introduction

In this paper we solve three basic potential theoretic problems: (I) Hodge decompositions for
vector fields, (II) Poisson problems for the Hodge-Laplacian, and (III) inhomogeneous Maxwell
equations, in Lipschitz subdomains of a smooth, compact, boundaryless, three dimensional, Rie-
mannian manifold M. They are all considered in the context of Sobolev-Besov spaces, i.e. when
the global smoothness of both the data and the solutions is measured on these scales.

In hindsight, the problems (I)-(III) above turn out to be closely related. A manifestation of
this is that they share a common, (asymptotically) sharp ‘well-posedness region’, stemming from
necessary limitations on the indices s (smoothness) and p (integrability), of the Sobolev-Besov
spaces for which these PDE’s have unique solutions, continuously dependent on the given data.

In turn, this region, call it Rq, is entirely determined by the geometric characteristics of the
underlying domain 2 C M. More concretely,
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Here, pq is further defined in terms of the critical exponents intervening in the (regular) Dirichlet
and Neumann problems for the Laplace-Beltrami operator in Q (as well as its complement), when
optimal LP estimates for the associated nontangential maximal function are sought. A precise
definition is given in §4. For the purpose of this introduction, we note that, generally speaking,

1 <pq < 2;cf. [11], [12], [31], [14], [65], for the flat, Euclidean setting and [46]-[49] for Lipschitz
subdomains of Riemannian manifolds.
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One feature of €2 which influences the size of pq is the local oscillations of the unit conormal
v to 0Q, i.e. lim._,sup {dist (v(z),r(y)); dist (z,y) < €} (cf. the comments in [5]). In fact, po
tends to 1 as these local oscillations tend to zero. Moreover, pg = 1 when 9Q € C! ([19]), and
this continues to be the case even when the unit conormal only has vanishing mean oscillations.
Finally, for a Lipschitz polyhedron in the Euclidean setting, po can be estimated in terms of the
dihedral angles involved; cf. [24].

The picture below represents the two-dimensional region Rq alluded to above, when considered
in the (s,1/p)-plane (i.e., smoothness vs. reciprocal integrability):

Y

The (interior of the) dashed hexagon represents the
well-posedness region for the Hodge decompositions,
Maxwell’s equations, and vector Poisson problems.

We now proceed to describe our main results in greater detail (complete definitions—including
those for the standard Sobolev-Besov spaces L?, BP9 as well as various ‘nonstandard’ versions
such as H*P THP, etc.—are given in §2).

I. Hodge Decompositions. Let {2 be an arbitrary Lipschitz domain in M with outward unit
normal v. Call a 1-form monogenic, if it is both curl and divergence free. For 1 < p < o0, s € R,
let LP stand for the usual Sobolev scale and, for —1 + 1/p < s < 1/p, consider

HEP(Q) := {u € LP(Q,A'TM); divu = 0,curlu =0, v - u = 0}, (1.2)
HIP(Q) := {u € L2(Q,A'TM); divu = 0,curlu = 0, v x u = 0}, (1.3)

i.e., monogenic 1-forms in LP, with vanishing normal and tangential components on 0.



Theorem 1.1 For each (s,1/p) € Rq, the following Hodge-type decompositions hold:

LE(Q, A T M) = VLY, 4(Q)] & curl[H*P(Q; curl)] & HP(Q), (1.4)
LE(QA'TM) = VLY, ()] & curl[HP(Q; curl)] & HEP (), (1.5)
where the direct sums (of closed subspaces) are topological.

I1. Poisson problems for the Hodge-Laplacian on differential forms. Recall that the vector
Hodge-Laplacian on M is defined as A := — curl curl +Vdiv.

Theorem 1.2 Let Q C M be an arbitrary Lipschitz domain. Then for each (s,1/p) in Rq, the
boundary value problem

Au=ne€ LP(Q,ATM),

w € HoP(Q; curl), curl u € H%P(Q; curl), divu € LY, (Q),
v.u=f¢€ Bgfl/p(aﬂ),

v x curlu = g € THE(0%),

(1st Poisson Problem) (1.6)

is Fredholm solvable of index zero. More specifically, (1.6) has a solution if and only if the data
satisfy the linear constraints

(n,h) = (g,v x (vx h)), VheHP(Q), 1/p+1/p =1, (1.7)

and the space of null solutions is He¥ (). The latter is a finite dimensional space, whose dimension
is b1(Q), the first Betti number of €.
Similar results are valid for

Au=n¢€ L2(Q,ATM),
u € H¥P(Q;curl), curl w € H*P(Q; curl), divu € LY (Q),

(2nd Poisson Problem) i o (1.8)
Tr(divu) = f € strlil/p(ﬁﬂ),
vxu=gecTH?(0N).
In this case, the necessary compatibility conditions read
(nh) = (fv-h),  YheHT(Q), 1/p+1/p =1, (1.9)

and the space of null solutions is precisely H3P (), whose dimension is by(QQ), the second Betti
number of €.

ITI. Maxwell’s equations. Consider the time-harmonic version of the Maxwell system, governing
the propagation of electromagnetic waves in a Lipschitz domain Q C M. See, e.g., [7], [9], [10].

Theorem 1.3 For any Lipschitz domain @ C M and any k € C\ {0}, the inhomogeneous Mazwell
system



E,H € H*P(Q;curl),

curl E — ikH = K € LP(Q, A'T M),
curl H +ikE = J € L2(Q, A'TM),
vx E=feTHE0N),

is Fredholm solvable, of index zero. Moreover, there exists an unbounded, non-decreasing sequence

of real, nonnegative numbers {k;}; such that for each k € C\ {£k;};, the boundary value problem
(1.10) is well-posed, as long as (s,1/p) € Rq.

(Inhomogeneous Mazwell) (1.10)

It is important to point out that the validity range for Theorems 1.1-1.3 when s = 0 (i.e. for
LP(Q, AYT M) fields) becomes 3(}%2 +1) T<p<3(1- p%)_l, as is visible from the above picture.
In particular, % < p < 3 will do in any Lipschitz domain (when s = 0). The counterexamples in
[20] can then be used to prove that the range of indices s,p described in Theorem 1.1 is in the
nature of best possible.

To put matters in the proper perspective, let us now briefly discuss the origins of our results.
The crowning achievement of the classical theory of elliptic PDE’s (sometimes referred to as the
Shift Theorem; cf. [26], [61]) is that all regular elliptic problems Lu = f + boundary conditions, in
C*° domains are Fredholm solvable (i.e. existence and uniqueness hold modulo finite dimensional
spaces) on all Sobolev-Besov scales and any solution u is deg L units smoother than the datum f.

The situation is radically different in less smooth domains. For instance, Dahlberg [13] has
constructed a domain  in R" with a C'-boundary and f € C*°(2) such that

Au=f, ueL}Q), Tru=0= ajj"’gg% ¢ LP(Q), Vi k=1,2,...n, 1<p< oc. (1.11)
In other words, for Dahlberg’s domain 2 and each 1 < p < o0, the Poisson problem for the
Laplacian with homogeneous Dirichlet boundary conditions fails to be well-posed for data in LP(€2)
(in the sense that it is no longer reasonable to expect solutions with two derivatives in LP(2)). This
raises the fundamental issue of identifying those Sobolev-Besov spaces within which the natural
correlation between the smoothness of the data and that of the solutions is preserved when the
domain in question is allowed to have a minimally smooth boundary (in the sense of [60]).

In their ground breaking work [32], Jerison and Kenig were able to produce such an optimal
well-posedness region for the Poisson problem with Dirichlet boundary conditions for the scalar, flat
space Laplacian in bounded, Euclidean Lipschitz domains in the context of Sobolev-Besov spaces.
The basic estimate proved in [32] is that

||U|\L§+1/p(9) ~ || Trul| gre(oq), (1.12)

uniformly for u harmonic in §, for an (asymptotically) optimal range of indices s, p. The methods
in [32], though beautiful in their elegance and sharpness, rely in an essential fashion on harmonic
measure estimates (and, by extension, on positivity and maximum principles) and, as such, do not
readily adapt to systems of PDE’s, or to other natural boundary conditions, e.g. of Neumann type.
In fact, the latter issue makes the object of one of the open problems listed in Kenig’s book [36]; cf.
#3.2.21, p.121. In the author’s words (cf. Introduction, loc. cit.), these have been singled out as
“problems which we find particularly challenging, and which we feel will lead to further important
developments in the subject.”

Relatively recently, in [20], [48], we have developed an alternative strategy to proving (1.12)
which relies on a systematic use of boundary integral methods. This approach, in principle, does



not distinguish between Dirichlet and Neumann type conditions, or between a single equation and
systems. At the heart of the matter is the fact that, with K standing for the harmonic (principal
value) double layer potential operator on 02 and I denoting the identity operator (see §4 for a
discussion),

(s+1/p—1,1/p) € Rog = I + K : BY?(9Q) = B??(9<) is an isomorphism. (1.13)

The chief goal of this paper is to continue this line of work and initiate the study of systems of
PDE’s in Sobolev-Besov spaces in Lipschitz domains. For the purpose of this introduction, let us
point out that one of the main estimates we establish in this paper is that whenever (s,1/p) € Rq
and k is not an eigenvalue, then

1Bz @arra + 1 | z@arramy = v < Bllgres ooxrm + - Hlprr, o), (1.14)
uniformly for vector fields E, H solving (the homogeneous) Maxwell’s equations

curl E —ikH = 0, curl H +ikE =0 (1.15)

in the Lipschitz domain 2.

Our approach to the three problems listed at the beginning of this section is constructive in
nature, as is based on singular integral operators, and we momentarily digress in order to explain
some of the difficulties which arise in this scenario.

The essence of Hodge decompositions is the identity I = VdivG — curlcurl G + P, where G
is the Green operator associated with the Hodge-Laplacian A (i.e., the solution operator A~! for
a vector Poisson problems with appropriate boundary conditions), and P is the projection onto
monogenic forms. Consequently, the success of decomposing a vector field as in (1.4)-(1.5), where
the individual summands have the same amount of regularity as the original field, depends to a
large extent on the mapping properties of operators like curl curl A~! and Vdiv A~!. On a smooth
domain, these are classical zero-order pseudodifferential operators, but in the presence of boundary
irregularities they fail even to be of Calderén-Zygmund type. In this latter scenario, one can only
describe them in terms of boundary layer potentials, typically of vector character, and their inverses
(whenever meaningful).

It has been understood for some time (cf. the discussion in [40]) that, in the context of
differential forms on a subdomain €2 of an arbitrary Riemannian manifold M, there exists a natural
hierarchy of boundary layer potentials {M*},, 0 < ¢ < dim M, (acting on boundary (-forms), so
that M° = K is simply the usual harmonic double layer acting on scalar functions (viewed as
differential forms of degree zero). In the setting of LP(0f), the invertibility of the entire scale
{31 + M"}, is now understood, thanks to the work in [41], [40]. There we have shown that
2—¢e < p< 2+ ¢ will do, and this is asymptotically the best range if one insists on allowing
arbitrary £’s. On the technical side, the novel step we take here is clarifying what the analogue of
(1.13) is, both in terms of the range of indices s, p, as well as the nature of the spaces which should
replace the scalar Besov scale in (1.13), at the ‘next level up’ on this hierarchy, i.e. when ¢ = 1.
This is achieved by exploiting some remarkable intertwining identities involving, on the one hand,
the operators M? at the scalar level (£ = 0) in concert with those at the vector level (¢ = 1) and,
on the other hand, some natural first order (boundary) differential operators.

In this connection, a major ingredient required to carry out this program is understanding the
Fredholm properties of certain surface differential operators. More specifically, recall that there



are two natural first-order operators on the Lipschitz manifold 9€): the tangential gradient and its
adjoint, the surface divergence. As their composition is zero, they give rise to a complex

tangential grad surface div
0 — Scalar Functions ——————— Vector Fields ———————— Scalar Functions — 0. (1.16)

The technical accomplishment alluded to above is to find suitable smoothness spaces guaranteeing
that the complex (1.16) is ezact, and then to identify its cohomology groups. This is done via tools
from algebraic topology and harmonic analysis.

It should be pointed out that the intertwining identities, referred to two paragraphs above, are
most useful when the dimension of the ambient space is three, a restriction which appears inherent
to our method. What the corresponding situation is in arbitrary space dimensions and for other
values of £ remains an open problem at the moment.

In broad outline, our plan is to prove first a simpler version of Theorem 1.2, dealing with vector
Poisson problems with homogeneous boundary conditions (cf. §7), by employing layer potentials
(plus other tools developed in §4-85). This, in turn, leads to a constructive approach to Theorem 1.1.
These Hodge decompositions are key ingredients used in §8-9, in the solution of the inhomogeneous
Maxwell system in Theorem 1.2. With this in hand, the cycle is then completed by returning to
(and finishing the proof of) Theorem 1.2 in §10. The (asymptotic) sharpness of our main results is
a consequence of the counterexamples in [32], [20].

Let us conclude with a few historical notes. The subject of Hodge decompositions in the
C* context can be traced back to the work of Hodge, Kodaira and de Rham ([27], [37], [2],
[16]) starting in the 1930’s. A modern account can be found in, e.g., [61], [58]. Subsequent
developments, emphasizing regularity aspects and/or allowing less smooth structures can be found
in [50], [51], [52], [62], [28], [59], [42], [40], [56]. The methods employed by these authors do
not work in the present context. The problem II that we solve here goes back to a question posed
to us by Eugene Fabes and Michael Taylor in the mid 90’s. Natural boundary problems for the
Hodge-Laplacian in Lipschitz domains for LP-boundary data have been systematically studied in
[40], where optimal nontangential maximal function estimates have been proved. The study of the
Maxwell system via integral equation methods has a long tradition, originating in the pioneering
work of A.P. Calderén [4] and C. Miiller [53], [54]. LP estimates for the nontangential maximal
function operator (denoted in the sequel by A') have been produced in [45], [44]. There it is proved
that for solutions of the homogeneous Maxwell’s equations (1.15), there holds

IN(E) 22000070100 + INH) || 200,417 01
~ BNz @arramy + 1H 2z @armam) (1.17)
~ |lv x Ellr2@0.a1mm) + 1V - Hll200)5

whenever k is not an eigenvalue for the Lipschitz domain €2; this can be regarded as the limiting
case p = 2, s = 1/2 of (1.14). An extension to higher dimensions is in [30]; cf. also [40]. The
novelty here is producing sharp estimates in Sobolev-Besov spaces for an optimal range of indices.
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2 Preliminary results

In this section, which is further divided into four subsections, we review basic notation, collect
definitions and prove some preparatory results.

2.1 The geometrical setting

Let M be a smooth, compact, boundaryless, connected, oriented manifold of real dimension
dimM = 3. As is customary, we denote by A‘TM, ¢ = 0,1,2,3, the exterior power bundles
(i.e. differential forms of degree ), and by d and A, respectively, the exterior derivative operator
and the exterior product of forms. When acting on scalar-valued functions, we denote d by V.

Assume next that M is endowed with a metric tensor g = 3_;  gjxdx; @ dxy, whose coefficients
gk are of class CY!. This induces a volume element dVol and, further, a pointwise inner product
(u,v) = u-v = (u,v) in each AT M, 0 < £ < 3. Recall that the Hodge star operator is the unique
vector bundle morphism * : A“TM — A3~“T M such that u A (xu) = |u|? dVol. We also denote by
0 the formal adjoint of d and set

divu:= —6u, curlu:=x*du and uxv:=x*(uAv), YVu,vecA'TM. (2.1)

In particular, the fact that d> = 0 entails curl V = 0.
Recall that the Laplace-Beltrami operator A on M is given in local coordinates, where the
metric tensor reads g = > gjrdx; ® dxy, by

Au = div(Vu) = (det (gjk))*l/2 Z 0; (Z g’F(det (gjk))l/2 8ku), (2.2)
J k

where we take (¢7%) to be the matrix inverse of (gjk)- This operator fits naturally into the framework
of the Hodge Laplacian A := —d§ — dd on ¢-forms, when ¢ = 0. Here (and in the sequel), we make
no special notational distinction between the scalar Laplace-Beltrami operator and the Hodge-
Laplacian on 1-forms.

As is well known,

curlcurl = —A + V div on 1-forms, and divV = A on scalar functions. (2.3)

Also,

curlA = Acurl and divA = Adiv. (2.4)

Recall next that 2 C M is called a Lipschitz domain provided 0€) can be described in appro-
priate local coordinates by means of graphs of Lipschitz functions. For each 1 < p < oo, we denote
by LP(0f2) the Lebesgue space of p-power integrable functions with respect to the surface measure
do (with the usual convention when p = o0). If v € T* M is the unit outward conormal to 0€2, we
let Vian := —v X (v x V) stand for the tangential gradient on 9f2. Finally, throughout the paper,
(+,-) will stand for either a pointwise inner product, or the natural pairing between a space and its
dual. Also, if X C Y are Banach spaces, we will let X° C Y™* denote the annihilator of X.

2.2 Scalar Sobolev and Besov spaces in Lipschitz domains

Denote by LY(99) the Sobolev space of functions in LP(9€2) with tangential gradients in LP(952),
1 < p < 00. Spaces with fractional smoothness can then be defined via complex interpolation, i.e.



LH(09) = [LP(99), LX), 0 < 6 < 1, 1 < p < 00. We also set L (99) := (LL'(99)) for
0<s<1,1<pp <oo, 1/p+1/p =1
Next, Besov spaces with positive smoothness on 02 can then be introduced via real interpola-
tion, i.e.
By1(09) = (LP(09), L7 (09))

00 With0<6<1,1<p,q<oo. (2.5)

An intrinsic definition for membership to BP4(R?), 1 < p,q < oo, 0 < s < 1, is obtained by
requiring that

1FC+8) = FOIL e\
anBg,q(Rz):=|rf|er<R2>+(//R2 )< 20

For the same range of indices, when € is the region from R?® above the graph of a Lipschitz
function ¢ : R? — R, we define B?4(99) as the space of functions f for which the assignment
x — f(z,¢(x)) belongs to BP4(R?). This definition then readily extends to the case of arbitrary
Lipschitz subdomains of M via a standard partition of unity argument.

The case when p = ¢ = oo corresponds to the usual (non-homogeneous) Holder spaces. Also,
for -1 <s<0and 1< p,qg<ooorp=gq=o00, we set

BPI(8Q) := (BP 1 (09))*,  p+1/p =1, 1/g+1/q = 1. (2.7)

In the sequel, we shall also need to work with the Besov spaces Bl’sl(OQ), s € (0,1). Inspired by
the corresponding atomic characterization from [21], we set

BLU(09) := L9(00) + { f = 3" A0y vj-atom, (A); € 11}, (2:8)

where the series converges in the sense of distributions, and ¢ > 1 is arbitrary (different choices
yield isomorphic spaces). In this context, a B (9Q)-atom, 0 < s < 1, is a function ¥ € L>(99)
with support contained in a surface ball B,(z9) N0, xg € 092, 0 < r < diam 2, and satisfying

/ Jdo =0, 19| Lo oy < 7772 (2.9)
o9

Furthermore, for f € Bl’;(OQ), 0<s<1,

||f||B};(aQ) = inf{HgHLq(aQ) + Z INjls f=g+ Z Ajﬁj}, (2.10)

where g € L9(0N2), ¢ > 1 (different ¢’s yield equivalent norms), ¥;’s and (\;); are as in (2.8). Let
us also point out that Bi;(@ﬂ) is ‘local’, in the sense that this space is a module over B3> (0%2),
for each a € (s, 1), and that (B>} (09))* = B>>°(9Q), for 0 < s < 1.

