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BOUNDARY INTEGRAL EXTERIOR CALCULUS*

ERICK SCHULZ', RALF HIPTMAIR! , AND STEFAN KURZ?!

Abstract. We report a surprising and deep structural property of first-kind boundary integral
operators for Hodge—Dirac and Hodge—Laplace operators associated with de Rham Hilbert complexes
on a bounded domain €2 in a Riemannian manifold. We show that from a variational perspective,
those first-kind boundary integral operators are Hodge-Dirac and Hodge-Laplace operators as well,
this time set in a trace de Rham Hilbert complex on the boundary 02 whose underlying spaces of
differential forms are equipped with non-local inner products defined through layer potentials. On
the way to this main result we conduct a thorough analysis of layer potentials in operator-induced
trace spaces and derive representation formulas.

Key words. De Rham complex, Hodge-Dirac operator, Hodge-Laplace operators, Newton
potential, layer potentials, representation formula, jump relations, trace de Rham complex, first-
kind boundary integral operators
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1. Introduction.

1.1. Setting and notations. We start from a smooth orientable N-dimensional
Riemannian manifold M without boundary and with uniformly bounded curvature.
We let Q = Q= C M denote an open connected compact sub-manifold of the same
dimension with a compatibly oriented Lipschitz boundary I' := 0 [18, Appendix A]
and write QT = M\ clQ for the open complement of ().

Following the notations of [2, Section 2|, for some open N-dimensional sub-
manifold w of M, we denote by L2A*(w) the Hilbert space of square-integrable differ-
ential forms of degree £ € {0,..., N} (“/-forms”) on w. In general, we write X A¢(w),
for instance C®°Af(w), L>®Af(w), etc., for a space of f-forms on w with coefficients
in the function space X (w) and the inherited topology. In particular, C°A*(w) is
the space of “test (-forms” and (C§°A*(w))’ the corresponding dual space of distribu-
tions. If £ < 0 or £ > N we adopt the convention that X A*(w) = {0} to simplify the
treatment of special cases.

Recall the local and isometric Hodge star operators , : L2A%(w) — L2AN ~¥(w),
0 < ¢ < N, induced by the Riemannian metric on M [16, Section 2.1]. The symmetric
pairing

(11) <U€7V£>w = / UZ /\*ZW ; UZ7 VZ € LQAE(W) )

w

is bilinear and is to be distinguished from the sesqui-linear inner product written
(Ue, Vi) p2at(w) = (Uy, Vi)q, where the overline indicates complex conjugation. We
will regularly rely on duality pairings that extend symmetric L2-type pairings of the
form (1.1). We use double angle brackets for those duality pairings, e.g. (-, )o-
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2 E. SCHULZ, R. HIPTMAIR, AND S. KURZ

We will also need Sobolev spaces of ¢-forms [23, Section 1.3], in particular
(1.2) H'A(w) := {v € L*AY(w)| Vv € L2 (AN (w) ® Aé(w))} :

where V, stands for the Levi-Civita connection [16, Section 9.2]. An equivalent def-
nition can be given based on coordinate representations, see [2, Section 2.2]. Primes
generally tag dual spaces or adjoint linear operators, but we also use the customary
notation H~'A‘(M) := (H'AY(M))".

We recall the exterior derivative d, acting on /~forms and its formal L2-adjoint,
the exterior co-derivative d,; = (—1)+! *Zl dn—¢—1 *e41, 0 < £ < N [23, Def-
inition 1.2.2]. Note the special cases dj, = 0, k¢ {0,...,N—1}, and §,, = O,
m & {1,...,N}. Both dy and d,4; are viewed as closed densely defined unbounded
operators d; : L2A%(w) — LA (w) and 6,41 : L2A*T Y (w) — L2A%(w). As such they
give rise to the (primal and dual) de Rham domain Hilbert complexes [3]

HAY(d,w) —2 HAYd,w) — 2 . 7
(1.3a) L T HAdw) — Y AR (d,w) — 2 j

o v HAN-1(d,w) 2% L2AN () |

L2A0(w) 2 HA'(S,w) «—2—— ... eJ
(1.3b) L o A w) O HAM(S,w) e}

L oo HAN1(8,w) <2 HAN(§,w)

which enjoy the Fredholm property, cf. [1, Chapters 4 and 6]. Here, we have used the
notations

(1.4) HA*(Op,w) = {v € L?A*(w)|Opv € L>A™*Y(w)}, Op € {ds,d¢} ,

for the domain spaces of the exterior (co-)derivatives. Those are Hilbert spaces when
equipped with the natural graph norms.

We drop the degree superscript for product spaces related to the full Grass-
mann algebra, for example, L?A(w) = ®év:0 L?AY(w). We write in a bold font,
eg. U = (U@)évzo, elements of those spaces. The exterior (co-)derivatives induce
diffuse Fredholm-nilpotent operators d : L?A(w) — L?A(w) and § : L?A(w) —
L?A(w). They are formally adjoint with respect to the Hermitian inner product
(U, V)26 = (U, V), defined through the degree-wise bi-linear pairing (U, V)., =
Zév:()(Ug, Vide, U,V € L2A(w), cf. (1.1). As (N+1) x (N +1) operator matrices act-
ing on vectors of differential forms of the form U = [Uy,...,Un]", the “full” exterior
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BOUNDARY INTEGRAL EXTERIOR CALCULUS 3

derivative and co-derivative read

0 0 0 0 0 & 0 0
d 0 0 0 0 0 & . 0
(15) d= 0 d 0 0 and 6 = 0o 0 o . 0
: R R oo T by
0 0 0 dyva 0 00 0 0 0

Similarly, the full Hodge star on L2A(w) can be represented as

*N
O *N—1

(1.6) * 1= P LA (w) — L*A(w) .

*1 O
*0

We also adapt the spaces defined in (1.4) to the Grassmann algebra setting and then
write HA(d,w) and HA(d,w), with evident meanings.

1.2. Overview and Outline. Our goal is to understand the structural proper-
ties of first-kind boundary integral operators (BIOs) associated with boundary value
problems (BVPs) for the

(1.7) Hodge-Dirac operator D=d+6,
and the
(1.8) Hodge-Laplace operators —Ay=dp_10¢+ dp41de, 0<I< N,

which are unbounded first and second-order differential operators on LZA(2) and
L?AY(Q), respectively. This article is inspired by the “modern approach” to layer
potentials and BIOs, analyzing them in “operator-induced trace spaces”; we refer to
[8] and the monographs [14, 20] for a comprehensive presentation. It comprises the
following steps, also outlined in Figure 1:

(I) Applying integration by parts (Green’s formulas) to the operators A, D
and related ones, we can identify appropriate boundary conditions and trace
operators. Those are reviewed in Section 3.

(IT) Solution operators on M (Newton potentials) in conjunction with Green’s
formulas yield representation formulas, which we derive in Section 4. Layer
potentials form their main building blocks.

(II1) BIOs emerge from applying traces to representation formulas, see Section 5.
We focus on first-kind BIOs, which map between trace spaces that are in
duality with respect to an L? pivot space.

Our key new finding, stated in Theorem 5.2, Theorem 5.3 and Theorem 5.4, is that

the obtained first-kind BIOs are Hodge-Dirac and Hodge—Laplace operators
themselves, but associated with trace de Rham complexes on I', which are
based on non-local inner products defined through layer potentials.
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4 E. SCHULZ, R. HIPTMAIR, AND S. KURZ

This discovery also reveals the importance of the trace de Rham complex when
studying boundary integral equations for Hodge-Dirac and Hodge-Laplace operators.
We recall this key concept in Section 2.

Operators D%, £) on QU Q*

<~

Integration by parts Newton potentials
(Green’s formulas, Section 2) (fundamental solutions, Sect. 4.1)
Trace operators Representation formulas
(boundary conditions, Section 3) (Layer potentials, Sects. 4.4, 4.5)
Trace spaces Boundary integral operators
(boundary de Rham complex, Sect. 2) (in variational form, Section 5)

~ ~

First-kind BIOs as ©", Sﬁ‘s in trace de Rham complex
(Theorems 5.2, 5.3, 5.4)

Fic. 1. The road towards first-kind boundary integral operators induced by the Hodge-Laplacian
and the Hodge-Dirac operator. Arrows indicate a “built-from” relationship.

A difficulty arises at the outset of our program: © and A, may not be injective
even on O®A(M) or C®A*(M), respectively, with nullspaces comprising smooth
harmonic forms [16, Section 3.1]. Thus, to keep the presentation simple, we regularize
the Hodge—Dirac and Hodge—Laplace operators by adding zero-order terms and work
with injective modified operators of the form

(1.9) D :=D+awld, xcR\{0}, and £}:=-A,+Ad, A>0,
which are related by the identity (A := (Ag)évzo)
(1.10) (D —w)(D+w)=—A+ N\, if \=r?.

For the remainder of this article we fix A > 0 and set k := \7/2.

Remark 1.1. In the case that M is the Euclidean space R", with some modifica-
tions the developments of this article carry over to the case A = k = 0 and even A\ < 0,
k € 1R, provided that suitable decay or radiation conditions “at co” are imposed [6,
Section 3.3], [14, Chapter 9], [10, Section 6]. We decided not to treat this technically
more challenging setting in this article.
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BOUNDARY INTEGRAL EXTERIOR CALCULUS 5

1.3. Related work. There is a plethora of literature on layer potentials and
boundary integral equations concerned with Hodge-Laplace and Hodge-Dirac oper-
ators in the setting of this article, see [19], the monographs [18] and [16] and the
numerous references therein. To the authors’ astonishment, in these works all atten-
tion is directed at second-kind BIOs on I' and those are mainly considered as operators
in LP(T)-type spaces. We could not find a single article devoted to the first-kind BIOs
we are going to study in this work.

Of course, in Euclidean space M = R, N = 2,3, first-kind BIOs play a promi-
nent role as foundation for the boundary element discretization of BVPs for various
strongly elliptic partial differential equations [20, Chapter 3], [14, Chapters 7-10], and
even the time-harmonic Maxwell’s equations [5]. The analysis of first-kind BIOs for
the Hodge-Laplacian for Euclidean space M = R3 was pursued by some of the authors
in [6] and [7], at the time, entirely in the framework of classical vector calculus.

What can be seen as precursors of and sources of inspirations for the present
paper are the works [12] and [22]. In the latter article we caught a first glimpse of
the above-mentioned discovery for the Hodge-Dirac operator D in the special case
M =R3. The investigations were solely based on classical vector calculus. A crucial
observation was that, although the Hodge—Dirac operator is only first-order, it is still
amenable to arguments borrowed from the well-known theory of first-kind boundary
integral equations for second-order elliptic operators in Euclidean space.

This article was motivated by the desire

(i) to generalize the results of [22] to arbitrary dimensions by translating them

into the language of differential forms, and

(ii) to extend them to analogous results for the Hodge-Laplacian.

We fully succeeded in this endeavor and, thus, gleaned completely new deep insights
into structural properties of BIOs.

Of course, also this research heavily draws on previously established theory, in
particular as regards traces and energy trace spaces for differential forms. The im-
portant results of [17] and [26] on the existence and properties of surjective trace
operators for spaces of differential forms in R proved instrumental in the develop-
ment of boundary integral exterior calculus on boundaries of mere Lipschitz regularity.
Abstract trace complexes are also studied in [11], where an alternative proof to that
given in [17] is provided for the compactness property of the so-called trace de Rham
complex.

List of notations. In this article we prefer “verbose” notations conveying max-
imum information about entities. We admit that this leads to lavishly adorned sym-
bols, but enhanced precision is worth this price.

Mo “ambient” Riemannian manifold, Page 1

Q=0 ........ open, bounded domain C M, Page 1

QF ;== M\ cl  open complement of Q, Page 1

=00 ........ boundary of 2, Page 1

LAY (w) ....... Hilbert space of square-integrable ¢-forms on w C M, Page 1
XA (w) oo space of (-forms with coefficients in X (w), Page 1

O bilinear symmetric L2-pairing, (1.1)

(G P duality pairing extending an L?-pairing

DF regularized Hodge-Dirac operator, (1.9)

25‘ ............. regularized Hodge-Laplace operator acting on ¢-forms, (1.9)
*5 ............. Hodge operator on I', Page 6

U inclusion map I' C §, Page 6

7 Dec 2022 07:31:59 PST
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Aé('» ')7 Ad('7 )
HAY(A, M\ T)
T 0 TRy oo
HY'(T), HY(T)

N
A A
MY, RN .