We now briefly discuss the case of Sobolev and Besov classes on an open subset € of M. First,
the Sobolev (or potential) scale LE(M), 1 < p < oo, s > 0, is obtained by lifting LP(R3) :=
{(I — A)2f; f € LP(R®)} to M, and we denote by L2(2) the restriction of elements in L?(M)
to Q. Similarly, for 1 < p,g < oo, s > 0, the Besov space BP9(M) is defined by localizing
and transporting via local charts its Euclidean counterpart, i.e., BP9(R?) (the latter is defined
analogously to (2.5)-(2.6); see, e.g., [55], [1], [63], [33]). Then, B2?(Q2), 1 < p,q < 00, s > 0,
consists of restrictions to Q of functions from BP?(M).

Both scales in ) are equipped with natural norms, defined by taking the infimum of the corre-
sponding norms of all possible extensions to M. Using Stein’s extension operator and then invoking



well known real interpolation results (cf., e.g., [1]), it follows that for any Lipschitz domain 2 C M,
LP(Q) and BP4(Q2) are complex interpolation scales, i.e.

(L5 (2), L ()] = LE() (2.11)

if%zlp—_o‘g%—p%,s:(1—9)so+981,0<0<1,1<p0,p1<oo, 809,51 > 0, and

[BG (), B ()] = BY(Q) (2.12)

lf%: 1p;09+pi17 1 - lq;OQ_’_q%’ s = (1_9)50+0817 O< 0 < 1) 1 SpOaplaq()aql S 0, S0, S1 >O)
so # s1. As is well known, the Besov and Sobolev spaces on the domain are also related via real

interpolation. For instance, we have the formula

(L7(Q), LE (), , = BG'(Q) (2.13)

when 0 < s < 1,1 < p,q < oo and k is a positive integer. In this connection, let us also point out
that

(B (), BES(Q)),, = BY(Q) (2.14)

if%: lq—_og—i—q%, s=(1—-0)sg+0s1,0<0<1,1<p,q0,q1 <00, Sp,81 >0, and s9 # s7.

For the remainder of this subsection we assume that €2 is a Lipschitz subdomain of M. Following
[82], for 1 < p < 00, 5 € R we define the space Lf () to consist of distributions in LE(M)
supported in © (with the norm inherited from LE(M)). Tt is known that C5°(9) is dense in L% 5(£2)
for all values of s and p.

Recall (cf. [33]) that the trace operator

Tr: LP(Q) — Bgf% (092) (2.15)
is well-defined, bounded and onto if 1 < p < co and % <s<1l+4 %. This also has a bounded right
inverse whose operator norm is controlled exclusively in terms of p, s and the Lipschitz character
of Q. Similar results are valid for Tr : B29(Q) — B”9,(09). In this latter case we may allow
P
1<p,g<oo;cf [1]. If 1 <p < oo and % <s<1l+ z%’ the space L ((Q) is the kernel of the trace
operator Tr acting on L2(£2). This follows from the Euclidean result (Proposition 3.3 in [32]). In
fact, for the same range of indices, L% ;(Q) is the closure of C5°(Q) in the LE(2) norm.
For positive s, L? () is defined as the space of distributions in 2 such that

1l gy = sup {[{£.0)]: @ € CF(Q). I8llpaone < 1} < +oo, (2.16)

where tilde denotes the extension by zero outside 2 and %4—% = 1. For all values of p and s, C*°(92)
is dense in L2(€2). Also, C3°(2) is dense in LP(Q) if s < 0. Next, for any s € R,

L4 o(Q) = (L2(2)" and L2, () = (LLo(@)) " (2.17)

For later reference, let us point out that for each 1 < p < oo, =1+ 1/p < s < 1/p, there exists
a bounded, linear extension operator

LP(Q) 2 u—a e LE(M), (2.18)

with the property that suppa C Q; cf. Theorem 3.5 in [64]. (Of course, when s > 0, this is just
the extension by zero outside (2.) Its image is precisely L{ ((?), allowing the identification

9



L(Q) = L20(9),  ¥pe(L,o0), Vs € (—1+1/p, 1/p). (2.19)
Thus, if p,p’ € (1,00) are such that 1/p + 1/p’ =1, then

(LP(Q) =LY (Q),  Vse (=1+1/p,1/p). (2.20)

Also, the restriction operator to 2, denoted by -|q in the sequel, has a linear, bounded realization

lo s LEM) — LE(Q),  (ula, ) = (u,9), Ve e C(Q), (2.21)

for each 1 < p < o0, s > —1 + 1/p. Furthermore, the extension operator to M by zero outside
the natural domain —denoted in the sequel by tilde— extends to a bounded map from L2(Q) into
LP(M) for any 1 < p < oo, =1+ 1/p < s < 1/p; cf. [64]. In particular,

(ulg,v) = (u,8), YueLP(M), Yo e LV (Q), (2.22)

ifl<pyp <oo,1/p+1/p=1,and -1+ 1/p<s<1/p.

Another important aspect (which follows from Corollary 13.5 in [21], or Proposition 3.5 in [32];
cf. also [64]) is that multiplication by xq, the characteristic function of 2, maps LE(M) boundedly
onto L% 4() = LE(Q), for each —1+1/p < s <1/p, 1 <p < oo,

We also refer to [57], [63], [1], [17], [32], [64], [48], for a more detailed exposition of these
and other related matters, such as embedding theorems (frequently used in the paper). Here we
only want to alert the reader that L2(Q, A'T M) will stand for L2(Q2) ® A'TM, i.e. the collection
of 1-forms with coefficients in LP(€2). A similar convention is in place for spaces defined on 09,
and for the Besov scale. E.g., BP4(9Q, A'TM) := BP9(09Q) @ A'TM, etc.

2.3 Vector Sobolev spaces. Tangential and normal traces

In this paper we shall work with certain nonstandard Sobolev spaces which are naturally adapted
to the type of differential operators we intend to study. Specifically, if €2 is an open subset of M
and if 1 < p < 00, s € R, we introduce

HP(Q;div) := {u € L2(Q, A'TM); divu € L2(Q)}, (2.23)
H*P(Q; curl) := {u € L2(Q,A'TM); curlu € L2(Q, A'TM)}, (2.24)

equipped with the natural graph norms. Throughout the paper, all derivatives are taken in the
sense of distributions.

Let us now assume (as we shall do for the remainder of this subsection) that 2 C M be an
arbitrary Lipschitz domain with outward unit conormal v € T*M. If 1 <p < oo, =1+ 1/p<s <
1/p, and u € H*P(Q;div) then we can then define v - u € Bff’l(aﬁ) by setting

P

(v-u,Tr ) = // [¢ divu + (u, V)] dVol, (2.25)
Q
for each 9 € L{’/_S(Q), 1/p+1/p' = 1. Tt follows that the operator
v- : H¥P(Q;div) — Bffl (092) (2.26)
p

is bounded, that is,
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v UHB’S”_”l(aQ) < C(HU”L?;(Q,MTM) + ||diVU||L§(Q))7 (2.27)

P

granted that 1 < p < oo and —141/p < s < 1/p. Similarly, if u € H%P(; curl) for some 1 < p < 0o
and —1 +1/p < s < 1/p then we can define v X u € Bf’fl(@Q,AlT/\/l) by
p

(v xu, Tr ) := //QKcurlu, ©) — (u, curl p)] dVol, (2.28)

for any ¢ € L’f/_S(Q,AITM), 1/p+ 1/p’ = 1. Furthermore, it follows from (2.24), (2.28) that the
operator

vx : HoP(Q; curl) — Bf’_pl(OQ,AlTM) (2.29)

is bounded, i.e.

v xullgre @aoarra) < Cllullzz@array + [ curl ullLr g arraq)) (2.30)
s=p

as long as 1 < p < oo and —1 + 1/p < s < 1/p. Parenthetically, let us also point out that if,
e.g., u € CH(Q, AT M) then v x u, v - u coincide with the usual (pointwise) cross product and dot
product with v, respectively.

Our immediate goal is to describe the images of the operators (2.26) and (2.29).

Proposition 2.1 Let Q C M be a connected Lipschitz domain and fir 1 <p < oo, —14+1/p < s <

1/p. Then for any f € Bffl/p(aQ) with [y fdo = 0 there exists u € H¥P(Q;div) with divu = 0

and v -u = f. Furthermore, matters can be arranged so that ||ul| tro a1 p) < CHfHBf’_pl/p(aQ) for

some constant C = C(092,p, s) > 0.
As a corollary, the operator in (2.26) is always onto.

In order to prove the above result we need a lemma of independent interest.

Lemma 2.2 Let Q C M be Lipschitz and suppose that 1 < p < co. Then, for each s > —1+ 1/p,
the gradient

V: LP(Q) — [P (Q,A'TM) (2.31)

is well-defined, bounded, and has closed range.

Proof. The well-definiteness and boundedness when s > 1 are known (cf. Proposition 2.18, p. 173
in [32]). Furthermore, when 0 < s < 1, we can interpolate between the standard cases s = 0
and s = 1. Thus, as far as the first part of the claim in the lemma is concerned, we are left with
analyzing the situation when —1 4+ 1/p < s < 0. In this case, for each u € LE(Q) = (LIIS(Q))*,
with 1/p+1/p =1, ¢ € C(Q, A'T M), and with the pairing (-, ) considered in the distributional
sense, we write

[(Vu, )] = [(u, div )]

IN

HuH(L’i/S(Q))* Hdlvw”szs(Q)

IN

Cllul (2.32)

LILIS(Q))* HQ’Z)HL{’:S(Q,AlTM)'

11



Since C2°(Q, A'TM) — sz/, 50(Q, A'TM) densely and —for the range of indices we are consider-
ing— this latter space is the closure of the former in the Lzl’l_s—norm, we conclude from (2.32) that
Vu belongs to the space (szls,o(Q, AMTM)) = LF [ (Q,A'TM), as desired.

Turning our attention to the last claim in the lemma, it suffices to treat the case when —1+1/p <
s <1 (cf,eg., p.173 in [32] for s > 1). Now, since dim Ker (V; LP(§2)) < oo, the closedness of the
range of (2.31) is equivalent to the validity of the estimate

lullp@) < ClIVullpr (@ airmy + [Comp ull, (2.33)

uniformly for u € LE(£2), where Comp denotes a compact operator on LP(2). In turn, this estimate
localizes so there is no loss of generality assuming that €2 is a bounded, Euclidean Lipschitz domain,
which is starlike with respect to some ball B. In this context, as it follows from the discussion in

the Appendix, if § € C2°(B), / 0 = 1, then there exists a linear, bounded operator J : Lg’O(Q) —
Ll ,0(Q), for 1 < ¢ <oo, —241/q < a < 1/q, such that Jp € C°(Q, A'R?) for any ¢ € C5°(2)
and div Jp = @—9(//@) for any p € C°(Q2). Note that 1/p+1/p' =1and —1+1/p<s<1+1/p
ensures that J : L’i,&O(Q) — Lﬁ)Ls,o(Q)- Then, for any ¢ € C3°(2), we have

[(u, )| < [{u, div Tp)| + [(u, )] (¢, 1)

< [(Vu, 7¢)| + [ Compull ¢l ¢,

< Hvu|’L§71(Q,A1T./\/[)HJ(IOHLﬁﬂ_ (Q,AITM) + HCompuH HSOHLZiISO(Q)

5,0

< CUVullr @ ara + [[Compul])] (2.34)

el @
Since C2°(€2) is dense in Lli/s’O(Q), we see that u € (LIS{LO(Q))* = L2(Q) and (2.33) holds. The
desired conclusion follows. O

For further use, let us point out that the above reasoning also shows that for any distribution
u in the Lipschitz domain €, the following implication holds:

l1<p<oo, s>—-1+ %D and Vu € LP [(Q,A'TM) = u € LE(Q). (2.35)

Now we are ready for the

Proof of Proposition 2.1. Since f € Bffl/p(asz) = (B’fl_’g_l/p,(aﬁ))* with 1/p +1/p/ = 1, and

Tr: IF (Q) — Bf/_”:_l/p, (092), it follows that ® := f o Tr belongs to the space (L"‘fl_s(ﬂ))* =

L% o(©) and satisfies (®,1) = 0. In other words, ® is a bounded linear functional on LZfLS(Q)/R.
In turn, this can be thought of as a closed subspace in r S(Q, A'T M) via the identification u =
Vu. That this works is guaranteed by Lemma 2.2. Thus, by Hahn-Banach theorem, there exists
u € (LZZ,S(Q)) = LP(Q) such that

(u, V) = (@, ) = (f, Tr), Ve Ll (). (2.36)
Choosing ¢ € C2°(2) in the above identity entails divu = 0, so u € H*P(; div) is divergence-free.
Then another look at (2.36) reveals that v - u = f, as desired. ]
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Later on, it is going to be important to extend elements from H*P(Q;div), H*P(;curl) to
distributions in H*P(M;div) and H*P(M;curl), respectively. For the time being, we prove the
following.

Lemma 2.3 Let Q, D be two arbitrary Lipschitz subdomains of M and assume that 1 < p < 00,
—1+1/p<s<1/p. Then

ue H¥P(Q;div), v-u=0 on DNIN = (diva)|p = (&i\v/u)b, (2.37)
u € H*P(Q;curl), v xu=0 on DNIN = (curl @)|p = (curl u)|p. (2.38)
Proof. This follows from (2.25), (2.28). O

While the operator in (2.26) is onto, this is clearly not the case for (2.29). Since the range of
this latter operator is going to be of fundamental importance for us in the sequel, for 1 < p < oo
and —1+4 1/p < s < 1/p, we introduce

THL(0Q) := {f € Bffl(E)Q,AlTM); f =v x u for some u € Hs’p(Q;curl)}. (2.39)

Now, if we define

HEP(Q:div) = {u € H*?(Q;div); v - u = 0}, (2.40)
HP(Q; curl) := {u € H*P(Q; curl); v x u = 0}, (2.41)

(i.e. the null spaces of (2.26) and (2.29), respectively) then, at the level of quotient spaces,

vx : H¥P(Q; curl)/Hi’p(Q; curl) — TH?(09) (2.42)

becomes an algebraic isomorphism. Thus, it is natural to endow the space (2.39) with the norm
for which (2.42) is also topological, i.e.

1 fllzer 00) = inf{HUHL?g(Q,AlTM) + [[eurlull p o array; f=v X u, u€ H?P(Q; CUTD}~ (2.43)

Some of the basic properties of the spaces just introduced are summarized in the following
proposition.

Proposition 2.4 Let Q) be an arbitrary Lipschitz subdomain of M and assume that 1 < p < o0,
—1+1/p<s<1/p. Also, let 1 < p' < oo be the conjugate exponent of p. Then the following hold.

(i) THE(0Q2) is a reflexive Banach space, continuously embedded into Bf’_p (0Q, A'TM).

1
I3

(ii) v x C>®(Q, AlTM)‘89<—> TH?(09) continuously and densely.
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(i1i) The mapping

vx : THY (0Q) —> (THP(9Q))* (2.44)

defined by

(v x f,g) = (curlu, w) — (u, curl w) (2.45)

foruw € H=5P (Q; curl) with f = v x u, and w € H¥P(Q; curl) with g = v x w is well-defined
and bounded, in fact an isomorphism.

(iv) The inverse of the operator (2.44) is v x- : (THE(OQ))" — THli/S(aQ), defined by v x ® := —f
if ® € (THP(O0Q))* is of the form ® = v x f, [ € TH’ils(afl). In particular, we have
(vx)l=—vx-and (vx-)*=—vx- both on the scale (TH?(9S))* as well as on the scale
THE(0Q2). Finally, with the above conventions,

(curlu, v) = (u,curlv) — (v X u,v x (v X v)) (2.46)
for any uw € H>P(Q; curl), v € H‘S’p,(Q;curl).

Proof. That (2.39) is Banach follows from (2.42) and definitions, whereas the fact that (2.39) is
reflexive will be a consequence of (7i).
Going further, (i7) is a direct consequence of the following approximation result:

Vu € HSP(Q; curl) = Ju. € C®(Q, A'TM)

2.47
with ue — u in L2(Q, A'TM) and curl u. — curl u in L2(Q, A'TM). (2.47)

This, so we claim, is valid as long as 1 < p < oo and =14+ 1/p < s < 1/p. In order to see this,
observe that, by using a partition of unity argument, there is no loss of generality to assume that
Q C R3 is a bounded, Euclidean Lipschitz domain and suppu N 9§ is small enough so that it is
possible to construct an open cone I' centered at the origin for which

T+ (0Q Nsuppu) C R\ Q. (2.48)

Next, let ¢ be a smooth, compactly supported function in R3, having integral one and such that
supp ¢ C I'. As usual, set ¢ := e 3p(-e7!) fore > 0, and let U € LE(R3 A'R3) be so that Ulg = u,
suppU C Q. Finally, introduce u. := (¢c * U)|g € C*(9, A'R?). Relying on the boundedness of
the operator (2.21), it follows that u. — wu in L2(Q2, A'R3). Now, if W € L2(R3, A'R3) is such that
Wlq = curl u, suppW C €, then curl U = W + ¥, where ¥ is a distribution supported on 9.
Thus, by (2.48),

supp (X * .) C '+ (0Q Nsuppu) € R3\ Q. (2.49)

Consequently, curl u. = (g * curl U)|g = (e * W)|q — curl u in LE(2, A'R3), once again thanks
to the boundedness of (2.21) for the range of indices we are considering here. This, in concert with
(2.19), justifies (2.47) and finishes the proof of (i).

As for (7i7), it is clear that the map (2.44) is well-defined, linear, bounded and one-to-one. There
remains to shows that it is also onto. With this goal in mind, let § € (TH?(92))" be arbitrary and
consider 0 : H*?((); curl) — R defined by 6(u) := 6(v x u). Via the identification
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H*P(Q; curl) 3 u v (u, curlu) € LP(Q, A'TM) @ LE(Q, A'TM), (2.50)

we can regard H*P((; curl) as a (closed) subspace of LP(Q, A'TM)@®LP (2, A'T M). In this scenario,

the Hahn-Banach theorem and (2.50) allow us to conclude that there exist vy, ve € Y S(Q,ATM)
such that

0(u) = (v1, curlu) — (vg, u), Vu € H¥P(Q;curl). (2.51)

Note that choosing u € C°(Q, A'TM) yields curlv; = vs. In particular v := v; € H~5 (Q; curl).
Utilizing this back in (2.51) gives that 0(v x u) = (v X (v X v1),v X u), for each v which, in turn,
entails v X (v x v1) = 6. Hence, the map (2.44) is onto and this finishes the proof of (iii). Finally,
(7v) is implicit in what we have proved so far. O

An important issue whose discussion is postponed at the moment is whether the space TH?(05)
ultimately depends only on 92 (and not on € itself, as (2.39) may initially suggest). This aspect
will be addressed in §3.3.

2.4 The surface divergence and related operators

In this subsection, we discuss the surface divergence operator. First, at the LP-level with 1 < p < oo,
we set

LY (09) := {f € LP(9Q, A'TM); (v, f) = 0 a.e. on 9Q}, (2.52)
and introduce
Div: LY (09Q) — L, (89), (2.53)
by requiring
/ g (Div f)do = — / (f, Viang) do, (2.54)
o0 [2/9)
for each f € LY (09Q), and g € Lzl’/(é?Q) = (L ,(02))", 1/p+1/p' = 1. A space which is going to
be important for us in the sequel is
L (09) = {f € L}, (09); Div f € LP(99)}, (2.55)

1 < p < 00, which we equip with the natural norm

||f”Lfa’LEiV((‘)Q) = | fllzr@do,armmy + 1DV fllra0)- (2.56)
A closed subspace of (2.55) is

LY2(99) = {f € LL™(99); Div f = 0}. (2.57)
A convenient way to extend the definition of the surface divergence in context of (2.39) is to let

Div : THY(9Q) — BP",(092), 1<p<oo, ~1+1/p<s<1/p, (2.58)
P

act according to

15



Div f := —v - (curlu), (2.59)

if f € TH2(0Q) is of the form f = v x u, for some u € H%P(Q;curl). From definitions, it is
immediate that the operator Div above is well-defined, linear and bounded. Moreover, Div defined
in (2.53)-(2.54) is compatible with Div defined in (2.58)-(2.59).

Another operator of interest for us is

v Vi BY) (00) — THE(0Q), 1<p<oo, ~1+1/p<s<1/p, (2.60)

defined by
(v X Vian) [ == v x (Vu), (2.61)
if f e Bffl_i_s(@@), and if u € L%, () is so that f = Tru on 0Q. Again, one can see that

v X Vian in ?2.61) is well-defined, linear and bounded. Also, from (2.54), we have the factorization

Div = —(v X Vian)® o (v x ). The kernel of the operator (2.58)-(2.59) is the space

TH2*(9) == { f € THE(99); Div f = 0}. (2.62)

Clearly, since curl V = 0, we get from (2.59) and (2.61) that

Divo (¥ X Vian) =0 (2.63)

and, further,

VX Vian <Bf_p1+s(8£2)) C TH?*(90). (2.64)
p

However, a deeper issue is that of computing the indez of the inclusion in (2.64); we plan to address
this, along with other related problems, in the next section.

3 Fredholm first order differential operators

The main aim of this section is to identify certain convenient functional analytic settings in which
some of the (first order, differential) operators introduced in §2 become Fredholm. We start by
reviewing some concepts and results from algebraic topology.

3.1 Singular homology and sheaf theory

For a topological space X, we set Hfing(X;R) for the ¢-th singular homology group of X over the
reals, ¢ = 0,1, ... (cf., e.g., [38]). Then by(X), the {-th Betti number of X, is defined as the dimension
of Hfmg(z‘(; R). As is well known, by(X'), £ = 0,1, ..., are topological invariants of X'. In fact, by(X')
is simply the number of connected components of X. The most important case for us is when X is a
Lipschitz subdomain € of the (three dimensional) manifold M, or its boundary. Then by(£2), by (02)
are all finite, nonnegative integers and, according to Poincaré’s duality theorem, by(9Q2) = bo(0€2).

Next, we include a brief synopsis of some basic terminology together with some fundamental
results from sheaf theory. Recall that a sheaf F on a topological space X is a double collection

{FU), p¥}vcuca, indexed by open subsets of X, such that:
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1. For each U open subset of X', F(U) is a vector space (over the reals) whose elements are
called sections of F over U,

2. For each pair V' C U of open subsets of X, we have that p{ : F(U) — F(V) is a vector space
homomorphism, called the restriction map, subject to the following two axioms. Firstly,
p¥} is the identity homomorphism of F(U), for any open set U. Secondly, for any triplet
W CV CU of open sets in X,

Py = PV o piy- (3.1)

In order to lighten notation, for each w € F(U) and any V' C U open, we may write w|y in
place of p{/(w). By virtue of (3.1), this is without loss of information.

3. For each U, open subset of X', any open covering {U;};c; of U, and any family {w;}ier,
w; € F(U;), satisfying the compatibility condition

wilu,nu; = wilu;nu,, for any i,j € 1 (3.2)
there exists a unique section w € F(U) such that w|y, = w; for any i € I.

Given two sheaves F, G over X, a sheaf homomorphism ¥ : F — G is a collection of vector space
homomorphisms {¢(U) : F(U) — G(U)}ucx, indexed by open subsets of X, which commute (in a
natural way) with the restriction mappings. We define supp (1) as the smallest closed set outside
of which 9 is the null sheaf homeomorphism.

A sheaf F over X is said to be fine if for each open, locally finite cover {U; };c; of X there exists
a family of sheaf homomorphisms 9; : F — F, ¢ € I, such that

supp (¢;) C U;, Vi eI, Zﬁi = identity . (3.3)

Next, assume that FO, F', ... are sheaves over the topological space X and that, for £ = 0,1, ...,
the mappings ¥y : F¢ — F1 are sheaf homomorphisms. Then

) 91 2

0 FY F? e (3.4)

is called an exact complex provided the following two conditions are true:

f‘l

1. (the complex condition) ¥g4q 09y =0 for £ =0,1,...;

2. (the exactness condition) for each fixed index ¢ = 1,2,..., each point zy € X, each open
neighborhood U of 29 and any section w € F*(U) such that 9,(U)(w) = 0, there exist V C U,
open neighborhood of x, and a section w’ € F*~1(V) for which 9, 1(V)(w') = w]y.

To each sheaf F over a topological space X one can associate the so called cohomology groups
H (X;F), £ =0,1,.... For a precise definition as well as for more extensive discussion we refer the
reader to, e.g., [66], [25]. In this respect, two results are going to be of basic importance for us in
the sequel. To state the first one, for each open set O C X consider

R :={f: O — R; locally constant function}, (3.5)

and introduce the sheaf of locally constant functions on X
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LCFy = {]R@} (3.6)

O open in x°

Then, for any reasonable topological space X, the ¢-th cohomology group of LCFy is isomorphic
to the H. _(X;R), the classical (-th singular homology group of X over the reals.

sing
The other result referred to above is the deep theorem of de Rham which we present below in
an abstract form, well suited for our purposes.

Theorem 3.1 (The Abstract de Rham Theorem) Let X be a Hausdorff, para-compact topo-
logical space, and let F be a sheaf over X. Also, let L2, L, .. be fine sheaves over X and, for
0=0,1,..., let 9 : L* — L be sheaf homomorphisms such that the following is an exact complex:

Yo Y1 2

0—— F < L0 cl L2 e (3.7)

(hereafter, v denotes inclusion). Then

HY () = Ker (0 : LY(X) — LX)

T Im (Up_y : LON(X) — LEX)) (=1,2,.. (3.8)

See [66], Theorem 5.25, pp. 185 for a proof; cf. also [22].

3.2 The calculation of the index: boundary operators

Here we prove that, when considered between appropriate spaces, Div and v X Via, are Fredholm
operators with indices depending exclusively on the topology of Q (and its boundary). We debut
with the following theorem.

Theorem 3.2 Assume that € is an arbitrary Lipschitz domain in M and suppose that 1 < p < oo,
—1+41/p<s<1/p. Then

TH?(99)

‘e p.p
Div : THP(00) — BS_%@Q), (3.9)
v X Vian : Bffs_l(aﬁ) — TH??(09), (3.10)

are Fredholm operators with indices —bo(082) and bo(082) — b1(0N2), respectively.

Proof. First, we localize the definition of Div. More specifically, if 1 < p < oo, —1+1/p < s < 1/p,
for U an arbitrary, fixed open subset of 92, we define THZ(U) as the subspace of functions f locally
belonging to BPP(U, A'T M) and which enjoy the following property: for each x € U there exists
u € HP(Q;curl) such that f and v x u coincide in some open neighborhood of x in U. Clearly,
each TH?(U) is an additive Abelian group and also a module over Lip(9f2), the algebra of Lipschitz
functions on 9. It follows that the family TH? := (TH2(U))y, indexed by open subsets in 02,
is a sheaf on the topological space 0. Given its local character and the existence of a (smooth)
partition of unity, this sheaf is fine.

We shall also work with the fine sheaf BPP := (BPP(U))y, again indexed by open subsets U
of 09, and where 1 < p < o0, 0 < |s| < 1. This time, the group BEP(U) is the collection of
distributions f € (Lip(99))* such that fp € BPP(9Q) for each ¢ € Lip(M) with 9QNsupp ¢ C U.
Thus, if -1+ 1/p<s<1/p, 1 < p < oo, we can then define
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Div : THY(U) — BY?, (U) (3.11)

by setting Div f := —v x curlu near x € U, if f € TH?(U) is locally given by v A near z, for some
u € H*P(Q; curl). In the same context, we can also introduce

VX Vian : By, (U) — THE(U) (3.12)

by asking that (v x Vian)g := v x (Vw) near x € U, if g € Bffs_l/p(U) is locally given by Trw
near z, for some w € L¥_ ().

Going further, observe that we have a natural sequence of sheaf morphisms

vX Vian

Di
Py Ly — THE —— BPP ——0. (3.13)

1+s—1/p
Here LCFyq stands for the sheaf of germs of locally constant functions on 0f2, and ¢ is the natural
inclusion operator.

Since Div o (¥ X Vian) = 0, the above is a complez. In fact, so we claim, (3.13) provides a fine
resolution of the sheaf LCFgqn. The essential ingredient in the proof of this claim is the acyclicity
of the complex (3.13). Granted this, de Rham’s theorem applies to our context and gives that

0 —— LCFpq —— B

TH°(5S2) . BYY ,(09) )
2 ~ gl (OR), P~ 2 (90 R), (3.14)
v X Vian(BYT,_, ,(09)) g Div(TH?(09)) g

for each 1 < p < oo and —1+ 1/p < s < 1/p. With this at hand, we may conclude that the
operators (3.9)-(3.10) have finite dimensional kernels and cokernels. To show that they also have
closed ranges, we rely on a general functional analytic result (perhaps folklore), to the effect that
if T : Dom (T) C X — Y is a closed operator between two Banach spaces, with the property that
Im T, the image of T, has finite codimension in Y, then ImT is a closed subspace of Y.

Thus, we are left with proving the acyclicity of the sheaf (3.13). It is not hard to see that this
is equivalent to the following two claims:

V, € 00N and for any f € BP,  (9Q) =

: s=1/p (3.15)
Ju € H¥P(Q; curl) with v - curlu = f near z,,
and
VYV, € 002 and u € H*P(§; curl) with v - curlu = 0 near z,, (3.16)

= Jp e LI (Q) so that v X u = v X (V) near .

Consider first (3.15). Since the statement is local, there is no loss of generality assuming that
Joq fdo = 0. In this context, Proposition 2.1 works and gives some w € H*P(§);div) such that
divw =0in Q and f = v-w on 0. Let now D C Q be a sufficiently small Lipschitz subdomain so
that 0D NI is an open neighborhood of z, in 9f). Furthermore, we can assume that the Poincaré
type results proved in the Appendix are valid on D. This plus an application of the Hodge star
isomorphism, and in concert with (2.35), then give that there exists u € L H(D,AITM) —
H?*P(D;curl) such that curlu = w|p. In particular, v - curlu = v - w = f near z,, which justifies
(3.15).

As for (3.16), assume that v € H*P(§; curl) satisfies v - curlu = 0 near z, € 0§2. Fix now a
suitably small Lipschitz domain D in M such that z, € D and, in fact, v - curlu = 0 on D N 9.
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Lemma 2.3 and (2.18) ensure that (m)b € H%P(D;div) and div (c/u_\rl/u)|p = 0. Going further,
the Poincaré type results —with preservation of smoothness and support— proved in the Appendix
(together with an application of the Hodge star operator) give, much as before, that there exists
w € L (D,A'TM) with suppw C D N Q such that curl u = curlw in D. Thus, Trw = 0 on
D N oRQ so that, further,

vxw=0 on DNIK. (3.17)

Observing that curl (u —w) = 0 in D N Q and, once again appealing to the results proved in the
Appendix, yields that there exists ¢ € L§+1(D NQ) with u —w = Vi in DNQ. Hence, by invoking
(3.17), we see that v x u = v x (V) near x,, which proves the claim (3.16). O

Theorem 3.3 Assume that € is an arbitrary Lipschitz domain in M. Then, for each 1 < p < 00,
the operators

LPPY(00)
tan

are Fredholm with indices —by(0) and bo(0Q) — b1 (0), respectively. Also, for 1 < p < oo, the
operator
Lr (09)
Div : tan
VTP (90)

tan

— L7, (09) (3.19)
is Fredholm with index —by(0).

Proof. Once again, the treatment of the operators (3.18) relies on a convenient application of
de Rham theory (cf. Theorem 3.1). The arguments closely parallel those in the proof of Theorem 3.2
and are somewhat simpler since, this time, the necessary Poincaré lemma is at the level of LP spaces;
cf. Appendix. We omit the details of this step.

Consider next the operator in (3.19). Clearly, this is one-to-one. To compute its range, ob-
serve that it suffices to consider the situation when the original domain is replaced by the space
LV (0) /v X Vian (LY (0€)). Assuming that this is the case, we claim that Div in (3.19) factorizes
as

) LY (08) ® WxVian)*  (LI0Q) "
Div : tan — (LL2(09))" 1 3.20
where 1/p+1/g =1, and @ is the operator defined by
@(1).9) =~ [ (wx1.g)do (3.21)
for any
LP (09
[f] € 1 (0€) g € LES (09). (3.22)

v X Vian (L1(09Q))’

Note that @ is well-defined since, by (2.54), the right side of (3.21) always vanishes when one pairs
elements of the form f = v X Vianh, for h € LY (9Q), with g € LE (99).

tan

To justify the factorization (3.20), for f € LY (92) and g € L(9N2) we write

tan
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OV lg) = = [ (. Viang) do = (@([f1).1 X Tiang)

= (v X Vian) " ®([f]), [9]), (3.23)

i.e., Div = (v X Vian)" o @, and (3.20) is proved.
Next, we claim that ® is surjective. To see this, fix an arbitrary functional £ € (LLS(09Q))". By

tan
Hahn-Banach’s extension theorem and Riesz’s representation theorem there exists f € LY (9Q)
which satisfies £(h) = [y (f, k) do for any h € Ly, (0R2). Thus, ® sends [—v X f] into £ and, hence,
® is onto.
We now examine the second arrow in (3.20). Recall the definition (3.6). Thanks to what we

know already from the first part of the current theorem, the operator

q
Lo | LE%(09) (3.24)
Rag
is one-to-one and Fredholm. Thus, its adjoint is onto.
Combining all these facts, we see that the image of Div in (3.20) is (L1(99)/Raq)*, i.e. the
space {f € L 1(99Q); (f,x) =0, Vx € Ran}. The desired conclusion follows. O

Vv X Vtan:

3.3 An intrinsic description of the tangential Sobolev spaces

The aim of this subsection is to provide an alternative description of the space (2.39) which is
intrinsic, in the sense that it only depends on p, s and 99 (and not on  itself). The starting point
is the following Fredholmness result.

Proposition 3.4 Let Q C M be an arbitrary Lipschitz domain, and assume that 1 < p < 00,
—1+1/p < s<1/p. Then the operator

v X Vean : BYF 0 (09) — BYY) /p(aQ,AlTM) (3.25)

has closed range and finite dimensional kernel; in particular, it is semi-Fredholm.

Proof. We shall show that (3.25) is bounded from below, modulo compact operators. Given that
we are dealing with a first-order differential operator (so that the commutator between this and
multiplication by a smooth cut-off function is a compact mapping in the current context), makes
this particular problem local in nature so there is no loss of generality in assuming that ) has

trivial topology. In this latter context, the proof of (3.15) shows that if g € (Bﬁ”_pl/pﬂ(ag)))* =

BYP (02), 1/p+1/p’ =1, is such that (g,1) = 0, then there exists u € szlfs(ﬂ, AT M) so that

—s—1/p’
v-curlu = g and Hu||L11,/ = Cllgll Thus, if f € Bf’fl/pﬂ(a(l) is arbitrary and

(@AM BYY L 09)
¢ e L¥, () is so that Tr$ = f, we may write

(f,9) = (f,v-curlu) = (Vé,curlu) = (v X Vian) f, Tru). (3.26)

Consequently, for each g as above,

(L < Ol x Vian) fllgre | @antranllgllsre o)) (3.27)
s—1/p

s—1/p+1

which, since g is arbitrary, further entails
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IfllBre  (@oym < Cll(v X Vtan)f”Bgfl/p(aQ,AlTM)- (3.28)

1/ +1

Thus, v X Vian : Bs’_l/p+1(8§2)/R — BPP 1 (09, A'T M) is bounded from below, which proves

that the operator (3.25) has closed range. Since its kernel is precisely Rpq, the claim in the
proposition follows. O

Proposition 3.5 For any Q@ C M, arbitrary Lipschitz domain, and any indices 1 < p < oo,
—14+1/p < s < 1/p, the space THP°(0R) is closed in B‘:’_pl/p((‘)Q, AT M). In particular, the norms
|+ [l7ar @00y and | - ||Bp P (@QAITAM) T equivalent on THP°(08).
Proof. The first claim follows from Proposition 3.4 and the first isomorphism in (3.14), in concert
with a general functional analytic result, according to which if X, Y are subspaces of a larger
Banach space Z so that X is closed and Y /X is finite dimensional, then Y is also closed. In turn,
this can be readily handled using the fact that the sum between two subspaces of a Banach space,
one of which is closed while the other is finite dimensional, is always closed.

As for the last claim in the proposition, we may use the fact that if X, Y are Banach spaces
so that the inclusion X — Y is continuous with closed range, then || - ||x =~ || - ||y on X (itself, a
simple consequence of the Inverse Mapping Theorem). O

Theorem 3.6 Consider Q0 C M an arbitrary Lipschitz domain, and assume that 1 < p < 00,
—1+1/p<s<1/p. Then

| fllzer 00y = ||f||B§f1/p(aQ,A1TM) + [|Div fHBf’_pl/p(BQ)a (3.29)
uniformly for f € THP(0Y). Thus, by (ii) in Proposition 2.4, the space THP(0Q2) can be described as
the completion of v x C®°(M, AT M)|aq in the norm f HfHBpp o TM) T | Div f||Bpp (09)-

Proof. The left-to-right inequality in (3.29) is straightforward from definitions, so we concentrate on
the opposite one. To this end, given the local character of the problem, we may assume that €2 has
trivial topology. With this in mind, for an arbitrary f € THP(0Q), the proof of (3.15) shows that we
can find w € LY (Q, A'T'M) so that v - curlu = Div f and Hu||Lp (@atra < C|Div fHBpp (09)-

In particular,

v < ullgrr, oanrray < Cllv X ullzaraa)
< Ollull grsp@icury < C|Div fHBffl/p(aQ)- (3.30)
Next, introduce ¢ := f + v x u € THP(09) so that, in fact, f € THP°(0Q) as Div f = 0. We may

therefore write || fllrxra0) < 9llrmr@a) + |V X ullrgraq)- On the other hand,

[/l 77 00) = H@Z)HB“’ L(OQAITM)
< C(HfHB“’ et T lv % UHB“’/ (OQATM))> (3.31)

where the first equivalence is provided by Proposition 3.5. All in all, the right-to-left inequality in
(3.29) follows, and the proof of the theorem is finished. O
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Building on Lemma 2.3, we are now in a position to prove an extension theorem similar in spirit
to known results in the case of ordinary Sobolev spaces. In the latter case, there holds
LE(Q) = LE(M)|q whenever 1 <p <oo, —1+1/p<s. (3.32)

See [64] for a discussion.