(e, v0) _1 x>
(we,2¢) 1 xn
SL"[®], DL"[D]
SLy[A], DL}[A]
SL)[9m], DL [m]

E. SCHULZ, R. HIPTMAIR, AND S. KURZ

tangential trace of an ¢-form from QF, (2.1)
normal trace of an ¢-form on QF, (2.1)

regular trace spaces, (2.3)

exterior (co-)derivative on I', Page 7

domain space of dj on HI%AE (I

domain space of 6, on H, ”_%Aé (1)

L? duality pairing on T’

traces on graded Grassmann algebra of differential forms, (2.10)
bilinear forms associated with the Hodge-Dirac operator, (3.2)
domain space of Hodge-Laplacian acting on ¢-forms, (3.5)
trace operators associated with the Hodge-Laplacian (3.6)
product trace spaces, (3.8)

mixed-order Hodge-Laplacians, (3.9), (3.14)

complementary trace operators for My, (3.12)

complementary trace operators for Ry, (3.17)

mixed-order bilinear forms for £, (3.16), (3.11)

Newton potentials, (4.4), (4.5)

basic layer potentials, (4.8a), (4.8b)

compound basic layer potentials, (4.17)

non-local innner products for H‘T%Ae(F) and HI%AZ(F)7 (4.21)

layer potentials for the Hodge-Dirac operator, (4.33)
layer potentials for Hodge-Laplacian £, (4.38)
layer potentials induced by mixed-order Hodge-Laplacian, (4.44)

2. Traces of Differential Forms and Trace De Rham Complexes. The
boundary I" := 01 is an oriented Lipschitz sub-manifold of M of dimension N — 1, cf.
[14, Chapter 3], [15, Section 2], [18, Appendix A], [24, Section 1] and [26, Section 1].
As such it is also a Riemannian manifold, which inherits its metric as the restriction
of the metric of M to the tangent bundle of T'. Spaces of differential forms LZA*(T')
and Hodge operators %, : L2A*(T") — L2AN=1=Y(T) can be defined as usual. They
are non-trivial only for 0 </ < N — 1.

Suitable trace operators for HA*(d, QF) and HA*(8, QF) are obtained by extend-
ing the pullback and “rotated” pullback of differential forms, also called tangential
and normal traces. Writing +f : I' — QF for the inclusion map, and o4 for the in-
duced pullback, those trace operators are defined for all smooth (up to the boundary)
(-forms U € C*AQ7), 0< < N, by

(2.1)
* -1 4 _
tyUS =2Uf € LPAYT)  and  nfU[ = (%) ok * UJ € LPAN(T) .
We drop the superscript “—” or “+” when we let trace operators act on functions

defined everywhere on M, for instance, t, : C*°A*(M) — L2AY(T).
Generalizing the notation of [12], we define the dual spaces

(2.2) HAYT) = (HEAYD)) and  H, *AY(T) = (H2AYT))
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BOUNDARY INTEGRAL EXTERIOR CALCULUS 7

where the so-called regular trace spaces are given as the ranges
(23)  HPAT)=t] (HlA‘(m)) and  HZAYT) :=nF (HlAM(QﬂF)) ,

and endowed with the corresponding trace norms, c¢f. [26, Section 2|. They generalize
the well-known fractional Sobolev space of Dirichlet traces HzA%(T) = Hz2(T) [14,
Chapter 3|, which has inspired the notation. The spaces introduced in (2.2) and (2.3)
form Gelfand triples with pivot space L2A*(T").

In the spirit of [11, Section 7], we view the exterior derivative and the co-derivative
on the boundary T' as the closed densely defined unbounded linear operators dJ :

_1 _1 _1 _1

H *AYT) — H ?A""ND) and & + H *AYT) — H A (), where &; is the
L2A*=YT)- or L2AY(I")-adjoint, respectively, of dy_;.

DEFINITION 2.1 (Trace de Rham complexes, [11, Theorem 7.1]). The Hilbert

_1 _1

complexes spawned by the closed unbounded operators di : H| > AY(T") — H | > A“*H(T)

and 8} : H‘T%AZ(F) — HlT%AZ_l(F) are called trace de Rham complexes.

From [11, Theorem 7.3] we learn that the trace de Rham complexes possess the
Fredholm property. The associated domain complexes can be written as

r r
HAO(A",T) —% gAv@i,m) — 9 )

T T r
(2.4a) & N At Ty s At ar Ty — U

dk dk
[» s —=2 5 HAN72(dN,T) == L2AN-YD)

and
L2AO(T) <2 HAY(O,T) 2 e}
(2.4D) L e At ) S gasnr ) e}

62772 51“71
L 2 HANZ2(UT) 5 HANSL(TT) .

Here, HI%AZ(dF,F) and H”_%AZ((SF,F) designate the domain spaces of dj and 4},
respectively, equipped with the graph norms. Note that in general HI%AZ (d, 1) ¢
L2AY(T) and H, *A(67,T) ¢ L2AX(T).

Further, the results of [11, Section 3] ensure that the operators
(25) 7 H'W(M) — HFAYT)  and o H'AY(M) — HIAN(T)
can be extended to continuous and surjective mappings

06 tF : HAYA, QF) — H?AYd",T),
' nf L HAY(S,QF) — H *A1(6",T) |
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8 E. SCHULZ, R. HIPTMAIR, AND S. KURZ

such that the integration by parts formula (“Green’s formula”)
(2.7) (de Up, Vey1)ox = (Ue, 041 Vig1) o= = (t7 U, nf Vi )r

holds for all U, € HA*(d,QF) and V4, € HA*T(5,QF). On the right-hand side of
(2.7), the duality pairing on the boundary

(2.8) (- hp s HPAYAE,T) x Hy 2AY (6T, T) = ©

extends the L2AY(T)-pairing. That is, it puts HI%AZ(dF, I') in duality with the trace

_1
space H 2Af=L(8V T) using L2AY(T) as a pivot space, see [11, Section 4].
Despite I' being merely Lipschitz regular, the usual commutative relations

(2.9) tfody=djotf and nf  od =—8_,o0nf,

still hold for the trace operators. The first reflects the fact that pullback and exterior
derivative commute, and the second identity can be obtained from the first:

—1 % _ _ _ *
0100 = () o wer (21 (1) o) = (1) 7 () hA Rtk

-1/, \—=14T r r =1« r
== ((—1) (*o—2) dN—e*z—l) (xe-1) Vpke = —0p_y ong .
We use a bold font to denote traces acting on the full Grassmann algebra of forms in
a component-wise manner, i.e.

(2.10) tTU :=22U and nTV:= (*F)fl tex V.

Then, applying the integration by parts formula (2.7) to the components of U and V'
separately yields

(2.11) (dU,V)qz =(U,6V)gs £ (t7U,nV)r

for all U € HA(d, QF) and V € HA(S,QF).

3. Variational Boundary Value Problems (BVPs). We briefly review well-
posed boundary value problems for the (regularized) Hodge-Dirac operator D% and
Hodge-Laplace operator £z,\, A>0,A=#r%1€{0,...,N}, see (1.9). Our focus is on
variational formulations with natural boundary conditions.

3.1. BVPs for regularized Hodge-Dirac operators. Writing HA(D,Q) =
HA(d, Q) N HA(4,9) for the maximal domain space of ®, the following two bound-
ary value problems on () are associated with self-adjoint specializations of ©" with
compact resolvent [16, Section 1.3]:

DU =0 in

1
ttU=g ondQ "’ geHL2A(dF,F),

(3.1a) U e HA®D,Q): {

and

D"U =0 in ()

nU=h ondQ ’ hed

SCAAVE

(3.1b) U e HA(D,Q): { ‘
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BOUNDARY INTEGRAL EXTERIOR CALCULUS 9

As discussed in [22, Section 3], the Hodge-Dirac operator induces two distinct funda-
mental symmetric bilinear forms

(3.2a) As(U, V) = (8U,V)g + (U,8V)q YU,V € HA(S,Q) ,
(3.2b) Aq(U, V) = (dU,V)g + (U,dV)q YU,V € HA(d, Q).

They play a key role in the following “Dirac counterparts” of Green’s first identity:

(3.3a) @U,V)oa=AsU,V)+{(t U,n V),
(3.3b) PU,V)g=A4(U,V) — <<n7U, t*V»p ,

which hold for all U,V € HA(D, Q). They yield two variational problems represent-
ing a weak form of (3.1a) and (3.1b), respectively [13, Section 2.2]:

(3.4a)

U e HAG,Q): As(U,V)+in(U,Vig=—(g,n V)r VV € HA®S,Q),
(3.4b)

Ue HA,Q): AU, V) +iklU,Vig = (h,t V)r YV € HA,Q).

It is an easy exercise in integration by parts to verify by using suitable test functions
that the variational problems (3.4a) and (3.4b) generalize the strong formulations
(3.1a) and (3.1b), respectively. Moreover, for both (3.4a) and (3.4b), inf-sup con-
ditions can be verified confirming existence and uniqueness of (weak) solutions [21,
Section 5.2.1.2].

3.2. BVPs for regularized Hodge-Laplace operators. We fix 0 < /¢ < N
and, in the spirit of (1.4), write

(3.5) HAY(A,MN\T) = {v e H'A(w)| Aw € L2A*(w)} .

To state suitable boundary conditions for the (regularized) Hodge-Laplacian in second-
order (strong) form £} = —A, + X : HAY(A,Q) — L2A(2) we rely on the trace
operators

té__lstUg

t,— R
(3.6) TR U= |,

and T, U=

They are related to self-adjoint specializations of £ with compact resolvents and give
rise to the well-posed boundary value problems [16, Section 1.1]

LU,=0 inQ p ,
¢ ) -1 t,
(3.7a) Uy, e HA'(A,Q): T8, = |91 on 99 { ge } e H (),
At ge
and
LU =0 inQ he )
0 . —1 n,
(3.7b) U, € HAY(A,Q) : ™ U, = [hfl_l] on 99 [ hy } e HY'(),
N .
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10 E. SCHULZ, R. HIPTMAIR, AND S. KURZ

where the boundary values belong to the product trace spaces

HY(T) = HZAY(dT,T) x H] ZAY(dD,T)
(3.8) n,¢ —3 A0—1/sT —%5 AL(sT
HY(T) = H; A (67,T) x H, *AY(6",T) .

Those are in duality with respect to the pairing {-, - )r.

We notice that the boundary data for both BVPs lie in product trace spaces.
Anticipating the considerations of Section 5 this means that the BIOs linked to the
Hodge-Laplacian will have to be analyzed in the framework of those product trace
spaces. In light of our main result outlined in Subsection 1.2, Page 3, this suggests
that we also examine mized-order formulations of (3.7a) and (3.7b), which are posed
on product spaces. For instance, by introducing an auxiliary variable U,_; = §,U, €
HA*~1(d, Q) we obtain one possible mixed-order form [2, Section 7.1]

U€71 _Id 6[

A o A
(39) 2@ UK =0 ~ SUtE |: UE dg,l (5g+1dé + Ald

}0 with 9 =

Resorting to the integration-by-parts formula (2.7), we find that for all U,V €
COOAZ(Q) and Up_1, Vi) € COOAe_l(Q)

s (o[ [5]).
([} [ ) ),

Q
n,— UZ— ,— Ve— ,— UZ— n,— ‘/Z—l
T - T

with the bilinear form

Up— Vo
(3.11) B()l\ ({ ! 1} ) [ : 1]) = (ng@,dng)Q +)‘(U27Vf)g + (de—lULlaVe)Q

Uy Vi
+ (U, deVie1)g — (Ue—1, Vi)

and complementary trace operators

(3.12) Thy, [Uéﬂ = tlgéfljjﬁl and T4, {U[Zl] =Tx, U= nZZ dUZw
Those supply bounded linear operators

(3.13a) Tor, (HAH(d, QF) x HAY(d,QF) — H{A(T) |

(3.13b) Ty (L2ATHQF) x HA'(6d,QF) — HYY(T) .

Alternatively we can choose as auxiliary variable Uyy; = d,U, € HAY(6,Q), which
gives us another mixed-order formulation

Uy
U1

. dg—10¢ + AId  dpyq

(3.14) LU =0 <« m@[ }:0 with 9} = 4 o
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BOUNDARY INTEGRAL EXTERIOR CALCULUS 11

The operator SR} can also be cast in weak form by means of integration by parts:

s (e[ ][41])
- 5) ([U[jjj v [VVD e ] s )
(] L),
s [ v [ ) (s [ e [ )

which involves the bilinear form

(316) |5 (

Uy Vi
, = (0¢Uy, 8¢V A (U, Vi 041U, Vi
U[+1:| ’ |:w+1:|> <€ 0500 €>Q+ < 2] €>Q+< +1YV4+1, €>Q+

(U, 6041Ves1)g — Ues1, Vi) g

and the complementary trace operators

e~ | Ue | . |t 10eUr| _ - n—| U | _ | nUs
(3.17) Tﬁ%,lf [UK—H} = £ U —TA’gUf and Tm,k Upr| = 0 Uber
They map continuously
(3.18a) T, (HAY(d6,QF) x L2AH(QF) — HE'(T)
(3.18D) ToT, (HA'(6,QF) x HA®(5,QF) — HY(T)

and their co-domain spaces are in duality with respect to the pairing (-, -)r.

Both bilinear forms B} and B3 and are continuous on the relevant spaces of dif-
ferential forms HA*~1(d, Q) x HA*(d, Q) and HA*(8,Q) x HAF1(6,9Q), respectively.
They occur in two different mixed-order variational formulations of the boundary
value problems (3.7a) and (3.7b) for £) [21, Section 5.2.3]. Existence and unique-
ness of solutions of the resulting variational problems can be shown by establishing
corresponding inf-sup conditions for the bilinear forms B3 and B3 [2, Section 7.1].