Corollary 3.7 Assume that Q C M is a Lipschitz domain and 1 <p < oo, =14+ 1/p < s < 1/p.
Then

H?P(Q;curl) = HP(M;curl)|q  and H*P(Q;div) = H*P(M;div)|q. (3.33)
Proof. Set 0, := Q and Q_ := M\ Q. It follows from Theorem 3.6 that

THP (99, ) = TH?(09_) (3.34)

in the sense that they coincide as sets and their respective norms are equivalent. In particular, if
u € H%P(Q;curl) then there exits v € H*P(Q_;curl) with v x u = v x v. Using (2.22) and the
distributional definition of curl, it is then straightforward to check that curl(a—v) = curl u — curl v
on M. Thus, U := 4 — 0 € H¥P(M;curl) is the desired extension of u, in the sense that Ul = u.

The case of the divergence operator is similar and simpler since, this time, we invoke Proposi-
tion 2.1 in lieu of Theorem 3.6. O

3.4 The calculation of the index: domain operators

This is a continuation of the theme in §3.2 except that the current focus is on the operators curl,
div. Our main result is as follows.

Theorem 3.8 Assume that S is an arbitrary Lipschitz domain in M and suppose that 1 < p < oo,
—1+1/p <s<1/p. Then the operator

~ H®P(Q; curl)
V(L2 ()
is Fredholm with index by (2) — ba(2). Moreover, the operator

curl — {u € H*P(Q;div); divu = O} (3.35)

H#P($); div)
v : ’ — LP2(Q .
div: — o (€ curl) £(Q) (3.36)

is also Fredholm, with index ba(€2) — bo(Q2).

Proof. Consider the sheaf H>?| on the compact topological space 2 which, informally speaking,
consists of distributions which, together with their curls, are locally in L. In rigorous terms,

this is defined as follows. For each open set O C M, the group H>? (O N Q) consists of (1-form
valued) distributions uw in O N with the following two properties: (i) pu € H*P(QO;curl) for any
p € C(0),if O C Q, and (ii) for each z, € 92 N O there exists w C O, open neighborhood of z,,
along with U € H*P(w; curl), so that Ul,na = u|wng. Due to the local nature of these conditions,
the sheaf we have just constructed is fine (in the sense of §3.1). Analogously, we define the fine
sheaf H}P.

Finally, for —1+1/p < s we introduce the sheaf L} |, by defining the group L7, .(ONQ) as the

collection of all distributions u in O N Q such that: (i) pu € L2(O) for any p € C(0), if O C
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(ii) for every z, € 9Q N O there exists w C O, open neighborhood of z, and some U € LE(w) so
that Uluno = u|wna. Again, this is a fine sheaf.
These sheaves naturally give rise to the complex

v 1 div
0 —— LCFq —— P 2 Ay RNy

s+1,loc curl s,loc

0 (3.37)

which, by the versions of Poincaré’s lemma discussed in the Appendix is exact. In order to continue,
it is important to observe that, thanks to Corollary 3.7 and (3.32), the global sections in L lloe
HP, HIY, LY are, respectively, L7 (), H>P(Q; curl), H*P(Q;div) and LE(Q2). Consequently,

by Theorem 3.1,

{u € H*P(Q; curl); curl u =0} ~b(Q),  dim {u € H*P(Q;div); divu = 0}
V(L€+1(Q)) ’ curl H$P(£; curl)

dim

= ba(Q2).
(3.38)
At this stage, the desired conclusion about (3.35) follows from (3.38). The case of div is similar. O

We conclude this section with a corollary of the above theorem, whose relevance is most apparent
in §8. To state it, consider the realization of curl as a closed, unbounded operator on L2(2, A'T M),
ie.

curl : L2(Q, A'TM) — LE(Q, A'TM), Dom (curl) := H*P(; curl). (3.39)
Proposition 3.9 Assume that Q C M is a Lipschitz domain and 1 < p < oo, —1+1/p < s < 1/p.

Then the operator (3.39) has closed range. Its adjoint is

(curl)* : P (U A'TM) — LF (L ATM),  1/p+1/p =1, (3.40)
Dom (curl)* = H;*¥ (Q;curl), (curl)*u = curlu, Yu € H;*? (Q;curl). '

In particular, the operator (3.40) has a closed range as well.
Proof. The fact that the operator (3.39) has closed range follows from Theorem 3.8, given that
{u € H*P(;div); divu = 0} is a closed subspace of L2(Q, AYTM).

That (3.40) is the dual of (3.39) is a consequence of (2.46). Finally, the last part in the statement
of the proposition follows from what we have proved so far and standard functional analysis (cf.
[35], [22]). O
4 Scalar layer potential operators
For an arbitrary, fixed V"> 0, V € L* (M), the operator

A—V:L3M)— L* (M) (4.1)

is invertible provided V is not identically zero (cf. [46]). When V = 0, then A~! should be
understood as

A7 {ue L2 (M); (u,1) = 0} — L3(M)/R. (4.2)
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In either case, we denote by Ey (z,y) the Schwartz kernel of (A — V)~1. Tt follows that Ey (y,z) =
Evy(z,y). Also, it has been proved in [47] that in local coordinates in which the metric tensor is
given by > gjrdzr; ® dxy, we have the asymptotic expansion

Ey(z,y) = (det(gjx(y))) " *[eo(x — y,y) + ex(z,y)], (4.3)

where the main term is given by

_ -1/2
eo(z,9) = —(4m) " (X gnw)zz) (4.4)
and the remainder satisfies
ViViei(z,y)| < Clz—y[ 77", 0<j k<1 (4.5)

Next, for € arbitrary Lipschitz domain in M, introduce the single and double layer potential
operators, by

Sef@) = | Bvlepf@do, a0, (46)
_ [ 9&v
Duf@) = [ G S de,  ago0 (1.7)
The boundary versions of these operators are
Sy f(x) = /8 By@y)f@de,,  weon, (4.8)
o OEy
Ky f(x) :=p.v. /89 a—yy(x,y) f(y) doy, x € 09, (4.9)

where p.v. indicates that the integral is taken in the principal value sense (i.e., removing small
geodesic balls and passing to the limit). Moreover, we denote by K7, the formal transpose of Ky
and by IIy the volume potential associated with A — V' i.e.

My u(z) = / / Bv(e.y)u(y)dvol,,  w e (4.10)

Some of the main properties of the operators above are collected in the theorem below; for
proofs, the reader is referred to [40], [47], [48]. To state this result we need one more piece of
notation. Specifically, if u is defined in €2, then A (u), the nontangential maximal function of u, is
defined at boundary points by

N(u)(z) :=sup{lu(y)| : y €v(2)},  2€09, (4.11)

where for some fixed, large k = k(9€2) > 0 and each z € 91, the nontangential approach region is
defined by

v(z) = {y € Q; dist (y,z) < kdist (y,002)}. (4.12)

Cf. [14], [65], [46] for more details. Here, we only want to mention that all restrictions to the
boundary of 9€) are taken in the pointwise nontangential sense. That is,

x) = lim  u(y), x € of. 4.13
’39 yey(z), y—= 9 (4.13)
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Theorem 4.1 Let Q C M be a Lipschitz domain. Then, for each potential V>0, V € L*®(M),

My : L2(Q) — L2, 5(Q), 1<p<oo, —1+1/p<s<1/p, (4.14)
is well-defined and bounded. Also,
Sy LV,(09) — BV, (@), Dy LE(OQ) — BII(9), (4.15)

are bounded operators for each 1 < p < oo, 0 < s < 1. Hereafter, pV 2 := max {p,2}. Moreover, if
1<p<ooand0<s<1, then

Sy : BP2(0Q) — Bg’§+1+1/p(Q), Dy : BPP(0Q2) — Bffl/p(Q), (4.16)

are also bounded operators. In fact, the same conclusion applies to

Sy : BPP(0Q) — L’isHH/p(Q), Dy : B2P(0Q) — L§+1/p(§2), (4.17)
provided 1 < p < oo and 0 < s < 1. Also, for 1 <p < oo,
IN(VSy H)lleoa) + IN(Dy )l r@aa) < COQ, )| fllr00), (4.18)

uniformly for f € LP(@9), while [VN(Dyg)llison) < COp)gl 30, wniformly for g €

LR (0R). Neat, for each 0 < s <1, 1< p < oo, the operators

Ky : LP(89) — LP(992),
Kb 2 L2 (99Q) — LV (9), (4.19)
Sy 1 LP (0Q) — L_ (9Q),

are well-defined and bounded, and so are

Ky : BPP(9Q) — BPP(0Q),
K} : BPP(0Q) — BPP(09), (4.20)
Sy : BP2(0Q) — BYP (09),

for0<s<1,1<p<oo. Also, with Qy :=Q, Q_ := M\ Q and 0, denoting the boundary normal
derivative,

WSv flaq, = (:F%I + Ky) f,
Dy flon, = (£31 + Kv)f, (4.21)
SVf|BQi = SVfa

for each f € LP(0Q), 1 < p < 0.
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Consider next the (regular) Dirichlet problem for the Laplace-Beltrami operator,

Au=0in Q, N(Vu) € LY(9N), ulpq = f € LI(09), (4.22)

as well as the corresponding Neumann problem with LP boundary data

Au=01nQ, N(Va) € LUOQ), dyu= f € L),
<f7X|89> = 0’ <U7X> = 07 VX € RQ

Following the work in [65], [14], it has been shown in [46]-[49] that (4.22) and (4.23) can be solved
in the form

(4.23)

u="Dy[(3I+Ky) 'f] and u=38y[(—3I+ K{) ' f], respectively, (4.24)

if 1 < q<2+e¢ for some e =¢(Q) > 0. Here, we can take any V € L*°(M), V > 0, not identically
zero in each component of _, and such that supp V N Q = (). In this connection, two parameters
which are going to play an important role for us in the sequel are

qq := the supremum of all ¢’s for which both

, (4.25)
(4.22) and (4.23) are well-posed in Qg

and

pq := the Holder conjugate exponent of ¢q. (4.26)

Our next theorem in this section deals with invertibility results for the harmonic layer potential
operators on Sobolev-Besov spaces. For each Lipschitz domain Q2 C M, let Pq be the subregion of
the unit square [0,1] x [0, 1] in R? consisting of points with coordinates (s, 1/p), where 0 < s < 1
and 1 < p < o0, satisfy either of the following three conditions:

pg<p<(1—%)*1 and 0<s<1;

1<p<pqg and —%<s<1; (4.27)

S

11 2 2
(I-55) <p<oo and 0<s< 4= -1

Theorem 4.2 Let ) be an arbitrary Lipschitz domain in M. Then, for each s,p as in (4.27), and
with 1 < p’ < oo denoting the conjugate exponent of p, the operators

(1) £31 + Ky : BYP(9Q) — BEP(0Q),
(2) 11+ K3 - BY ¥ (09) — BY Y (092),
(3) Sy« BYY (09) — B (09),

are Fredholm, of index zero. Moreover, if

I
—_

(4.28)

ST
e

then so are

(4) £31 + Ky : LE(092) — LP(99Q2),
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(6) £51+ Ky, - LV, (09) — L7 (09),

(6) Sy : L” (09) — LF_(99).

Furthermore, assuming that V> 0 on a set of positive measure both in each connected component
of Q, as well as in each connected component of M\ €, then all the above operators are in fact
isomorphisms. In particular, that is the case when V is a positive constant.

Proof. We shall only outline the main steps. Let us first assume that V > k > 0 on M. From
the definitions (4.25)-(4.26) and jump relations, it follows that for s € {0,1} and po < p < gq the
operators (4) — (6) are bounded from below. In fact, by virtue of Proposition 4.3 below and the
theory for p near 2 from [47], these operators are actually isomorphisms for the range of indices
under discussion.

The next step is to consider the action of the operators in question on atomic Hardy spaces.
To this end, recall that ¥ € L>(99Q) is called a %, (09Q)-atom if suppd C B, (z,) N O for some
T, € 00, 0 <7 < diamQ, and [o9do = 0, [|[9]1~@q) < r=2/P. Now, f is said to belong to
9L (0Q) provided it can be written in the form

f= Z)\jﬁj, ¥; atom, Z AP < o0. (4.29)

We also introduce

| Fllse, ony = imf {OZIA)P5 £ =7 0095, 0, atom . (4.30)

This corresponds to the approach in [8] considering 92 equipped with the measure do and the
geodesic distance as a space of homogeneous type. Then we can set

2t (09) 1= 95,(09) + Roq = H7,(0Q) + LI(9Q), Vg€ (1,00, (4.31)
and equip it with the natural quasi-norm. The space b2, (9Q) is “local” in the sense that, under
the action f +— ¢f, it is a module over BX>°(91), for any 2/p — 2 < s < 1. As is well known, if
2/3 < p <1 then b2, (99Q) is only a quasi-Banach space and

(h2:(092))" = By, ™, (09)). (4.32)

Next, a (regular) ﬁ;;p(ﬁﬁ)—atom, for 2/3 < p < 1, is a function ¥ € Lip satisfying supp ¢ C
By(1,) N 0Q for some z, € I, r € (0,diam ], and ||[Gan?||r=@00) < 7~2/P. Then the space

Sﬁigp (09) is defined as the ¢P-span of (regular) atoms, and is equipped with the natural quasi-norm
Il - Hﬁl,p(aﬂ). The crux of the matter is the existence of a finite constant C' = C(92) > 0 such that,
at

whenever (A —V)u =0 in , then

1/p .
([ WP de)™" < Cmin{l0,ully, o0 « Il g1 o0, (4.33)
as long as
=43 '<p<lL (4.34)

A proof of (4.33) when 1 —e < p < 1, for some small € = £(9€2) > 0, can be found in [47] which,
in turn, builds on [14]. This type of result is true in all space dimensions. For three-dimensional
Lipschitz domains, the more precise form of the range of p’s for which (4.33) holds, claimed in (4.34),
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can be obtained by reasoning as in Proposition 3.2 in [43] (cf. especially the estimate (3.30) loc.

cit.), where the estimate (faQ N (Vu) P da) 1 < Cllullgrr(aq, is derived in the two-dimensional
case. The range (4.34) follows by carefully keeping track o%thow the critical Dirichlet exponent, pq,
(referred to as 2 — ¢ in [43]) intervenes in Proposition 3.1 of [43], and by keeping in mind that, in
the present setting, the ambient space is three-dimensional. No essentially new ideas are otherwise
required to carry out this computation. It should, however, be noted that [43] has been inspired
by the fundamental work in [15] where the case of the three-dimensional Lamé system is treated.

Next, (4.33)-(4.34) readily imply that [0y ullgr 90y = HquJi;p(aQ) if (A—V)u=0andpisasin
(4.34). Utilizing this for u expressed as single and double layer potentials (considered both in Q4
and Q_) leads, in concert with the jump relations (4.21), to the conclusion that

11+ Ky 9,7(00) — 9527 (09),
+11 4+ K7 : b5 (09) — b (09), (4.35)
Sy : b2, (89) — HLP(0Q)

are bounded from below, provided p is as in (4.34). At this point, Proposition 4.3 below applies
and gives that the operators in (4.35) are in fact isomorphisms. Then, interpolation between (4.35)
with p = 1 and the operators (4) — (6) with s € {0,1}, pa < p < gq yields the range (4.28).

Passing from atomic Hardy spaces to Besov spaces is then accomplished by taking Banach
envelopes, a concept which we now briefly recall. In general, if X is a quasi-Banach space with a
separating dual, then the completion of X in the Mackey topology (i.e. the strongest locally convex
topology on X which produces the same topological dual as the original topology on X), is denoted
by X and is called the Banach envelope of X. A key property is that, for a linear and bounded
operator, the quality of being an isomorphism is preserved by applying “hat”. Quite recently, it
has been proved in [39] that if & C M is a (three-dimensional) Lipschitz domain then

—

P(09) = By, (00),  olr(om) =B, (00),  Vpe(2.). (4.36)
This and duality then gives that
i%[%—KV 3 2/ (0Q) — 3 2/ (09),
+1i1+ Ky B3, (09) — Byn™,(09), (4.37)
Sy : B 2 2/ (0Q) — 3 2/p(8(2)
SV ( 3— 2/p(8Q)) 2/p 2(89)

are isomorphisms, as long as p is as in (4.34). Then the full range (4.27) is covered based on what
we have proved so far and interpolation.

Finally, for general V' > 0, the Fredholmness of the operators (1) — (6) is a consequence of what
we have just proved and (4.3)-(4.5). O

Here is the auxiliary result used in the proof of Theorem 4.2.

Proposition 4.3 Let T : X9 — Yy be an operator acting on two complex interpolation scales of
quasi-Banach spaces {Xp}to<g<1, {Yo}to<o<1, with the property that Uycg1 Xy and Ugcg<1Yy are
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rich, in the sense of [34] (this latter property is automatically satisfied for Banach spaces). Also,
suppose that either T' is onto, or injective with closed range, for each 6 € (0,1), and that there
exists 0, € (0,1) so that T : Xy, — Yy, is an isomorphism. Then, T : X9 — Yj is an isomorphism
for any 0 < 0 < 1.

Proof. This is a version of Theorem 2.10 in [34]. O

Recall that Pg refers to the region described as the collection of points (s, 1/p) whose coordinates
satisfy either of the three conditions in (4.27). Much as in [20], [48], from Theorem 4.1 and
Theorem 4.2 we have the following immediate corollary (extending work in [32]).

Corollary 4.4 Let Q C M be an arbitrary Lipschitz domain. Then for each point (s,1/p) in the
region Pq the Poisson problem with Dirichlet boundary condition

u € L§+1(Q)’ Au=f¢€ LZ+l—2(Q)’ Tru =g € BYP(0Q), (4.38)
is well-posed. Moreover, if 1/p+1/p' =1, then
well , (), Au=fe (L§+l(9))*, dyu =g € BYY (9Q), (4.39)

P

is uniquely (modulo locally constant functions) solvable if and only if (f,x) = (g, Trx) for any x
locally constant function in €.
In each case, natural integral representation formulas are valid for the solutions.

We close this section with a simple but useful observation. To state it, recall the region Rq
introduced in (1.1). It is then straightforward to check that

(s —1/p+1,1/p) belongs to the interior of Py <> (s,1/p) € Rq. (4.40)

5 Vector layer potential operators

In this section we take up the task of introducing and studying layer potential operators at the
next level up in the hierarchy of differential forms on M.

5.1 The fundamental solution of the Hodge-Laplacian

Recall from §2.1 the Hodge-Laplacian A on 1-forms, and let V' > 0 be a bounded, scalar-valued
function. Under the current assumptions,

A—V:L3M,ATM) — L% (M, A'TM) (5.1)

is a bounded, negative, formally self-adjoint operator, which is invertible whenever V is not iden-
tically zero. In fact, the same is true for V' = 0 if and only if b;(M), the first Betti number of M
vanishes.

From now on, unless specifically mentioned otherwise, we shall assume that V' # 0. In particular,
A —V in (5.1) has an inverse, (A — V)~!, whose Schwartz kernel, I'y(x,y), is a symmetric double
form of bidegree (1,1). In local coordinates I'(z,y) satisfies (cf. [40])
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~1/2
1
Ty(z,y) = Py s (]Zk 9ik(Y)(xj — yj) (k. — yk))

X Z 9ap(y)dre ® dys + a less singular term. (5.2)
a,B

The fact that the Laplacian commutes with curl and div gives, at the level of Schwartz kernels
(recall that Ey (x,y) is the kernel of (A — V)~! on scalar functions), the identities

div,(I'v(z,y)) = =Vy(Ev(z,y)) + a residual term, (5.3)
curly(I'y (z,y)) = curly(I'y(z,y)) + a residual term. (5.4)

In each case, the residue is a double form Ry (z,y) satisfying

Ry € Cf (M x M\ diag) U {(z,y) : = & supp VV}),
IVIVERy (z,y)| < Clz —y[ 77", 0<j k<1 (5.5)

We shall occasionally also use Ry to denote a generic integral operator with kernel satisfying similar
properties to Ry (z,y). An important observation (used frequently in the sequel) is that Ry = 0
whenever V is a constant potential.

5.2 The single layer and volume potentials on forms

Once again, for a nonnegative, non identically zero V' € L>°(M), we let 'y (z,y) be the Schwartz
kernel of (A — V)~! when acting on 1-forms. Then, if Q C M is an arbitrary, fixed Lipschitz
domain, we denote by Sy the single layer potential operator on 92 with kernel I'y (x,y). That is,

Svf@) = [ (Cv@y), fw)do,, @M\, (5.6)
where f is a 1-form on 9. Note that (A — V)Syf = 0 in M \ 0. Also, the corresponding
Newtonian potential acts on a 1-form u defined in Q by

Mvu(@) = [ [ (Pviey),uw) avel,, =< (5.7)
Q

In the sequel, we shall make no notational distinction between (5.6), (5.7) and their scalar versions
introduced in (4.6), (4.10). In fact, the mapping properties for IIyy and Sy described in (4.14),
(4.15) at the scalar level, continue to hold for the current versions as well.

Proposition 5.1 Let Q be a Lipschitz domain in M. Then, if 1 <p < oo, =1+ 1/p<s<1/p,
the operator
Sy : THE(0Q) — LE 1 (Q,A'TM) (5.8)

is well-defined and bounded. In particular, the composition Sy = TroSy maps THY(92) boundedly

into Bﬁ’fl/p(aﬁ, AT M). Furthermore,
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divSy f = Sy (Div f) + Ry f, (5.9)
for any f € TH2(0QY) (recall that Ry has been introduced at the end of §5.1).

Proof. For an arbitrary v € H®P(§; curl) we may write, thanks to (2.28) and (5.4),

Sv(v xu)(z) = (Tv(z,-),v x u)

—// (Ty (z,-), curlu) dVol — // (curl Ty (z, -), u) dVol

—// (I'v(x,-),curlu) dVol — // curl, I'y (2, ), u) dVol + Ryu(x)
= Iy (curlu)(z) — curl Iy u(z) + Ryu(z). (5.10)

From the identity above and the mapping properties of the volume potential it is clear that Sy (v xu)
belongs to LY, | (Q, A'TM) and ||Sy (v x u)HLp (@arrm) < Cllullgsr(@icany- This readily yields
(5.8).

To justify (5.9), let us denote by Ry (z,y), Qv(x,y) the residual kernels in (5.3) and (5.4),

respectively. In particular, curl, Ry (z,y) = divy,Qv(z,y). Thus, if f € THE(0Q) is of the form
f=v xu for some u € H¥P(§); curl), we have

divSy f(x / (div,I'v(x,y), curl u(y)) dVol,
—/ Q(divz curly I'y (2, y), u(y)) dVol,
—//Q<VxEV(x,y),curl u(y)) dVol, + //Q<Rv(x,y), curl u(y)) dVol,

_/ Q<dngng(ac,y), u(y)) dVol,
~(By(,),v - cwlu) + (Ry («,7),v x u) = Sy(Div ) + Rv [, (5.11)

as desired. O

5.3 Green type formulas
Formally writing u(z) = [[o((Ay — V(y))I'v(x,y),u(y)) dVol, and then integrating by parts yields

u(z) = —Iy(Vu)(z / div, 'y (z,y) (divu)(y) dVol,
—// (curly T'y (z,y), (curlu)(y)) dVol, —I—/ divy 'y (z,y) (v - u)(y) doy
Q 09
+ /a (eurl, Ty (a,9). (v x w)(y) doy. (5.12)

Specializing this formula by selecting V' to be a strictly positive constant, say V = w > 0, leads to
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u = —wll,(u) — curl II, (curl u) + VI, (div u)
+curl S, (v x u) — VS, (v - u). (5.13)

By further integrating by parts in the second and third Newtonian potential above finally gives

u = II,((A—-w)u)+curlS, (v x u) — VS, (v - u)
+S8,(v x curlu) — S, (v divu). (5.14)

Whenever used in the sequel, the smoothness assumptions made on u will, each time, allow us
to justify these formal algebraic manipulations.
5.4 The magnetostatic integral operator. Part 1

We shall now concern ourselves with the (principal value, singular) integral operator

My f(z) := p.v. /(99(1/(1') x curl, 'y (z,y), f(y)) doy, € OS2 (5.15)

From [40], we know that My is bounded on L}, (99), 1 < p < oo, and (with I denoting the
identity operator),

v x curlSy flaa, = (:l:%] + My)f. (5.16)
We aim at extending the action of the operator My to the space THE(02). For an arbitrary
f e THP(0Q), set u := curl Sy f in Q. The claim is that v € H¥P(Q; curl) and that

lullLr@.arrmy + Tearlull rg arrany < Cllfllrar o) (5.17)

holds with a constant independent of f. First, from (5.8) we see that u € L, ,(Q, A'TM) plus a
natural estimate. Furthermore,

curlu = curleurl Sy f = VdivSy f + VSyf+ Ry f
=VSy(Div f)+ VSyf+ Ry f, (5.18)

where, for the last equality, we have used (5.9). With this at hand, (5.17) follows. Next, in analogy
with (5.16), we define

My f:=v x (ulg) — 3f € THE(0RQ). (5.19)
It follows then from (5.17) that for each 1 < p < 00, =1+ 1/p < s < 1/p the operator

My : THP(99) — THP(5<) (5.20)

is well-defined and bounded. Furthermore, one can check that the above definition of My, is indeed
compatible with the one given in (5.15).
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Proposition 5.2 If the potential V is constant, say V = w, for some positive w € R, then for any
l<p<oo, =1+1/p<s<1/p, we have

Div My, f = —w (v, Suf) — K (Div f) (5.21)

for each f € THE(0N)), and
(v X Vian) Ko f = —wv x S,(vf) + My(v X Vianf) (5.22)

for each f € Bffl_l/p(aQ).

Proof. If f € v x C*®(Q, A'TM)|pq — THE(0Q), then

Div (31 + M,,) f = Div (v x curl S, f|an) = — (v, curl curl S,, fo0)
= (v, (A + Vdiv)S, flon) = —w (v, Suf) + (v, VEL(DIv f)laq)
= —w (v, S, f) — K5(Div f) + 3Div f. (5.23)

This clearly yields (5.21) in the case we are considering. The general situation, when f € THE(0%Q),
follows from this and a density argument based on (ii) in Proposition 2.4.
As for (5.22), let us observe first that if f € L¥(09), then

curl S, (v f)(x) :/ (curly Do (2, y), (vf)(y)) doy

o0N

= | (cwlyTy(z,y),v(y))f(y) doy = —/ Div(v x Ty(z,-)) fdo
o0 N

= AQ<FUJ($? ')a v X vtanf> do = Sw(l/ X vtanf)(li)' (5.24)
Also,

Dof = /(9Q<VyEw,1/f> do = —/89<divxI‘w, Vf)do = —div S (vf) (5.25)

holds for any f € LP(09), 1 < p < co. Consequently,

VD,f = —-VdivS,(vf)=—(A+ curlcurl)S,(vf)
= —wS,(vf)+ curlSy,(v X Vianf). (5.26)
Going to the boundary and taking vx of both sides yields (5.22) when f € L{(9f2). As before, the
case when f € Bf fl—l /p(GQ) follows from what we have proved so far and a density argument. O

Proposition 5.3 Once again assume that the potential V is constant, say V = w, for some positive
w € R. Also, assume that 1 <p < oo, —1+1/p<s<1/p, and 1/p+1/p' = 1. Then, the diagram
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THY (00) L5 (TH? (00))"

~

— M, M (5.27)

THY (00) L0 (TH? (600))"

~

is commutative, where the superscript x indicates adjunction.

Proof. The commutativity of the diagram (5.27) comes down to checking the identity

(v x (31 = Mu)f,9) = (51 + Mu)* (v % f). g) (5.28)
for any f € TH” s(09) and g € THP(0N2). By density, it suffices to deal with the case when
f,9 € v x C®(Q,A'TM)|sn. In this latter case, (5.28) is a consequence of (5.4). O

5.5 The magnetostatic integral operator. Part II

Here we discuss invertibility properties of the operators j:%] + My, . First, we assume that M is a
homology sphere. This extra hypothesis is then removed in §8; cf. Step XI in that section, which is
carried out for a general manifold M. Until then, however, we are allowed to use the invertibility
of the operators :i:%[ + My (stated below) in reasonings which are local in nature (by working on
small, open patches O C M whose geometric double is a smooth, compact, boundaryless manifold
with trivial topology).

Theorem 5.4 Assume that M is such that H}

sing (MG R) s trivial, i.e.
b1 (M) =0. (5.29)

Fiz a nonnegative potential V€ L>*(M) and a Lipschitz domain Q@ C M. Then the operators

+31 + My : TH?(9Q) — THE(0%), (s,1/p) € Ra (5.30)

are Fredholm with index zero. In fact, for constant, positive potentials, these operators are isomor-
phisms.

Proof. The topological assumption (5.29) guarantees the absence of global monogenic 1-forms on
M. Consequently, the unperturbed Hodge-Laplacian A has a global fundamental solution, i.e.,
(5.1) remains invertible when V' = 0. In particular, (5.21)-(5.22) are meaningful and become
genuine intertwining identities when w = 0, i.e.

Div My = —K;Div on TH?(092), and (5.31)
(v X Vian) Ko = Mp(v X Vian) on B§f1—1/p(89)' (5.32)

In turn, (5.31)-(5.32) imply that the diagrams
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+11 + Ky

Bl 1/,(09) Bl 1,(09)
v X Vian v X Vian (5.33)
THP(9) _Eal Mo THP(59)
and
THZ(99) | THE (942) 31+ My TH?(0%) | THE(69)
Div Div (5.34)
oo (o) 2K )

are commutative. From these and Theorem 3.2, Theorem 4.2, it follows that

:l:%[ + My are Fredholm with index zero on the spaces

5.35
TH2°(9Q) and THE(9%) /THE?(0S), for each (s,1/p) € Ra. (5.35)

In order to continue, we need a general fact from the theory of Fredholm operators which we now
begin to describe.
Let A, B, C be Banach spaces and consider the commutative diagram

0 — A — B — (C — 0

| | | (5.36)

0 — A — B — C — 0

where the two horizontal sequences are exact. Then, if two vertical arrows are Fredholm operators
then so is the third one. Furthermore, the index of the middle arrow is the sum of the indexes of
the other two vertical arrows.

To implement this result we take

A= TH(09), B:=THI(0Q), C:i=TH.(9)/THE(59). (5.37)

Also, take the first two horizontal arrows to be inclusions and the next two to be projections (in
each short sequence), while all vertical arrows are taken to be natural manifestations of the operator
:I:%I + My on the spaces listed above.

Thus, at this stage, granted (5.29) and for the choice V' = 0,

i%[ + My are Fredholm with index zero
on TH?(0Q) for each (s,1/p) € Ra.

In fact, (5.38) extends to cover the case V' # 0 as well. Indeed, thanks to (5.2) and interpolation,
for any two nonnegative potentials V1, Vs € L*°(M), the difference

(5.38)

My, — My, : L? (0, A'TM) — () L _,__(09, A'T M) (5.39)
e>0
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is well-defined and bounded for each 1 < p < 00, 0 < s < 1. In particular, My, — My, is compact on
TH?(0S2). Thus, a similar conclusion as in (5.38) continues to hold for any nonnegative potential
V € L*®(M) (again, granted (5.29)).

Next, in order to prove that the operators in (5.30) are in fact invertible when V' is a positive
constant, say V = w, it suffices to show that these operators have dense ranges for each pair
(s,1/p) € Rq. This, in turn, will be a consequence of two facts. First, so we claim,

(5.29) = +11 + M,, are invertible on LE0"™ (9Q), Vg € (1, ¢q). (5.40)

tan

Second, we shall prove that, irrespective of (5.29),

N L% DV(H0) < THP(8Q) densely for each (s,1/p) € Ra. (5.41)

tan
1<g<qqn
Clearly, with these at hand, the desired conclusion follows.
Now, (5.40) is proved by following a program similar in spirit to our approach to (5.35). This
time, the relevant commutative diagrams are

+17 + K
LI(oQ) —2 0. LI0Q)
vV X Vtan vV X vtan (542)
+17 4+ My
LEp (09) —2 Lz (09)
and
+17 4+ M,
fc]a]iw aQ /L(tla% aQ 2 2 (tla]rDlw 89 /Ltan
Div Div (5.43)
+31 — K§
L1(09Q) - L1(09Q)

and Theorem 3.3 is used in place of Theorem 3.2. The conclusion is that :l:%[ + M, are Fredholm
with index zero on LLPY(9Q) for each 1 < ¢ < gq. In the Corollary 5.6 below we shall show

tan

(independently of the current proof) that these operators are invertible if po < ¢ < gq, irrespective
of (5.29). This shows that the operators in question are also one-to-one and, hence, yields (5.40).

As for (5.41), it suffices to prove that the inclusion is well-defined and bounded —the fact that
it has dense range is then a consequence of (i7) in Proposition 2.4. In turn, this latter problem
is local in character, so we may assume that (5.29) holds. Indeed, matters can be reduced to
this case by employing a smooth partition of unity subordinated to a finite cover {O;}; of Q with
coordinate patches and by working with the so-called double of each O; (itself, a smooth, compact,
boundaryless manifold). With the above reduction enforced, observe next that each f € Lgﬁ”(ag)
with 1 < ¢ < go can be written in the form f = v x u with u := curl S, ((31 + M) "1 f) in Q
and that, thanks to (4.15), we have u, curlu € Bq’qV2(Q, AT M). Our aim is now to show that, in

1/q
general,

N BI*(QATM) — LE(Q,A'TM), VY (s,1/p) € Ra. (5.44)
1<q<qq
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In fact, we shall show that for each (s,1/p) € Rq it is possible to select 1 < ¢ < gqo such that
B‘lz’/‘f]VQ(Q) — LP(2) continuously and densely. Since this is the case if 1/¢ > s and 1/p — s/3 >
2/(3q), it suffices to prove that the intervals (s,3/(2p) — s/2) and (1/qq,1) have a nonempty
intersection if (s,1/p) are as in the right side of (1.1). It turn, this comes down to verifying the
inequality 1 —1/pq < 3/(2p) — s/2, which is readily checked based on definitions. This finishes the

proof of the theorem. O

We next present an important invertibility result at the LP level.

Theorem 5.5 For each nonnegative potential V € L (M), which is not identically zero, and for
each Lipschitz domain 2 C M, the operators

+31 + My : LY, (6Q) — L7, (09), (5.45)

are Fredholm with index zero for each po < p < qq. In fact, for the same range of p’s, the operators
(5.45) are isomorphisms if V is a constant, positive potential.

Proof. Assume temporarily that (5.29) holds and that V' = 0. In this scenario, we shall employ the
commutative diagram

+17+ M,
I8, (09) /I8 (09) 21— IF,,,(09) /IS, (09)
Div Div (5.46)
+31 — K

L7, (09) - L7, (092).

Since the bottom arrow is Fredholm with index zero for po < p < oo, it follows from the second
part of Theorem 3.3 that the top arrow is also Fredholm with index zero for each po < p < oo.
With this at hand and relying on the fact that j:%] + My are Fredholm with index zero when
acting on L2 (09Q), 1 < p < gq, we may conclude, via a reasoning that mirrors in the proof of
Theorem 5.4, that the operators in (5.45) are Fredholm with index zero for each pg < p < qq, at
least if w = 0 and (5.29) holds.

Now, these extra hypotheses can be dispensed with. First, from (5.39), i%[ + My, are compact
perturbations of :t%[ + My and, hence, inherit the Fredholm character and the index of these latter
operators on LY (99), pa < p < qq. Second, in order to get rid of the extra assumption (5.29),
we observe that the property of My of being bounded from below on LP spaces, modulo compact
operators, is local in nature. This is seen via a partition of unity argument and relies on the fact
that the commutator between My, and the operator of multiplication with a smooth cutoff function
has a weakly singular kernel. Thus, at this stage, we may conclude that the operators in (5.45)
have closed ranges (and finite dimensional kernels) irrespective of whether (5.29) holds. To finish
the proof, we proceed as follows. First, via Rellich identities for differential forms (cf. [45], [40]),
one can prove that +17 + M, with w > 0 are invertible on L. (9Q) for any Lipschitz subdomain
Q of an arbitrary manifold M (in fact, the same holds at the level L, ’Div((?Q) for p near 2). Since

. tan
LEDY(99Q) < LP(99) densely for po < p < 2, we have that £17 4 M,, are onto L?, (99) for
po < p < 2. Furthermore, by duality (cf. (5.27)), £31 + M, are also one-to-one when acting on
LY (09) for 2 < p < qq. At this stage, Proposition 4.3 applies and gives that the operators (5.45)
are isomorphisms for the whole range po < p < gq when V is constant. The fact that for a general

potential V' they remain Fredholm with index zero is then a consequence of this and (5.39). O
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Corollary 5.6 Let Q0 C M be a Lipschitz domain. Then, for each constant potential V = w,
w > 0, the operators

tan tan

11+ M, LBV (09) — LN (09) (5.47)

are invertible whenever pq < p < qq.

Proof. The fact that the operators (5.47) are one-to-one is clear from Theorem 5.5, since we have
LPPY(9Q) — LP (09). As for ontoness, if f € LE:PV(9Q) is arbitrary then, by Theorem 5.5,

tan tan tan
there exists g € LY, (99) so that (%I + M,,)g = f. Applying Div to both sides yields, in the light

of (5.21), (31 — K})(Divg) = Div f —w (v, Su.g) € LP(99). Thus, Div g € LP(9Q), by Theorem 4.2,

so that in fact g € Lf;r?iv((‘)ﬂ). The case of the operator —%I + M, is similar, and the proof is

finished. O

It is important to point out that, in contrast to the situation on L? spaces, the commutator
between M, and the operator of multiplication with a smooth cutoff function is, generally speaking,
not compact on TH?(02). Thus, establishing the analogue of (5.38) for V' # 0 requires a different
approach which we develop in §8.

6 Monogenic forms in Lipschitz domains
Recall the spaces (1.2) and (1.3). The main result of this section is as follows.

Theorem 6.1 Let Q C M be an arbitrary Lipschitz domain. Then the spaces Ha? (), HF(2)
are independent of 1 <p < oo, =14+ 1/p < s < 1/p, as long as (s,1/p) € Rq. Furthermore,

dim HZP(Q) = by(Q),  dim HEP(Q) = ba(€), (6.1)
and
HP(Q), HP(Q) = () BiIZ(Q,A'TM), (6.2)
1<g<qqn

for each (s,1/p) € Rq. Moreover,
u € HIP(Q) UHLP(Q) = N(u) € LI(09Q), (6.3)
for each (s,1/p) € Rq and 1 < q < qq.

A key ingredient in the proof of the above theorem is the regularity result contained in the
proposition below. Loosely speaking, this states that a vector field has a ‘regular’ tangential com-
ponent if and only if it has a ‘regular’ normal component.