4. Layer Potentials. Our main tool to derive first-kind BIOs for Hodge—Dirac
and Hodge—Laplace operators is a calculus of layer potentials. The two layer potentials
defined in this section are the elementary building blocks from which all the other layer
potentials appearing in this work are obtained via differentiation. They are also the
crucial components entering (¢) the definitions of the non-local inner products with
which we equip the trace de Rham complexes and (i7) representation formulas.

4.1. Newton potential. As A > 0 the results of [16, Section 3.1] confirm that
the regularized Hodge-Laplace operator 22 := —Ay + A is invertible as an operator
H'A* (M) — H=A*(M). We owe this to the uniformly bounded curvature of M,
which ensures the equivalence of the norms of H'A*(M) and HA*(d, M)NHA*(§, M),
also known as Gaffney inequality. As a consequence, the function spaces can be iden-
tified: HAY(d, M) N HA*(6, M) = H*A*(M). Thus (£})"1F,, F; € H-'A*(M), can
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12 E. SCHULZ, R. HIPTMAIR, AND S. KURZ

be defined as the unique solution of the linear variational problem: seek (£3)'F €
H'AY(M) such that

(4.1) <dg(£g\)_1Fg,dng>M + <5@(£@)—1F4,5m>M A <(£?)‘1Fg,Vg>M
= (Fo, Vi) m

for all V; € HAY(d, M) N HA(5, M) = H'A*(M). As M is smooth and OM = ),
pseudo-differential calculus [18, Chapter 3] also shows that (£)71 : H*71AY(M) —
H*P1AY(M) continuously for all s > 0, and, as elaborated in [20, Section 3.1.1]
and [14, Chapter 6], by duality we can also extend (£})~! to a continuous operator
between spaces of distribution (£)71 : (C§PAY(M))" — (C®AYM))'.

The Schwartz kernel of the continuous inverse (£))~! : H71AY(M) — H'A*(M)
is a double form G)(z,y) of bi-degree (¢, /) with an integrable singularity at z = y
and smooth everywhere else [18, Chapter 6]. It satisfies

(42)  dewGi(@y) =01y Gia(ey)  and  8e0 Gp(2,y) = dem1y Gy (2, y)
for x # y, cf. [12, Lemma 3] and [16, (3.1.44)], and

(4.3) *oy *0w Go = %02 *0y G0 =Gy »

cf. [16, (3.1.23)] and [12, Lemma 1]. The associated integral transformation
(4.4) (N2 Uo) (@) = (G (,), Ue(-) )ms Uz € CPAY (M),

can be extended to the Sobolev scale and then provides an alternative representation
of the inverse (£))71 : HAY(M) — H'AY(M), in this form known as Newton
potential operator Ny, cf. [9, Chapters 12 and 16], [12, Sections 2.2 and 2.3], [14,
Chapter 6], [16, Chapter 3], [18, Chapter 2], [20, Chapter 3] and [25, Section 3].

At the level of the full algebra of differential forms, the Newton potentials can be
combined into the block-diagonal (N + 1) x (N + 1) operator matrix

N 0
0  wn,

(4.5) NA =

N |

and the above identities (4.2) and (4.3) satisfied by the kernel G* = (GM)N_, of N*
translate to

A A A A
and
A A A
(4.7) dy*y GO = kp ky G =G
4.2. Basic layer potentials. We define the basic layer potentials
(4.82) S} =Nt : H) *AYT) — H'AY(M) |
(4.8b) D} := N} nj_, : H 2A“"HD) — H'AY (M),
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BOUNDARY INTEGRAL EXTERIOR CALCULUS 13

where the bounded operators
(49)  t: H *AYT) = H'ACM)  and o HEACNT) = HOAC(M)

are the adjoints of the trace mappings from (2.5), cf. [6], [8] and [22]. Notice that, if

1
v € H 2AY(T), then from (4.1) we conclude that the global (-form S)v, € H'A*(M)
is the unique solution to the variational equation

(410)  (dS}uedeVe) + (8P deVe) +A(S}unVe) = (veteVebr

for all V; € H'A*(M). A similar variational characterization holds for D): Given
1
ug—1 € H 2A*"Y(T), we find that D}ue_q € H'A*(M) satisfies

(4.11) <deD?W—17 derz> + <5eD?W—17 54Vz> + A <D?W—17 Ve>
M M M
= (ue—1,neVi)r
for all V, € H'A*(M). From the variational characterization of the basic layer po-
tentials we draw two immediate and important conclusions.

LEMMA 4.1. For £ € {0,..., N — 1} the basic layer potentials give rise to contin-
uouUS Mappings

(4.12a) S} H *AY(6",T) — H'A'(M) 0 HA (A, M\ T) |
(4.12b) D), : H [ PAYA,T) — H'A (M) 0 HA (A, M\ T)

satisfying for all uy € HH_%AZ_l((SF, I') and w; € HI%Aé(dF, I

LS ue) =0 in H AT (M\T)

4.13
(4.13) and £3,,D3,1(we) =0 in H 'AY(M\T).

Proof. The property (4.13) is immediate from (4.10) and (4.11) when testing with
smooth forms compactly supported in Q= U QT. For the first identity in (4.13), we
also refer to [16, Eq. 3.2.5] and [12, Lem. 3 (ii)]. The second can also be obtained
from (4.16), because the Hodge star commutes with the Hodge-Laplacian [16, Lem.
2.8]. 0

Next, denote the jump of a trace across ' by [e] = ™ — e~ where @ =t or n.

THEOREM 4.2 (Jump relations for basic potentials). The basic layer po-
tentials in the interpretation of (4.12) fulfill

(4.14a) [t]S; =0, [tes1de]S7 =0, [te—16,]S} =0,
(4.14b) [nJS; =0, [nes1de] Sp = —1d [ne—16¢) Sy =0,
(4.14c) [t]D} =0, [te41d ] D) =0, [te—16] D} =1d,
(4.14d) [n] D) =0, [nes1d] D} =0, [ne—18,]D} =0.
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14 E. SCHULZ, R. HIPTMAIR, AND S. KURZ

Proof. We test (4.10) and (4.11) with V; € C*°A*(M) and perform integration by
parts locally on 2~ and QF. This yields jump terms, because of the opposite relative
orientation of I" with respect to Q= and Q7. Combining these jump terms with the
right-hand-side functionals in (4.10) and (4.11) yields the jump relations asserted by
the lemma. 0

If up € L*AYT), £ € {0,...,N — 1}, it follows by symmetry of the fundamental
solution that for « ¢ T" they admit the integral representations

(4.15)  (Sjue)(w) = (ur,te G (w,-))r and  (Dyyue)(x) = (ue, nep1 G (2, )1
which generalizes [14, Theorem 6.10] and [20, Theorem 3.1.6].