Proposition 6.2 Let Q C M be a Lipschitz domain. Fizx (s,1/p) € Rq, as well as some q with
max {q%,%(%—%)—%}<%<min {1,%(%—%)}. (6.4)
Then, for u € H>P(Q; curl) N HSP(Q; div), the following two conditions are equivalent:
(i) v -wu, originally considered in Bffl/p(aﬁ), actually belongs to L1(0N2);

(ii) v X u, originally viewed in Bffl/p@Q, AT M), belongs in fact to LI(0Q, AYTM).
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Furthermore, if any of the two conditions above is satisfied, then also

ue () BIL(QATM). (6.5)

1/7
1<r<q

Proof. To begin with, since both the hypotheses we make and the conclusions we seek are local
in nature, there is no loss of generality in assuming that (5.29) holds. With this reduction in
mind, let us deal with the implication (i) = (i7). Thus, assuming that v - u € L1(0f2) and taking
V € C®(M), V >0, not identically zero and with supp V N Q = ), we have

vi=u—VSy (=3I + K{) (v u)) = v e HP(Qcurl) N HEP(Q; div), (6.6)

and v x u € LI(OQ,A'TM) <= v x v € LI, A'TM). This segment in our analysis requires
that 1/go < 1/q < min{1,3(1/p — s/3)/2}, which is covered by (6.4).
Now, writing Green’s formula (5.12) for v and taking vx of both sides yields

(31 — My)(v x v) = —v x Tr[curl Iy (curlv)] + v x Tr[VIIy (divv)]. (6.7)
Observe next that Ls+1(Q) BN Bffl 1/p(082) < LP"(8Q) for any index p* such that the estimate
max{qﬂ, 5 (% -5H-14 < 47 < 35 holds. (Note that this double inequality is meaningful, in that
1/pa > 3/(2p) — s/2 — 1/2 is always satisfied for (s,1/p) € Rq.) Taking this into account and
recalling the mapping properties of the Newtonian potentlal, we arrive at the conclusion that the

right side of (6.7) actually belongs to the space Ltan((?Q) Thus, for some fixed w > 0, we have
(31— M,)(vxv) = (My — My)(vxv)+ (51— Mv)(uxv) tan(aQ) thanks to (5.39). Since po <

p* < qgq, by virtue of Theorem 5.5, we obtain v xv € Ltan(ﬁQ) and, further, v x u € LI(992, A'T M)
if ¢ < p*. This latter inequality, however, can always be arranged by appealing to (6.4). The proof
of the implication (i) = (4¢) is therefore finished.

The opposite implication utilizes similar ideas and is simpler; we omit the details. Finally, (6.5)
follows from the integral representation formula (5.12), the fact that LI(0Q2) C L7(02) as long
as 1 < 7 < ¢, and LY (Q,A'TM) — — BTTV2(Q,A'TM) for each 7 € (1,q), plus the mapping

1T
properties of the layer potentials involved. O

We are now in a position to present the

Proof of Theorem 6.1. Let us first prove that the (nested) family of spaces HOP (Q) is independent

of p as long as p?’pr <p< 2;”92. Indeed, if u € HYP(Q), Proposition 6.2 gives that u €

I/:_W(Q AT M) for any 7 so that max{1/qq,3/(2p) — 1/2} < 1/7 < 1. Since BI/TVZ(Q) —

LP"(Q) if 1/p* > 2/(37), it follows that u also belongs to the space Ho? (Q) whenever 1/p* >
max {2/(3¢q),1/p — 1/3}. Iterating this procedure leads to the conclusion that

HaP(Q) = HeP'(Q),  Vp" < 3pa/(2pa = 2), (6.8)
as desired. In fact, from (6.8), (6.5), and standard embedding results, we also see that
HOP(Q) — () BEAQUATM)— () HIUQ). (6.9)

1/q
1<g<qq (s,1/9)€Ra

Consider, next He¥(Q) with (s,1/p) € Rq. Then, if the numbers 7,p* > 1 are such that
max{1/qq,3(1/p—s/3)/2 —1/2} < 1/7 < 3/(2p*), it follows that

HeP(Q) — BI(Q,A TM) — IP(Q,A'TM). (6.10)
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In particular, Hs"(Q) — He? (Q) if max{2/(3¢q),1/p — (s + 1)/3} < 1/p* < 1. Now, p* can
always be chosen so that (0,1/p*) belongs to Rq. Thus, from (5.44), He?(Q) — He¥(Q) for each
(r,1/q) € Rq. All in all, HJ?(Q) is independent of (s,1/p) € Rq and is embedded into the right
hand-side of (6.2). Similar results hold for the scale H3”(Q2). Now, (6.1) has been proved in [40]
when p = 2, s = 0, so the general case follows.

Finally, we are left with (6.3), to which we now turn. Fix u € Ho?(Q)UHLP(Q), with (s,1/p) €
Rq. Proposition 6.2 and Theorem 4.1, in concert with (5.12) in which we make the choice supp V' N
Q = 0, give that N(u) € LI(0R) for each ¢ as in (6.4). Since the spaces He"(Q), HP(Q) are
actually independent of (s,1/p) € Rq, it suffices to observe that

U (max{X, 3¢ -5-5min{, 3 -} = (4.0 (6.11)
(S,l/p)ERQ
This gives (6.3) and the proof of the theorem is therefore finished. O

7 Vector Green operators

The aim of this section is to introduce two natural Green operators at the level of 1-forms. These
are going to be solution operators for the Hodge-Laplacian with suitable (homogeneous) boundary
conditions.

7.1 The first homogeneous Poisson problem

The main result of this section is the following.

Theorem 7.1 Let Q C M be an arbitrary Lipschitz domain. Then for each (s,1/p) € Rq, the
boundary value problem

Au=mn e LP(Q,A'TM),
u € H%P(Q;curl), divu € L§+1(Q)7

7.1
v-u=01in Bgfl/p(aﬁ), (7.1)
v x curlu =0 in B?’_pl/p(aQ,AlTM),
has a solution if and only if
(n,hy =0,  VYheH*P(Q), 1/p+1/p=1. (7.2)

Any solution automatically satisfies curl u € H%P(; curl).
Moreover, the space of null solutions is precisely Ha¥ ().

The idea is to treat a version of (7.1) with reversed homogeneities and which emphasizes non-
tangential maximal function estimates. The key ingredient in this regard is the proposition below.

Proposition 7.2 For each pq < p < qq, the boundary value problem

w e CY(Q,A1TM),

Aw =0 in §Q,

N(w), N (curlw) € LP(09), (7.3)
v-w=f e LP0N),

v x curlw = g € LY (99),

tan
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is solvable if and only if

9 € [{hlog; h € HIP'(Q)}°, 1/p+1/p = 1. (7.4)

The space of null solutions is HOP (Q); in particular, curlw, divw are uniquely determined. More-
over any solution satisfies

w, curlw € ﬂ Bi]’/(i]VZ(Q,AITM). (7.5)
1<g<p

Proof. Problems of this type have been systematically studied in [40], even at the level of differential
forms of arbitrary degrees. There it is shown that they are all well-posed for 2 — e < p < 2+ ¢, for
some small € > 0. This restriction on the parameter p is inherited from the main ingredient in the
proof, which is the invertibility of operators like (5.45) for 2 — e < p < 2+ e. In our case, thanks
to Theorem 5.5 and Theorem 4.2, the argument in [40] goes through and yields the well-posedness
of (7.3) for the (possibly larger) range pq < p < qq.

There remains (7.5) which we consider next. Inspired by (4.24), we rely on a suitable Poisson
type integral representation formula. In the current setting this amounts to the fact that a harmonic
1-form w with Nw, N (curlw) € LP(9N), for pg < p < qq, is determined in © (uniquely, modulo
monogenic forms with vanishing normal components) by the values of v - w and v x curlw on 9f.
For us here, it is convenient to record a version which emphasizes the invertible operator A — w,
with w > 0, in place of A (in which case (7.3) becomes well-posed). More concretely, we claim that
any harmonic 1-form w with Nw, N (curlw) € LP(09), pa < p < qq, can be represented in Q) as

w = —wll,(w) = VS, (v w)+ S,(v x curlw)

t+ourl S, [(= 31+ M) ™ (—wv x Tr (divIw) — v x VSu(v - w) + v x Su(v x curl w))]
~Su[V(= 31 + Ku) ™ (@ Tr [divIw] + w S, (v - w) — div Sy (v x curl w))]

—w ewrl [ (=31 + M) (v x Su(w(= 31 + Ku) ™ (Tr [div Iw] + Su(v - w))))]

teurl Sy [ (=51 + M) ™M (v x Su(v(= 3 + Ku) ™ (div Su(v x curl w)))]. (7.6)

That is, modulo volume integrals (regarded here as residual; they all disappear if w = 0), w is
determined by v - w and v x curl w (i.e. ‘half’ the boundary data used in Green’s formula (5.14)).

This can be proved by starting with the Green formula (5.14), then create two new identities
as follows: (i) apply div to both sides, then take the (nontangential) trace on 02 of both sides; (ii)
take the (nontangential) trace on 0S2 of both sides, then apply vx to both sides. Going further, we
solve for divw|gq in the first (newly created) identity, and then for v x w in the second. Finally,
replacing their respective expressions back in Green’s formula (5.14), yields (7.6).

For this program to work, we need to assume initially that w and its derivatives are well-behaved
near 02 —better that the original assumption would warrant. Nonetheless, (7.6) is then seen to
hold for forms satisfying our weaker current hypotheses a posteriori, via a limiting argument (which
involves approximating £ by a sequence of subdomains €; /' € as in [5]).

Next, it can be shown that, for any function w in the three-dimensional Lipschitz domain (2,

Nuw e LP(09), p> 0= w e L/?(Q). (7.7)
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See Lemma 6.1 in [18]. From (7.6) and (7.7), the regularity statement (7.5) referring to w follows
with the aid of Theorem 4.1 (and its vector counterpart). As for the regularity of curl w we proceed
analogously, relying on the identity (7.26) in §7.2, written for curl w in place of w. O

Before proceeding with the proof of Theorem 7.1 we define

(5.9) 00, if p(s+1) >3, (7.8)
Py = pu(s,p) = . 7.8
A direct computation shows that
(5,1/p) € Ra = py > pa, (7.9)
and
(s,1/p) € Ra, p* € (pa, min{py,qa}) = Bﬁ’fl,%(é’ﬂ) — LP"(89). (7.10)
Also, much as in (5.44),
(s,1/p) ERa = [ B‘ll’/‘f]VZ(Q) — LP(Q). (7.11)

1<q<p4

Proof of Theorem 7.1. The fact that (7.2) is a necessary condition follows from integrations by
parts. Next, assuming that (7.2) holds, we aim to show that a solution for (7.1) exists. Concretely,
the candidate we look for is of the form

u:=1,n+w, (7.12)

where w is a solution of the problem

w e C0 (Q,A'TM),

Aw =01in

N (w), N(curlw) € LP"(952), (7.13)
v-w=—v-Tr[llyn] € LP" (09),

v x curlw = —v x Tr [eurl TIyn] € L. (89),

tan

for some fixed po < p* < min {px,¢a}.
The fact that w exists is a consequence of Proposition 7.2, (7.2), and (7.4). Next, observe that
in order to conclude that (7.12) is a solution of the problem (7.1) it is enough to show that

u, curlu, curleurlu € L2(Q,A'TM), divu e LV (). (7.14)

Moreover, from the properties of II,, and (7.12), plus the first identity in (2.3), we observe that
(7.14) will follow once we prove that

w, curlw € LE(Q,A'TM), divw € LP,,(Q). (7.15)
From (7.5), we know that
w, curlw € ) B‘ll’/cflvg(Q,AlT./\/l). (7.16)
1<g<p*
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Relying on this and (7.11), we conclude that p* € (pqo, min{pg,qgn}) can be chosen so that
w, curlw € L2(Q, A'TM). There remains the more subtle case of divw which we consider next.

The departure point is the Poisson integral representation formula (7.6). Applying div to both
sides of this identity and taking into account the actual form of the boundary conditions in (7.13)
eventually yields

divw = —wdivll,(w)+wS,(v-Trll,n)

+w Dy (=31 + Ku) ™ (Tr div Tlw)]
~Dy (=31 + Ku) 7N (Tr div S, (v x curl In))| (7.17)
+w Dy [(—31 + Ku) ™ (Su(v - TrIum))] .

At this stage, we invoke (5.9) in concert with (2.59) in order to write

divS, (v x curlll,n) = S, (Div(v x curlll,n)) = =S, (v - curl curl I1,n). (7.18)
Note that v - curl curlIl,n € Bf;pl/p(aﬂ). That divw belongs to L, | (2) now follows from this, the

fact that n € L2(Q, AT M), and the mapping properties of the operators involved. With this, the
proof of (7.15) and, with it, that of (7.14), is completed.

Next, we show that the space of null solutions for (7.1) is He? (). Clearly, any u € He?(Q) is
a null solution for the problem in question. Conversely, let u € L2(Q, A'T M), with (s, 1/p) € Rq,
solve the homogeneous version of (7.1). First, notice that v - Vdivu = —Div(v x curlu) = 0, so
that v := divu € L¥,,(Q) solves the homogeneous Neumann problem for the Laplace-Beltrami
operator in ). Since, by (4.40), (s,1/p) € Rq ensures the well-posedness of this problem, from
Corollary 4.4 we further infer that Vdivu = 0. In fact, divu = 0 since divu locally constant and
v-u =0 force [[,|divul?dVol = 0, via an integration by parts. Next, this and (2.3) show that
curlu € HEP(Q) = HY?(Q). Finally, using the last boundary condition in (7.1) and integrating by
parts gives [[, | curlu|? dVol = 0, so that curlu = 0. Thus, ultimately, u € He"(12), as wanted. O

7.2 The second homogeneous Poisson problem

Here we treat the second basic boundary problem for the Hodge-Laplacian with homogeneous
boundary conditions.

Theorem 7.3 Let Q C M be an arbitrary Lipschitz domain. Then for each (s,1/p) € Rq, the
boundary value problem

Au=n€ LP(Q,ATM),

u € H¥P(Q;curl), divu € L, (), (7.19)
vxu=01in Bffl/p(ﬁfl, ATM),
has a solution if and only if
(n,h)y =0, VheHP(Q), 1/p+1/p =1 (7.20)

Any solution automatically satisfies curl u € H*P(; curl).
Furthermore, the space of null solutions is precisely H3'(Q).
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In the proof of Theorem 7.3 we shall make essential use of an auxiliary boundary value problem,
which we now describe.

Proposition 7.4 For each pq < p < qq, the boundary value problem

we CL(QATM),

Aw =0 in €,

N (w), N(divw) € LP(09), (7.21)
(divw)|aq = f € LP(09),

v X wlpg =g € L, (09),

tan

1s solvable if and only if

f e [{w,hlaa); he HEP(Y°, 1/p+1/p =1. (7.22)

The space of null solutions is Hg’p(Q); in particular, curlw, divw are uniquely determined. Also,
the following regularity result is true:

N(curlw) € LP(8Q) <= g € LEPY(09). (7.23)

tan

Natural accompanying estimates are valid, and any solution satisfies

we () BIQATM). (7.24)
1<g=<p
Moreowver,
,Div ,
g € Ly " (09Q) = curlw € 1 ﬂ< B2 (Q, A'TM). (7.25)
<q<p

Proof. The well-posedness part is a consequence of the general theory developed in [40], at least
if p is close to 2. The range pq < p < qq is dealt with in a similar manner, with the help
of Theorem 5.5 and Corollary 5.6. As for the regularity statements, we shall invoke a convenient
Poisson type integral representation formula for a harmonic form w, which emphasizes the boundary
data Trdivw and v x w. Concretely, if w € R, w > 0, then for any harmonic 1-form w with Nw,
N (divw) € LP(9Q), pa < p < qq, there holds

w = —wll,(w)+curlS,(v x w) — S, (v Trdivw)

+80 [(=3T + M) ww x Tr cwrl Iyw +w v x S, (v x w) + v x curl S, (v Tr divw)) |
tw S [(— 3+ M) (v x Su(w(=31 + Kuo) ™ (Trdiv Su(v x w)))]

—curl S, [y(—%f + K,) H(Trdiv S, (v x w))}

~VS [T+ KT (~wr Trlluw + v curl Sy x w) = v+ Su(v Trdivw))]

+w VS, [(%1 KT W Su(—3T+ M) (v x Su(w(—4T + K) " (Trdiv Su (v x w)))))]

—VS, |31+ K2) ™ (v - el Su(v(— 3 + Ku) ™ (Trdiv Su(v x w))))] (7.26)
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A sketch of proof for the above identity is as follows. Write Green’s formula (5.14) for w and then
derive two other new identities by: (i) applying curl to both sides then going (nontangentially) to
the boundary, and (ii) taking the (nontangential) trace on 92 of both sides and then applying v- to
both sides. The idea is to solve first for v x curl w in the identity arising as a result of (i), then for
v - w in the identity derived as in (ii). Replacing these back in Green’s formula (5.14) (and using
(5.22), (5.25), (5.26)), ultimately yields (7.26).

With this at hand, (7.23), (7.24) and (7.25) follow from the mapping properties of the layer
potentials involved. O

We are now ready to tackle the

Proof of Theorem 7.3. The fact that (7.20) is a necessary condition follows from straightforward
integrations by parts. Assume next that (7.20) holds; the aim is to show that a solution for (7.19)
exists in the form

u:=IL,n +w, (7.27)
where w is a solution of the problem
w e CL (Q,ATM),
Aw =01in ,
N (w), N(divw) € LP"(99), (7.28)
vxw=—vx Tr [y € LF. (09),
(divw)|oq = —Tr [divILy) € LE,,(09),

for some fixed po < p* < min {px,go}.
The fact that w exists is a consequence of Proposition 7.4, (7.19), and (7.22). Next, observe
that in order to conclude that (7.27) is indeed a solution of (7.19) it is enough to show that

w, curlw € L2(Q,A'TM), divw € LY, (). (7.29)

That w € L2(Q, AYT M), is visible from (7.26), the mapping properties of the operators involved

and embedding results. Next, on account of Div(rv x II,n) = —v - curlIl,n € Bﬁ’flfl/p(aﬂ) —

LP"(89), we may conclude that v x II,n € L2 -P™(9Q). Granted this, the regularity statement in

tan
Proposition 7.4 guarantees that curlw € B‘f’/‘g/Q(Q, AT M) for each 1 < ¢ < p*. Thus, from this

and (7.11), curlw € LP(2, AT M), indeed.
Finally, the scalar function v := divw solves the boundary value problem Av = 0, v|sq €

B 1,,(09), N(v) € LP"(09Q). Thus, by (a slight variation of) Corollary 4.4, if V € L®(M), V >

0, is supported away from € and is not identically zero, it follows from the integral representation
formula v = Dy ((31 + Ky) 1(v]on)) that v € LY, | (Q), as wanted. O

7.3 Green operators
For an arbitrary Lipschitz domain €, denote by {h;; 1 < j < b1(Q)} a basis for He"(Q), (s,1/p) €
-1
Rq, and consider the by (€2) x b1(2) matrix A := [((hj, he)) 4 . Next, consider the (projection)
operator
Py : LP(Q,ATM) — LE(Q, AT M),

(7.30)
Poui= a5y, where  (ag(u)); = A((u, hy));.
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It is clear that the definition of P, is independent of the basis {h;};. The normal Green operator
for the Hodge-Laplacian is then defined for each (s,1/p) € Rq by

Ga s LP(Q, A'TM) — LP(Q, A'TM),
Gen := the unique solution of (7.1) with datum n — Pen (7.31)
which is orthogonal to Hy*? ().
Similarly, if {kj; 1 < j < ba(Q)} is a basis for H3P(Q), (s,1/p) € Rq, and if we consider the
-1
ba(2) X b2(2) matrix B := [((kj, ke)); Z} , then the projection operator of LP(Q, A'T M) onto the
finite dimensional space H3?(Q) is given by
Py : L2(Q,A'TM) — LE(Q, AT M),

Pyw =3, Bj(u)kj, where (8;(u)); = B((u,kj));-

Then, the tangential Green operator for the Hodge-Laplacian is defined for each (s,1/p) € Rq by

(7.32)

Gy : L2(Q, A" TM) — LE(Q,A'TM),
G «n := the unique solution of (7.19) with datum n — Pyxn (7.33)

which is orthogonal to H;S’p/(Q).

Clearly, form definitions, the identity operator on L2(2, A'T'M) can be decomposed as

I =AGe + P, = VdivG,e — curlcurl G4 + P,, (7.34)
I=AGyx + Py =VdivGy — curlcurl G« + Py, (7.35)

for each (s,1/p) € Rq.

8 Maxwell’s equations. Part 1

Let k € iR\ {0} be fixed for the duration of this section. Hence, w := —k? is a strictly positive
real number. From now on, we shall work with the complexified versions of the function spaces
introduced so far, and denote by ‘bar’ the usual complex conjugation.

For 1 < p<oo, =14+1/p < s < 1/p, and Q C M Lipschitz, consider the boundary value
problem

B, H e L2(Q,A'T M),

curl E — ikH = K € LP(Q,A'TM),
curl H +ikE = J € L2(Q, A1 TM),
v X E =0 on 00Q.

(8.1)

Note that any solution pair (E, H) automatically satisfies E, H € H*P(; curl).
Our aim is to prove that (8.1) is well-posed for each (s,1/p) € Rq. We proceed in a series of
steps, starting with
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Step 1. For each (s,1/p) € Rq, the problem (8.1) has at most one solution.
Proof. When p = 2 and s = 0 this is a consequence of the identity

//Q[|E]2 +H[2dVol = — 1 (v x E,v x (v x H)) (8.2)
valid for any E, H € H%?(Q; curl) satisfying the homogeneous Maxwell’s equations in €2, i.e.

curlE —ikH =0 in €,

) . (8.3)
curlH +ikFE =0 in Q.

(Maxwell) {
The pairing in the right-hand side of (8.2) is in the sense of (¢i7)-(iv) in Proposition 2.4.

The general case, when (s,1/p) € Rq is arbitrary, can be reduced to this special situation as
follows. If K = J = 0 then divE = divH = 0 and v - H = —ik ! Div(v x E) = 0. With this
information available, Proposition 6.2 gives that E, H € BIT’/TTW(Q,AlTM) whenever 1 < 7 < ¢
and ¢ is as in (6.4). Consequently, via classical embeddings, E, H € L(Q, A'TM) for each index
q < min {3¢q/2, [1/p — (s +1)/3]3'}, where [a]; := (a + |a|)/2. Tterating this process sufficiently
many times gives E, H € L?(Q, A'T M), and the desired conclusion follows. O

Step II. For each (s,1/p) € Rq, the operators :I:%I + M, are one-to-one and with dense ranges
when acting on TH?(0S2).

Proof. With an eye on injectivity, let f € THZ(02) be such that (%I + M,)f = 0 and set
E = cwlS,f, H = —ik 'curlE = —ikS,f — ik7'VS,(Div f) in Q.. It follows that E, H €
H*P(Qy;curl) and (E, H) solves the homogeneous version of (8.1). Thus, by Step I, E = H =0
in ;. Next, observe that v x (H|o,) =v x (H|o_) in Bf’_pl/p(@Q,AlT./\/l), a claim which can be
justified by observing that the mappings f — v x (H|q, ) are linear and continuous from TH?(052)
into Bff’l/p(ﬁQ, AT M), and coincide on a dense subspace, such as v x C%°(Q, A'TM)|sq. In turn,
the identity just proved entails v x (H|q_) = 0 and, further, E = H = 0 in Q_ by Step I, since in
this case (H,—FE) is a null-solution of (8.1) in Q_. The bottom line is that £ = H = 0 in 24 and
since f = v x (Elg,) —v x (E|g_) in Bf’_pl/p((?Q,AlT./\/l) (again, an identity which is justifiable
from the jump relations (5.16) and a density argument), we arrive at the conclusion that f = 0,
as desired. The case when (—%I + M,,)f = 0 is similar, proving that the operators :l:%[ + M, are
one-to-one.

Finally, the fact the operators under discussion have dense ranges is seen from a duality argu-

ment, based on (5.27), and with the help of what we have proved so far. O

Step IIL. For each 1 < p < oo and —1+4 1/p < s < 1/p, the boundary problem (8.1) is well-posed
if and only if

E,H € L2(Q,A'TM),
curl E —ikH =0 in €,
curl H +ikFE =0 in Q,
vx E = feTHEON),

(8.4)

s well-posed.

Proof. Assume first that (8.1) is well-posed and fix some f € TH2(9N), say f = v x U, with
U € H*P(Q;curl). If we now let (E’, H') solve (8.1) with data K := curl U, J := —ik U, then
E:=—F'+U and H := —H' solve (8.4) with boundary datum f.
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_ Conversely, assume that (8.4) is well-posed and fix J, K € L} (2, A'T M) arbitrary. Next, let
J, K € L2(M,A'TM) be extensions of J, K to the whole M (produced with the help of (2.18)),
and introduce

E = —culll,K + 2VdivIL,J — ikIL,J € LE(M,A'TM),

X . _ _ (8.5)
H = —curlll,J — 7 VdivIl,K + ikl K € LE(M, A'TM),

where I, = (A — w)™! on M. Then, if the pair (E, H) solves (8.4) for the boundary datum
f:=v x(E|q) € TH2(0Q), a direct calculation shows that (F|q — E, H|q — H) solves (8.1). O

Step IV. Let Q@ C M be Lipschitz and fir 1 < p < oo, =1+ 1/p < s < 1/p. Then, if (8.4) is
well-posed, the Rellich type estimate

v X Ellggraa) = v % Hl|l gz 00) (8.6)
holds uniformly in E, H € LE(Q, AYT M) which solve the homogeneous Mazwell equations (8.3).
Proof. We debut with the observation that if E, H € L(Q2, A'T M) solve (8.3) then

lv X Ellrgr o0y = 1Bl 2@ army + [HIl e @arramy- (8.7)

Indeed, the left-to-right inequality is a consequence of the well-posedness of (8.4), while the right-
to-left inequality follows from the definition of the norm on THZ(01).

Now, if the pair (E, H) satisfies (8.3) then so does (—H, E). Consequently, we also have the

equivalence [[v X H|[rgpa0) = | Ellz@airam) + 1H | L2 @,a1700)- Thus, (8.6) follows from this and

(8.7). O

Step V. Let Q C M be Lipschitz and fix (s,1/p) € Rq. If (8.1) is well-posed both in Q1 and in
Q_, then £51 + M,, are isomorphisms of THE(0XY).

Proof. For f € TH?(0Q) arbitrary, we set in Q4

E:=culS,f and H := —ik ‘curl E = —ikS, f — ik VS, (Div f). (8.8)

Thus (F, H) solves the Maxwell system (8.3) both in 4 and in 2_. Consequently, by Step IV and
our assumptions,

v % (Elo)lraroo) = lv < (Hloo)lzazo0)- (8.9)

If we now observe that v x (Hl|qo,) = v x (H|o_) and v x (E|o,) = (£31 + M,)f, then we may
write, based on the Rellich estimates (8.9),

1T+ M) fllzmz@y = v x (Bla)llmzee) = v x (Hla) lzmzeo) = v x (Hlao) a2 0
~ v x (Blo)lzmzoq) = (=51 + M) fllzmo0)- (8.10)

Here we have used in an essential way the fact that TH2(0Q4) = TH2(9_); cf. (3.34). Thus, by
the triangle inequality,

A

Il < IGT+ Mo) fllmeoa) + 1(=31 + M) fllzr o)

< Cmin{”(—%[ + Mw)fHTHf.(aﬂ) ) ||(%I + Mw)fHTHg(aQ)}- (8.11)
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All in all, :t%[ + M, are bounded from below and, hence, are one-to-one with closed ranges.
Furthermore, by Step II, the operators under discussion have also dense ranges. Hence, they are
isomorphisms of TH?(952). O

Step VI. For each (s,1/p) € Rq, the boundary value problem (8.1) is well-posed if and only if

E,H € LP(Q,A'TM),

curl E — ikH = K € Ho?(Q; div), div K = 0,
curl H +ikE = J € H*?(Q;div), div.J =0,
vx FE =0,

(8.12)

18 well-posed.

Proof. 1t suffices to show that (8.1) can always be reduced to solving a problem like (8.12). To this
end, given K,J € LP(2, A'TM) arbitrary, we use the Green operators (7.31), (7.33) to decompose
K = —ikVp — curlu + &, with ¢ := ik 7 divG.K € LY (), u = cwlG K € H"(;curl),
€ := P,K € HJP(Q), as well as J = ik Vi) — curlw + ¢, with ¢ := —ik~!divGyJ € L%_S,O(Q),
w = curl Gy J € H*P(Q;curl), ¢ := Py J € HYP(Q).

Now, the incisive observation is that if (E’, H') solve (8.12) for the (admissible) data (K’, J') :=
(—curlu+¢, — curlw+¢), then (E, H) := (E'+ V¢, H 4+ V) will solve (8.1) for the original data
(K, J). O

Step VII. If the operators :i:%[ + M, are isomorphisms of TH?(0) for some 1 < p < oo,
—1+4+1/p<s<1/p, then (8.1) is well-posed both in Q4 as well as in Q_.

Proof. By Step II1, it is enough to prove that (8.4) is well-posed in 1. To see this, for f € THZ(0N)
arbitrary, we set Fi := curlSw((i%I + M,)Yf), HL = —ik 'curl Ex in Qi. Then (Ei, Hy)
solve (8.4) in Q4 with boundary datum f. Uniqueness has been already taken care of in Step I. O

Step VIII. For any Lipschitz domain 2, the boundary problem (8.12) is well-posed if s = 0 and

3
2<p< 2p£‘j2.

Proof. Uniqueness is guaranteed by Step I, so there remains existence (plus estimates). Consider
first the case when p = 2. In this situation, the conclusion we seek is a consequence of (9.16),
proved in the next section, and the fact that k ¢ R.

Suppose next that 2 < p < 2;’5 2 (recall that we are currently assuming s = 0). In particular,
given K, J € LP(Q, A'T M) with div K = div.J = 0 and v- K = 0, it makes sense to talk about the
solution (E, H) of (8.12) in L?(Q, AT M)® L*(Q, A'TM). Our goal is to show that this L?-solution
is, in fact, a LP-solution.

AsdivE =divH =0 and v- H = —ik~![v- K — Div (v x E)] = 0 are implicit in (8.12), Propo-
sition 6.2 yields E, H € ;<4<q, B#1Y2(Q1, A'TM). There remains to prove that this intersection

1/q
embeds further into LP (2, A'TM). Indeed, this comes down to checking that 1/p > 2(1—1/pq)/3,
which is part of our current assumptions on p. O
Step IX. The operators :I:%IJr M, are isomorphisms of THY(0R) if pi’fo <p< 25’5‘12 and s = 0.

Proof. From Step VIII, Step VI and Step V, we know that j:%[ + M, are indeed isomorphisms of
TH?(0Q2) if s =0 for each 2 < p < 2;’5 %5. The full range in question is then covered by duality; cf.

Proposition 5.3. O

Step X. In any Lipschitz domain Q, (8.12) is well-posed for any (s,1/p) € Rq, as long as s > 0.

. . _ 3
Proof. Fix some (s,1/p) € Rq with s > 0, and set 1/p* := 1/p — s/3. It follows that pﬂpj:z <pF<
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522y and LE(Q) — LP"(Q). Also, fix some arbitrary K, J € H*?(Q;div) with div K = div.J =0,
v-K = 0. Based on Step IX, Step VII and Step VI we know that, for this data, (8.12) has a solution
E,H € L (Q,A'TM). Let us introduce p# := p* if p* < qq, and p# := qq if qo < p* < 722

2pq—2°
Then the regularity result proved in Proposition 6.2 gives that ?
qV2
E,He () BIIEQATM) (8.13)
1<g<p#

and the justification of Step X is finished as soon as we show that there exits 1 < ¢ < p# such
that the inclusion B22Y?(Q) — LP(Q) holds. Checking this comes to verifying that there exists

1/q
q € (1,p") with s < 1/q < (3/2)(1/p—5/3) or, equivalently, (1/p?,1)N(s,3/(2p*)) # 0. Ultimately,
this claim reduces to proving p” > 2p*/3 which, in turn, is clear from definitions. O

Step XI. For any Lipschitz domain Q and for each (s,1/p) € Rq, the operators i%[ + M, are
isomorphisms of THE(0S).

Proof. When s > 0 this is immediate from Step X, Step VI and Step V. This and duality (cf.

(5.27)), then yield the conclusion we seek. O
Step XII. The boundary problems (8.1) and (8.4) are well-posed for any (s,1/p) belonging to Re.
Proof. 1t follows from Step XI, Step VII and Step III. O

In closing, let us point out that the Step XI above is a strengthened version of Theorem 5.4,
since it applies to a general manifold M (without having to impose (5.29)).

9 Maxwell’s equations. Part II

Consider the realization of the Maxwell operator
0 1 curl
A= ( —icurl 0 ) (9-1)

as the closed, densely defined, unbounded operator

A LP(Q,A'TM) @ LP(Q, A'TM) — LP(Q, A'TM) @ LP(Q, A'TM), (9.2)
l<p<oo, —141/p < s<1/p, with domain

Dom (A) := HJP(Q; curl) @ H*P(Q; curl). (9.3)

Since the operators (3.39) and (3.40) are adjoints to each other, it is clear that the dual of A
considered on (LP(Q2, AT M))? is A acting on (L” (2, AT M))?, where p’ denotes the conjugate
exponent of p. Finer functional analytic properties of this operator are contained in the theorem
below.

Theorem 9.1 Let Q C M be an arbitrary Lipschitz domain. Then for each (s,1/p) € Rq and k €
C\ {0}, the operator A—kI is Fredholm with index zero on the space LP (2, AT M)@LP (2, AYTM).
In fact, except for a discrete set of values of k (which is real, symmetric with respect to zero and
accumulates only at +00) the operator in question is one-to-one and onto.
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Proof. Consider the Banach space

WHP(Q) := {(E, H) € (L2(Q,A'TM))?; divE = divH =0, v- H = 0} (9.4)

which is a closed subspace of LE(Q,A'TM) & LP(Q, A'TM). Our first claim is that for each
(s,1/p) € Rq, there holds

(W*P(Q)" =W=¥(Q),  1/p+1/p' =1 (9.5)
Indeed, if we consider the natural mapping
W (Q) — (WHP(Q))*, (DA, B))(E, H) = (E, A) + (H, B), (9.6)

then, clearly, this is well-defined and linear. Showing that ® is one-to-one is readily reduced to
proving the implications

Ae H*P (Q;div), divA =0, (E, A) =0,
VE € H*?(Q:div) with divE =0 = A = 0; (9.7)
B € H7*" (Q;div), divB =0, (H, B) = 0,
VH € HP(Q:div) with div H =0 = B = 0. (9.8)

These, in turn, can be checked based on (7.34) and (7.35), respectively; we omit the straightforward
details.

To prove that ® in (9.6) is also onto, fix some arbitrary linear, bounded functional { : W*P(Q2) —
R. By Hahn-Banach’s theorem, ¢ extends to an element in [LP(2, AT M) @ LP(Q,A'TM)]* =
szs(Q,AlTM) ® Lljs(Q,AlT/\/l). Thus, there exist A, B € L’ils(Q,AlTM) so that {(E,H) =
(E,A) + (H,B) for each (E,H) € W*?(Q). Introduce next A := — curlcurl Gy A + Py A along
with B := — curlcurl GoB + P, B, so that (A, é) e W= (Q) and, moreover, £ = @(A,E), via
integrations by parts. Hence, ® in (9.6) is an isomorphism and this proves (9.5).

Next, introduce the unbounded operator

Ao Wsjp(Q) - Wsjp(Q)a Ao = -A|Dom (Ao)» (99)
by setting
Dom (A,) := W*P(Q) N [HP(Q; curl) & H*P(; curl)]. (9.10)
Our next goal is to show that for each (s,1/p) € Rq, 1/p+1/p' =1,

the dual of A, considered on W*P(Q) is A, acting on W~ (Q). (9.11)

That A,, acting on W% (Q), is included (in the sense of unbounded operators) into the dual of
Ao acting on W*P(€2) is straightforward from definitions. Conversely, let (U, V) € (W*P(2))* =
W= (), belong to Dom (A*) € W52 (Q), and set (U, V) := A%(U,V) € W=7 (Q). Then, for
any (E, H) € Dom (A,) C W*P(Q),

(i curl H,U) — (i curl B, V) = (Ao(E, H), (T, V)) = (E,U) + (H,V). (9.12)

In order to continue, we need a general fact to the effect that
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X € H*7 (Q;div), Y € H*? (Q;div), div X =0, (curl Z, X) = (Z,Y),

VZ e HJP(Q; curl) N H*P(Q;div) with divZ =0 = curl X =Y. (9.13)
Indeed, had we been able to allow arbitrary forms Z € Hy?(Q;curl) in (9.13), this would readily
follow from (3.40). That matters can always be reduced to this situation is seen as follows. For an
arbitrary Z € HyP(Q;curl) set Z := Z — VdivG«Z, so that Z € HLP(Q; curl) N H5P(Q; div) and
div Z = 0. Then, (curl Z, X) = (curl Z, X) = (Z,Y) — (VdivG« Z,Y) = (Z,Y), as desired. This
proves (9.13).
Returning now to the analysis of (9.12) and taking H = 0 and F € Hy?(Q2; curl) N HP(Q; div)
with div E = 0 gives, with the help of (9.13), that
Ve H P (Qewrl) and cwrlV = —iU € LY (Q, A'TM). (9.14)

Utilizing this information back in (9.12), and further specializing this identity to the case when
E=0and H := Z — VdivG,Z, for arbitrary Z € H>P(; curl), forces (i curl Z,U) = (Z, V) for
any Z € H%P(Q;curl). Consequently,

UeH" (Qewrl) and cwllU =iV e LF (Q, A'TM). (9.15)
Thus, (U, V) € Dom (A,) € W= (Q) and A,(U,V) = (U, V), proving (9.11). In particular,

A, is self adjoint when acting on W02(Q). (9.16)

Furthermore, from Proposition 6.2 this operator has a compact resolvent. Thus, if 3(£2) denotes
the spectrum of A, on W%2(Q), it follows that ¥(Q) C R is discrete, consists of eigenvalues and,
given the specific block structure of A,, is symmetric with respect to the origin.