Since Hodge star operators are L?-isometric, we observe, using (4.3), that away
from T (z ¢T)

st e (50 et O (2, ))r
= (g, (x0) Mmoot *e+1 Gt (2, ))r = (g, nes1 Gy (2, ))r -
Therefore, a density argument eventually shows that for 1 </ < N,

(416) *e_l S?\V—Z *E_l = Dg\ and *_1 SA *F = DA)

where we have introduced the rectangular (N + 1) x N block operator matrices of
boundary potentials

A 0 .0 ]
SO S>\ 0 D{‘
1
(417) St := and D*:= ,
Sy 4 -
0 e 0 0 D?V

acting on the spaces H‘T%A(F), HI%A(F) related to the Grassmann algebra of differ-
ential forms on T'.

The basic layer potentials have a special relationship with exterior differentiation,
expressed in the next lemma.

LeMMA 4.3. For all vy € H; *AG",T), up € Hy *AYd",T), £ € {0,...,N — 1},
hold

(4.18) 8057 (ve) = S7_1 (87 ve) and  dey1 DRy (ue) = =D p(d) ) -

Proof. The proof relies on techniques used to show [12, Lemma 3] and [16,
(3.2.41)]. We elaborate this for the second identity asserted by the lemma. The
first can then be concluded as a consequence of (4.16).

_1
Let ug € L¥AYT) N H | 2A(d",T) be the tangential trace of a smooth ¢-form on
M. Then, for z ¢ T', we can evaluate directly, using (4.2) and the integral represen-
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BOUNDARY INTEGRAL EXTERIOR CALCULUS 15
tation (4.15) of the boundary potential, that

(dp1D, yug) () = / we A ey (st G os1) (@)

T
(4.19a) = [ e A 1 812 (G ()

I
(4.19b) =0 [ Ao (@ a(an)
(4.19¢) ==V [ A s (G (o)

= _<d£ Ug, n4+2g2\+2,2+2(1‘7 )>F )

where (4.19a) is obtained by using (4.2), (4.19b) holds because the exterior derivative
commutes with pullbacks, and (4.19¢) follows by integration by parts. d

COROLLARY 4.4. For allv € H‘T%A(ér,F) and u € HI_%A(dF, ') holds true
(4.20) 08 (v) = S*(6"v) and dD*(u)=—-D*(d"u).

4.3. Non-local inner products on trace spaces. We generalize to manifold
the theory presented in [22, Section §8]. Similar results can be found in [11] and [17].
The key observation is that the continuous sesquilinear forms

(4.21&) (Ug,vg)i%’)\’t = ((ubth?(m)))p , Up, Vyp € HH_EAZ(F) ,

_1
(4.21b) (wy, Zg)_%»\’n = (wy, né+1D?+1(E€)>>F , we,zp € H | 2AZ(F) ,

1 -1
define non-local inner products on the spaces H * AY(T) and H | >AY(T). For the sake
of brevity we introduce the notation

(4.22) 1Ue]

Ao = MU 2 pe () HIdeUel Fo nesr ) + 10Ul 725010

Uy € HAY(d,w) N HA*(5,w), ¢ € {0,...,N}, where w is an open N-dimensional
sub-manifold of M. We also write (-, -) A for the inner product inducing that norm
and draw attention to the connection between (-,-), \, and the left-hand sides of the
variational definitions (4.10) and (4.11).

LEMMA 4.5. For € € {0,...,N 1} and all hy € H; *A'(T) and g € H; * A'(D),

we have
. 2
(4.23a) el 3 5 e = (e, 1S (he) hr = Hs?thA,M ’
2
(4.23D) ||9€H2_%7A,n = (e, ne41D24 1 (90) )r = HD?+195H)\ e

_1
Proof. Fixing hy € H| 2AY(T), let us abbreviate ¥ := S}hy. Integrating by parts
the first term on the right-hand side 0f||\I/||i’/V1 = H‘I/Hig— +||\I/||?\’Q+, we obtain
2 2
W e = (de®,de®)g 4 (60, 60%) - + AWl 72pe (0
— = — = 2

= (A0, V) + {nyy 1 de®,t, Whr — (t, 100V, ny Whp + A W[50 500
= (g de®, t, Whr — (£, 60¥,n, U
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16 E. SCHULZ, R. HIPTMAIR, AND S. KURZ

where we have used the fact that W satisfies the equation —A,¥ = —A¥ in Q7 i.e.
(AT, V). = -\, ¥)q- = 7A||\I/||2LQAZ(Q,). Similarly, we find in QT that

5 _ _

(4.24) 19150+ = —(ni 1 de®, t/ Thr + (£ ,60%,n/ T)r.

Summing these equalities and using the jump relations from Theorem 4.2 yields
1) a0 = ([ nes1de] ¥, te0)r = (R, teSPhe)r :”h’Z”Q—%,)\,t -

The proof of (4.23b) employs the same arguments and we skip it here. 0

The next result generalizes [4, Thm. 4] to arbitrary dimensions. Inequalities that
hold up to a positive constant only depending on 2, A and ¢ are denoted by <.

THEOREM 4.6. For ¢ € {0,...,N — 1} we have

2 2 =%
(4.25a) ||hg||H_%Ae(F) S llhellZ s 5 Whe € Hy ?AY(D)
Il
2 2 =5
(4.25b) ||ge||H,%M(F) S llgellZs an Vw, € H, *AYT) .
L

Proof. We focus on the first inequality. The second can be obtained using anal-
1
ogous arguments. Let tz : HHE AYT) — H'A*(Q) be a bounded right-inverse for the

tangential (pullback) trace t, and E, : H'A*(Q) — H'A*(M) be a continuous exten-
sion operator such that (E, Ug)|Q = U, for all Uy € H'A(Q) [17, Proposition 3.1].