From §8, we know that the operator A, — k,I : Dom (A,) — W*P() is one-to-one and onto
for each k, € iR \ {0}. Also, the inclusion Dom (A,) — W*P(Q) is compact by Proposition 6.2.
Thus, when considered on the space W*P(Q), its inverse

(Ap — koI)™1: WHP(Q) — Dom (A,) — W*P(Q) (9.17)

is a compact, everywhere defined operator. Next, for each k € C, the factorization
Ao — kI = (Ao = koT) [T = (k = ko) (Ao — kol) 7] (9.18)
proves (cf. Theorem IV.2.7, p. 103 in [22]) that

Ao — kI is a Fredholm operator with index zero on W*P(€2). (9.19)

Recall that we seek a similar conclusion for the operator \A. To this end, for each (J,K) €
LP(Q, AT M) @ LE(2, A'T M) we write:

(J,K) € Im (A — kI; LP(Q, A'TM) @ LP(Q,A'TM)) =
(J = Vdiv Gy J, K — VdivG.K) € Im (A — kI; (LP(Q, A'TM))?) &

(J = Vdiv Gy J, K — VdivGoK) € Im (A, — kI; W*P(Q)) <
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(J = Vdiv G J, KK — Vdiv G K) € [Ker (A, — kW7 ()] &

(J = VdivGyJ, E) + (K — VdivG.K, H) = 0, (9.20)
V(E,H) € Ker (A, — kI; W57 (Q)) <

(J,E) + (K,H) =0, V(E,H)¢c Ker(A—kI;(L2(Q,A'TM))*) <

(, ) € [Ker (A— kI L2(Q, A'TM) @ LE(Q, AT M)

The first equivalence is proved much as in Step VI in §8. Also, the second, fourth and sixth ones
follow from definitions, while the third one is implied by (9.11) and (9.19). Finally, the fifth one is
justified via integrations by parts.

Let us now observe that, as a consequence of Proposition 6.2, the kernel of the operator A — kI
on LP(Q, AYTM) @ LP(2, AT M) is actually independent of (s,1/p) € Rq and, in fact, coincides
with Ker (A, — kI; W%2(Q)). In particular, from (9.16), this kernel is trivial whenever k ¢ R. This,
in concert with the sequence of equivalences (9.20), now shows that when acting on LP (2, AT M) @
LP(2, AT M), the operator A — kI is Fredholm with index zero for each k € C\ {0}, and is in fact
an isomorphism whenever k ¢ ¥(Q2). O

10 Proofs of the main results

This section is devoted to presenting the (final details in the) proofs of Theorems 1.1-1.3, from §1.

10.1 Proof of Theorem 1.1.

Given u € LP(Q,A'TM), with (s,1/p) € Rq, we may write u = Vi + curlw + h, where ¢ :=
divGeu € LY (D), w := —curl Gou € HYP(Q;curl), and h := Pyu € HeP(2). Natural estimates
are implicit. To prove that the sums in (1.4) are direct, assume that

0 = Ve +curlw + h, for some ¢ € LY, (), w € H"(Q;curl), h € HJP(Q). (10.1)

It follows that ¢ solves the homogeneous Neumann problem Ay = 0 in Q, d,0 = 0 on 9. Thus,
from Corollary 4.4, we see that Vo = 0in . Next, (h, h) = —(curlw, h) = 0, as a simple integration
by parts shows. Thus, h = 0 in €2, which also forces curl w to vanish, as desired.

The fact that curl Hy?(2; curl) is a closed subspace of LP(£2, A'T M) has been established in
Proposition 3.9. Finally, Lemma 2.2 and its proof (cf. (2.33)) give that VLY, (Q) and VLY, ((Q)
are closed subspaces of LP(Q, A'TM).

The reasoning for (1.5) is similar; this time we employ G« and rely on the well-posedness of
the scalar Poisson problem with Dirichlet boundary conditions.

10.2 Proof of Theorem 1.2.

The strategy is to reduce (1.6) to the case when f =0, g =0, i.e. to the problem (7.1). This can
be done as follows. Let w € R be a fixed, positive number and consider a 1-form w so that

(A —w)w =01in Q,

w € HSP(Q; curl), divw € L§+1(Q),
vow=fe BT, (90),

v x curlw = g € TH?(09Q).

(10.2)
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Also, let @ solve (7.1) for the datum 7 := 7 — Aw in . Then, so we claim

u:=1+w — Po(li + w) (10.3)

solves (1.6). For this program to work, we need that w and @ exist and satisfy natural estimates.
First, the existence of w is assured by taking

w:=38, [(%I - Mw)’lg} + VS, [(—%I + K5 Su(BI+ Mw)’lgﬂ- (10.4)

Note that, from (10.4) and the mapping properties of the intervening operators,

lwll s @icurny + ldivellze @) < CUIfllBre, o) + l9llzazo0)- (10.5)

Second, the fact that @ exists (plus accompanying estimates) is a consequence of the fact that
(7.1) is solvable for the datum 7, i.e. the compatibility condition 7 € [He ™" /(Q)]O is satisfied. In
turn, this can be readily justified from (1.7) and integrations by parts. Finally, the space of null
solutions for (1.6) is the same as the one corresponding to (7.1), i.e. Ho¥(2).

To treat (1.8), we need to consider the auxiliary problem

(A —w)w=0in Q,
w e HP(Q; curl), divw € LY (Q),

10.6
Tr(divw) = f € Bﬁ’flfl/p(aﬂ), (10.6)
vxw=g e THE(0N),
for some w > 0, which we solve in the form
wi=Su|v(3T + Ko) ']
+ourl S, [ (31 + M) ™ g — v x SLv(3T + Kuo) 7 )] (10.7)

Then, if @ solves (7.19) for the datum 7 := 7 — Aw in Q, the form v := 4+ w — Px (2 + w) is a
solution of (1.8). Note that @ exists, since the compatibility condition (1.9) ultimately translates

into (7.20) for 7, via integrations by parts. Finally, the space of null solutions for (1.8) is the same
as for (7.19), i.e. HLP(Q).

10.3 Proof of Theorem 1.3.

For each J, K € L2(Q, A'TM) and f € THP(9Q) of the form f = v x U, with U € H*P(£; curl), we
have that E, H € H5P(Q; curl) solve (1.10) if and only if (F — U, H) € H*(; curl) & H*P(; curl)
is a solution of (8.1) with K, J replaced by K:=K—culU and J := J — ik U, respectively. In
turn, by (9.20), a necessary and sufficient condition for this to happen is

(K —cwlU, E) + (J — ik U, H) =0, Y (B, H)

_ (10.8)
null solution of (1.10) with k replaced by k.
Now, an integration by parts shows that the above condition is further equivalent to
K,EY+ (JHY=0, Y(E H
(K E) + (2, 1) (B, 1) 109

null solution of (1.10) with & replaced by k.
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From §9, we know that space of null solution for (1.10) is trivial whenever k ¢ R. Thus, the full
Poisson problem for the Maxwell system (1.10) is always Fredholm solvable, with index zero. In

fact, with the notation introduced in Theorem 9.1, this problem is genuinely well-posed if and only
if k ¢ {£k;};. This proves Theorem 1.3.

11 Appendix

Here we prove a suitable Poincaré type lemma in the context of differential forms with coefficients
in Sobolev spaces in Lipschitz domains.

First, let us recall the classical Cartan homotopy operator. Let {¢;}o<t<1 be a family of C*°
diffeomorphisms of M which depends smoothly on the parameter ¢, and introduce the vector field
Xi(pe(x)) = %cpt(x) (which we also identify canonically with a one-form). Set V for the interior
product of forms and define

1
Cu ::/ o1 (X0 v u) di (11.1)
0

for each differential form w. Then, since d(X;Vu)+XVdu = %(gp;‘fu), it follows that d(Cu)+C(du) =
©iu — pju. See, e.g., [61] for more details.

Next we specialize this discussion to the case when M = R™ and assume that {2 C R" is an open
domain which is starlike with respect to some ball B C 2. Fix some § € C5°(B) with [0 =1 and,
for each y € B, consider the family ¢,(x) :=y + t(z —y), 0 < ¢t < 1. In particular, ¢y 0(z) =y
and ¢y 1(xz) = x. Next, take X,4(z) := (z — y)/t and consider the following integral average of
(11.1) (an idea also used in [29]):

Ceulw // [/01 Oyt ( Xyt V u) () dt| dy (11.2)
/] 5 /0 E0) (@ —y) Vuly + t(z —y) didy,  z€Q,

where u : Q — A‘R™. Inheriting the corresponding property from C, it follows that for any smooth
{-form u on

u=d(Cou) + Cpy1(du), in Q,if £>1. (11.3)

For further reference, we also note here that

Oy (df) (= // 0y fy)dy, xe€Q (11.4)

for any scalar function f.
For reasons which will become clear in a moment, we find it convenient to consider Iy, the
transpose (in the sense of distributions) of (11.2), meaning

(Cou,v) = (u, I_1v),  Yuc CX(Q,AR"), Vo€ C(Q, A“IR"). (11.5)

A straightforward calculation (based on a couple of changes of variables) shows that

TIyu(z // / Y 00y + t(z — y))(z — ) A uly) didy, x €, (11.6)
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whenever u € C2°(92, A‘R™). One most notable feature of the operator (11.6) is that supp (fru) is
a subset of {A\z + (1 — A\)y; = € suppu, y € B, 0 < X < 1}. In particular, since 2 is assumed to be
starlike with respect to the ball B, we may conclude that

L[C(Q, AR™)] C C°(Q, ATHIR™). (11.7)
Going further, we note that the dual of (11.3) then becomes

u = 0(Ipu)+ Ij—1(0u) on l-formsin Q, £ > 1, (11.8)

u = o(lou)+ 9// wdzr  on scalar functions in €2, (11.9)
Q

where § is the formal transpose of d. The identity (11.9) has also been derived in [3]. However,
the operator we are most interested in at the moment is

Jou(x // / t" o— 19(y +t(x —y))(z —y) Vu(y) dtdy, x €, (11.10)
if u € C5° (9, AZR"). With ‘star’ denoting the standard Hodge isomorphism in R™, it follows that

wIp = (—1)"*'J,_yx  on (-forms. (11.11)
Since *6 = (—1)%d* and *d = (—1)1§% on (-forms, it easily follows from (11.11) and (11.8)-(11.9)

that
u = d(Juu)+ Joy1(du) in Q, Yue CPQ,ARY), if 0<l<n—1, (11.12)

u = d(Jpu)+ (//Qu>¢9dx1 Ao Ndzp, in Q, Yue C(02, A"R"). (11.13)

Our aim is to study mapping properties of the operators J;, on Sobolev scales. To this end, it
clearly suffices to analyze scalar integral operators of the form

Tf@) = [[ [0 s - )y + e - )ty zeQ (1114)
where 1 < j7<n,0</¢<n.
Lemma 11.1 Suppose that 0 C R"™ is a bounded, Lipschitz domain, starlike with respect to a ball
B cC Q. Fiz0 € CX(B) with [0 =1 and recall (11.14). Then for each 1 < j <n and 0 <l <n

the operator

Tpj: Lgo(R) — Ly, (D) (11.15)

1s well-defined and bounded whenever 1 < p < oo and —2 + % <s< %.

Proof. In a first stage, we shall prove a related version of (11.15), namely that

Toj: L5 o(Q) — LF, (), 1<p<oo,s>0. (11.16)
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To get started, let us first prove the case s = 0 of (11.16), i.e. that T ; is a bounded operator
from LP(Q2) into LY(2). To this end, note that

ke j(x,2) = Zj/o L+ 7)1 0 + T2) dr (11.17)

is the integral kernel of Ty ;, in the sense that Ty ; f(x) = // ke j(x,x —y)f(y)dy, for each z € €.
Q
For a fixed, arbitrary k € {1,2,...,n}, consider next 0., [k ;(x, 2)], given by

d; / 76(1 + T)”_E_lﬁ(x +72)dT + 2; / 7'“1(1 + 7)"—4—1(ak9)(x +7z)dr. (11.18)
0 0

Expanding (1 + 7)" ¢! via the Binomial Theorem and changing variables so that z re-scales to a

unit vector eventually shows that the top singularity in the above expression corresponds to ¢ = n,
i.e. is given by

Ko, 2) = 2 [ e gy [T @) ) d (11.19)
k(T 2) = o T T+ 7)) dr 2T o T (Onb) (2 + T5) dT. .

At this stage, the key observation is that this top singularity satisfies the homogeneity condition
k;?ﬁk(x, A\z) = /\_”k:é?fk(:z, z), for each A > 0, the uniform estimate sup, supj,j_; |kzojpk(x, 2)| < 400
and, finally, the cancellation condition [, _, k:éojpk (x,2) dwy = [gn 0, [2;0(x + 2)] dz = 0, since 6 has
compact support. The bottom line is that 0., [k¢ (@, x — y)], Oy, [ke ;(x, x — y)] are, modulo weakly
singular kernels, two (non-convolution) variable coefficient Calderén-Zygmund kernels in R™.

With p’ denoting the conjugate exponent of p, the proof of the case s = 0 is finished as soon as
we show that, for 1 < k < n,

‘//Q //kae,j(a:,:v —y)f(y)g(z) dyd:z:‘ < CHfHLp(Q)||g||Lp,(Q)7

] ][ eitea =05 @ong(@) dyda] < Clflr@yllolmey:  (1120)

uniformly in f,g € C5°(2). We shall only prove the last estimate above which is the most delicate.
For this, it suffices to establish that, for each 1 < k < n,

‘//Q/ Qké’j(aj’x B y)n(%)f(y)(akg)(x) dydx‘ < C||f||LP(Q)||g||LP'(Q)7 (11.21)

uniformly in € > 0. Here, n € C'° is a fixed function such that n = 0 near the origin and n = 1 at
infinity.

Integrating by parts in the left side of (11.21) yields two types of terms under the (double) inte-
gral sign, call them A.(z,y)f(y)g(x) and Be(x,y)f(y)g(z), corresponding to 9, falling on n(*=%)
and on kg j(x,z —y), respectively. Now, by a straightforward estimate, sup,q [[q [As(z,y) f(y)|dy
is dominated by a fixed multiple of M f(x), the Hardy-Littlewood maximal function of f, so that the
contribution from the first term is of the right order, thanks to the LP-boundedness of M, 1 < p <
00. As for the contribution from the second term, since the expression sup,~q | [[o Be(x,y) f(y)dy|
is controlled in terms of the maximal operator associated with smooth truncations of a Calderdn-
Zygmund operator, the desired conclusion follows from standard Calderén-Zygmund theory ([6]).

58



The above reasoning proves (11.16) when s = 0. To handle other (positive) integer values of s,
for an arbitrary multi-index o = (a, ..., ) with |a| = s+ 1 pick k € {1,2,...,n} such that a; > 1
and set 3 := (a1, ..., — 1,...ap). In particular, |§| = s and 0% = 9°0),. We then write

//Q/ ng’j(x’x — ) f(y)(0%9)(z) dydx
— (—1)8%0@7//(2 //Rn(c‘);kg’j)(x,z)(aﬂwf)(x — 2)(Okg)(x) dzda

=03 G ][] @riaa =@ D@9 dyde,  (11.22)

for each f,g € C5°(£2). Since (9)ks;)(x,2) is of the same type of integral kernel as before, the
estimate (11.20) may then be invoked in order to bound each term in the last expression above by
Cliflizellgl o @) < CHfHL?O(Q) 191l L7 (q2)- Since C5°(€2) is dense in L% ((Q) for any 1 < p < oo and

s € R (cf. Remark 2.7 in [32]), this further proves that Ty ; : LY ((Q) — L, () for s = 0,1,2, ...
By interpolation, this takes care of (11.16).

The case 0 < s < 1/p of (11.15) then follows from (11.16), plus the fact that T, ;[C5°(2)] C
C5°() (compare with (11.7)), by recalling that the closure of C5°(§2) in L% (Q) is LY, o(©2) whenever
l<p<ooand 1/p<a<1+1/p (cf. Proposition 3.12 in [32]).

As for the case =2+ 1/p < s < 0 of (11.15), the starting point is to prove that the adjoint

T/ f(x) == //ngﬁj(y,y—a:)f(y), z € Q maps LY ;(Q) boundedly into L{,;(€2) for 1 < p < oo and

s =0,1,2,.... This, in turn, may be carried out much as before; the details are left to the reader.
By interpolation and duality it follows that Ty ; : L% ,(Q) — Ly, (Q) if 1 <p < oo and s < —1.
Further interpolation with what we have already proved eventually covers the full range of indices
in (11.15), thus finishing the proof of the lemma. O

Proposition 11.2 Let Q C R" be a bounded Lipschitz domain which is starlike with respect to
some ball B C Q, and fixr 0 € C°(B) such that/ 0 = 1. Then for the family of operators (11.10)

the following are true.

(1) There holds
Jo[C2(Q, A'R™)] C C°(Q, A“IR™). (11.23)
(2) For each 1 < p < 0o and—2+%<s<%,
Jo: L2 o(QAR™) — L2, o(Q, A 'RY) (11.24)
is well-defined, linear and bounded.

(3) If 1 <p<ooand —14+1/p <s<1/p, then

u=d(Jou)+ Jer1(du) in Q, if 0<L<n-—1, (11.25)

for each form u € LE(Q, A'R™) with du € L2(Q, A“"'R™) and such that v Au = 0 on ON.
Furthermore,
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u=d(Jyu) + (//Qu)ﬁdazl Ao Ndzp, in Q, Yue LE(Q, A"R"). (11.26)

Proof. Point (1) follows from (11.7) and (11.11). Point (2) is a direct consequence of Lemma 11.1.
Finally, point (3) is going to be a consequence of (11.12) and a limiting argument, in concert with
the following approximation result, valid as long as 1 <p < oo and =1+ 1/p <s < 1/p:

Yau € LP(Q, A'R™) with du € LP(Q, A“T'R"), and v Au = 0 on O

11.27
= Ju. € CP(Q, A'R") with u. — u in LP(Q, A‘R") and du. — du in L2(Q, A“TIR™). ( )

Much as in the proof of (2.47), there is no loss of generality assuming that there is an open cone I
centered at the origin of R™ so that I' + (02 Nsuppu) C Q. As before, pick p € C°(I), [[p =1,
and set . := e "p(-c7!) for ¢ > 0. Then, by the higher dimensional analogue of (2.38), the
differential form u. := (. * @)|o € C°(Q, A‘R™) does the job advertised in (11.27). This justifies
(11.27) and finishes the proof of (3). ]

Finally, as far as the operators (11.2) are concerned, we have:
Proposition 11.3 Under the same assumptions as in Proposition 11.2, then the following hold.

(1) For each ¢, the operator (11.2) extends as a linear, bounded mapping on forms with distribu-
tions coefficients in €1, i.e.

Cr: (CR@ARY) — (CR@ATRY) 1<i<n, (11.28)
and (11.3) continues to hold in this more general setting.

(2) Let O be an open subset of Q such that Q\ O is starlike with respect to the ball B. Then, for
every distribution-valued {-form u in 0 such that suppu C O we have supp [Cpu] C O.

(3) Foreach1<p<ooand—2+%<s<%,

Cp: LE(Q,A'R™) — LP(Q,A'R™), (11.29)
is well-defined, linear and bounded.

Proof. Point (1) is a consequence of (11.5), (11.7) and (11.3). Point (2) is easily justified by
observing that if v € C°(Q\ O, A 'R") then supp (I;v) C Q\ O, and then invoking (11.5).
Finally, (3) follows from (2) in Proposition 11.2, (11.11) and duality. 0
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