_1 _1
Given hy € H| >AY(T), we start from the definition of H, >AYT) to estimate

t
el _ o Mg (Chestetlger|
L Hl‘_iAZ(F)_ %p[ ||g£|| 1 ~ %pe HtTgZH

ge€HP AY(T) HEANT)  geeHP AT [[HTE] e g
< [, e Webr| [ ke, tEWar|
" wiemia@) (Wellgae) ™ weenias @) IEWell ey

he,teVi
(4.26) < swp [RADN

veer Al (M) Vel griae iy
Recalling (4.10), we introduce [{h¢, teVe)r| = | (S?h[,‘/g))\ |0 (4.26) to obtain

| (Sghb W)A,M |

(4.27) sup

Vel g ey Tl
H™2AYT) Vi€ HLAL(M) ||V€||H1AE(M)

Then, since, obviously, [[Vel|5 x SVl graecaq) for all Ve € H'AY(Q), we find

| (S§he, Ve |
4 s sp Pl =stne,
HZ2AD) ™ g giae(m) ||Vl||>\,/\/( AM
by applying the Cauchy-Schwarz inequality. Lemma 4.5 concludes the proof. O

7 Dec 2022 07:31:59 PST
221207-Hiptmair Version 1 - Submitted to J. Amer. Math. Soc.



BOUNDARY INTEGRAL EXTERIOR CALCULUS 17

4.4. Representation formula for the regularized Hodge-Dirac operator.
We generalize [22, Section 4.4]. To begin with, integrating by parts after using the
commutative relations (4.6) eventually verifies that

(4.28) N*D =D N
in the sense of distributions. Recalling (1.10) with A = k2, we find that
(4.29) (D —ir) NN (D +ik) = (—A+ k)N  =1d ,

which shows that (D — i) N* is a Newton-potential-type operator for the regularized
Dirac operator % = (D +ix), and that its Schwartz kernel (D — ix) G* can be viewed
as the corresponding fundamental solution for ©*.

PROPOSITION 4.7 (Representation formula for ®%). IfU € L?A(M) and
there exists F € L2A(M) such that F|g- = D*Ul|q- and Flg+ = D*Ulq+,
then

(4.30) U= (@ - ix) (N\F - $*[nU] + D*[tU]) .

Proof. Integrating by parts, we have
(®+ir)U, V)= (U,(®+ir)V)g- + (U, (D +ik)V)q+
=(F,V)g-+{(t 7 V.n U)r—(t U,n V)pr+
(F,V)gr —(t"V,n"U)r + (t" U,n"V)r
=(F,V)ym = (tV,[n]U)r + ([t]U,nV)r
for all V- € C§°A(M). The regularity assumption on U guarantees that the traces
are well-defined. We have also used the fact that V' is smooth across the boundary T’

to obtain the last equality, because that global smoothness implies that tTV =t~V
and nTV = n~V, ie. the jumps vanish on I'. Hence,

(4.31) ®+ik)U=F —t'[nU]+n'[tU] in H 'AM).

Applying the Newton potential operator Nx on both sides of this equation and in-
serting in the definitions of the basic layer potentials from (4.8) yields

NMD +ik) U = N F — N [nU] + N ' [t U]

(4.32) =N'F-S*[nU]+D[tU].

Since ©* U is square-integrable, the mapping properties of the Newton potential
N* : L2A(M) — H'A(M) ensure that the left-hand side in this identity belongs in
the domain of the Hodge-Dirac operator. Moreover, from Lemma 4.1 we know that
the images of the basic layer potentials belong to H!A(M). Therefore, we can apply
® — ik on both sides of (4.32) and use the commutation relation (4.28) plus (4.29) to
arrive at (4.30). |

We can identify two separate layer potentials contributing to the representation
formula (4.30). They can be distinguished by the type of traces they act upon:

(4.33a) SLE[D] := (D — ir) $* - H) *A(S",T) — HA(D, M\T),
(4.33b) DLY[D] := (D — i) D* : H] *A(dT,T) —» HA(D, M\T).
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18 E. SCHULZ, R. HIPTMAIR, AND S. KURZ

It follows immediately from Theorem 4.2 that these layer potentials satisfy jump
relations. For example,

(4.34) [n]SL*[®] = [n] (D — ix)S* = [nd]S* + [nd]S* — ir[n]S* = —1d .

Similar manipulations prove four jump relations and we collect them in the next
proposition.

PROPOSITION 4.8 (Jump relations for layer potentials induced by D).
_1
The layer potentials introduced in (4.33) satisfy in H, 2A(Y,T) and
_1
H | 2A(d",T), respectively,

(4.35a) [t]SL"[®] =0, [t]DL"[D] =1d ,
(4.35b) [n]SL*[®] = —-1d , [n]DL"[®] =0.

4.5. Representation formulas for the regularized Hodge-Laplace oper-
ators. Generalizing [6, Section 4], we apply the approach pursued in Subsection 4.4
to the regularized Hodge-Laplace operator £}, ¢ € {0,..., N} fixed throughout the
remainder of this section.

4.5.1. Second-order form of the Hodge-Laplacian. In Subsection 4.1 we
have seen that a Newton potential is readily available for the Hodge—Laplacian in
strong second-order formulation. From it we obtain a representation formula:

PROPOSITION 4.9 (Representation formula for £). If ¢ € {0,...,N},
Ur € L2AY(M), and there exists F, € L>A*(M) such that Fylg- = £}Us|q-
and Fg|Q+ = £?Ug|g+, then

Sp_1[neUd]
Sy [Ine1deUf]

D>‘ [[tgfl(ngg]]
+WM &“]léﬁJUWH

Ug=NpF, — [de—y1  1d] [

Proof. The arguments are similar to those in the proof of Proposition 4.7. From
Green’s second formula

(436) (U Ve) — (U, 8V5)
QF QF
= j:<<TtA7:’FZUZ7TZ?2w>>F + <<TZT'2UZ7TZ:’F[W»F ) Ufa VE c HA[(A7 Qi) )
and the distributional interpretation of Sg‘ we infer

(L2006, Veha = (Ue, £2Ve)a- + (Us, £ Vi)
= (Fo, Viya- = (TR Ue, TR Vi + (Tx o Us, TR, Vehr+
(Er, Viyor + ((TZ}U&TZjVe»F - <<TZ;U27TZ,+£V€>>F
= (F0, Vo) + ([ TacUel, TA Vedr = ([T Ul Ta e Vedr

for all test functions V;, € C5°A*(M). Hence, in the sense of distributions, we have

LU= Fy + (TnA,zz)/ [[TtA,zUZ]] - (TtA,zz>/ [TA Ue -
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BOUNDARY INTEGRAL EXTERIOR CALCULUS 19

Applying the Newton potential operator N} converts this into
! /
Ue = N}(=A¢ + MU = N F+ N} (Th ) [Th Uel =N} (T ) [Tl -

Explicitly, we appeal to the integral representations provided in (4.15) to evaluate for

gl
N2 () ["41] 0) = (e tees6 G2 e + e G2,
(4370) = eyl 1.t 1 Gy e+ e G
= (de=1571 (he—1)) () + S (o) () .
N (T8.0) [0 0 = Garms.meG oD+ a1
(4.37h) )

= (ge-1,n0G) (=, )1 + 41,090, ne1G24 1 (2, ) )r
= D7 (ge-1)(x) + (6e41D71(90)) () ,

where we have used the identities stated in (4.2). Thus, we have arrived at the
representation formula

= N;}FK — d57152‘,1[ngUz]] — SZ\[[ng+1nge]] + D?[[tg,15gUg]] + 54+1D2‘+1[[QU/5]] . 0O

In the representation formula of Proposition 4.9, we can identify two layer poten-
tials

hy_ hy_ n
SL?[A} [ Z@l} = d[_lsg‘_l(hg_l) + S;\(h(;) , |: 261:| e HAZ(F) ,
(4.38)

DL} [A] {g;l} i=D(ge—1) + 8e+1D74 1 (g¢) {ggf} e HY (D),

one taking as arguments traces of the form [T} , U] and the other [T} ,U,]. Appeal-
ing to the mapping properties of the basic layer potentials, they provide continuous

operators
(4.392) SL)[A] : HYY(T) — HAY (A, M\ T),
(4.39D) DLJ[A] : HY(T) — HAY(A, M\ T) .

Once again, jump relations for these potentials are obtained from Theorem 4.2. How-
ever, unlike for the Hodge—Dirac operator, for which the calculations were direct, we
now also need to appeal to Lemma 4.1. For example, while

n he_q _ ﬂn ]]d 715)‘_ (h 71) -+ [[n ]]S)‘(h ) _ he_q
[TA.(JSLe 1) [ ;lz } B [[[né—&-ldj]]di—lséi(hi—l) + ﬂnﬁ+1ﬁeﬂ§?(hé)] T [ fle ]

simply follows from Theorem 4.2 because dydy_1 = 0, we must evaluate in

\ A
[ dstdial ] - [“t“ﬁﬁﬂiﬁ_fé‘ﬁﬁ_ﬂ VSN W)]
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20 E. SCHULZ, R. HIPTMAIR, AND S. KURZ
the jump [te—16,]de—1S; 1, which we have not encountered before. To show that it

vanishes, we use the assertion of Lemma 4.1 that the basic layer potential satisfies the
regularized Hodge—Laplace equation in the interior and exterior domains to compute

(4.40) [[tg,lég]}dg,lsﬁ,l = —dgfg[[tgfl(sg,lﬂS?il - )\[[tg,ﬂ]Sj,l =0.

The other jump relations are obtained similarly and the following proposition sum-
marizes them:

PROPOSITION 4.10 (Jump relations for layer potentials induced by £}).
The following identities hold in the product trace spaces HZ’E(I‘) and HZZ(I‘),

respectively,
(4.41a) [T JSLe[Al =0, [Ta DL [A] =1d,
(4.41b) [To JSLe[A] = —1d [T IDL}[A] =0.

4.5.2. Mixed-order form of 2}. Similarly as for the Hodge—Dirac operator,
we can build a Newton-potential type solution operator for the mixed-order Hodge—
Laplacian 901} using the one available for the Hodge-Laplacian in strong formulation.
Notice that

—ddp1 = Al 5] g [~de—zde-y —Ald 5] [—Id 50
do_s |~ = dp_y Id| [de—1 Gesrde +NId
_ &, 0
=l 0 e

when acting on CgPA*~H (M) x C§PAY(M) and, consequently, also in the sense of
distributions. Moreover, integrating by parts after using the commutative relations
(4.2) verifies the commutation property

—dg—26p—1 —AId ] INp_; O | [Ny, O] [—de—2de—1 —Ad &
de—q Idj | 0 N} | 0 N de—y Id]

which also holds in the sense of distributions. We conclude that

F CEPATH M) x CEPAY (M)

—dg_a6 1 — A & N}, 0
(4.42) { do_y Id} [ 0 N
— C®°A Y (M) x C®AY (M)

yields an inverse on M for the Hodge-Laplacian zmj in mixed-order formulation. By
duality, it also provides an inverse in the sense of distributions.

A similar inverse can be built for 9‘{2‘, but since the following development is
mirrored for the mixed formulation involving 9‘{?, we will focus our attention on Dﬁg‘.
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BOUNDARY INTEGRAL EXTERIOR CALCULUS 21

PROPOSITION 4.11 (Representation formula for mixed-order Hodge-
Laplacian). If Up—,U)T € L2A*"Y(M) x L2A*(M) and there ex-
ists [Fy_1,F))T € L2A“Y (M) x L2AY(M) such that [Fy_1,F)]|g- =
M Ur—1,Ue] " |- and [Fo—1, Fy) "o+ = MY [Ur—1,Ue] " |q+, then

Up—1| | —de—20e—1 — Ald &
Ud | de_1 Id

_ [ Si_1 [neUi]

Né\lel—l
N;}Fe

S} [ne+1deUf]

) |

Proof. Using the same strategy as in Proposition 4.7 and Proposition 4.9, we
obtain from Green’s second formula (3.10) for the mixed-order Hodge-Laplacian that

fou [ (500, = (P om [ () om [
([ [% 1}> (w1 -

Q

s ) v ) |
s ) )|
(L ﬁ>M

fraa ] s 5+ ] w51

for all [Vy_1,Vi]T € CPA*1 (M) x C5°AY (M) and conclude that

0
+
lD? [te—1Ue—1] + 8641034 [teUe]

asnm | = | = ot |9+ Mot |

in the sense of distributions. Applying the inverse provided in (4.42) yields
Up—1| _ |—de—20¢-1 — Ald &, N} Frq
Uy do—1 Id

N E | T

N?_l 0 n ! t Ug1
[ 0 N? (TEDT,Z) [[TDJT,E]] UZ -
N?_l 0 t ! n Uffl
[ 0 N? (TED?,Z) [[TDJT,E]] UZ .
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22 E. SCHULZ, R. HIPTMAIR, AND S. KURZ

Explicitly, we evaluate for xt € M\ T

N}, O 0\ [ge—1 B 0
([ 0 N@] (T8 [ " ]) = [«921,n£g?($aJ»I‘+’«ngW+1dfgg(xa)»F]

0
— [(Dz\gel) (z) + (5@+1D2\+1g6) (:13)]

and

N 0] i\ Thes e a6 (@)
[%1 W]@bu)[@] @)= | G ﬂ

S) ahi-1 ) (@)
(SZ\}M) (x)

In the representation formula of Proposition 4.11, we recognize two layer poten-
tials

(4.44)  SL}[] : HYY(T) — dom(9M)) and DL[9M] : HY () — dom(M)) ,

defined by
A he—1] . [=de—abe—1 — NId & |S} he—1
St { he } = { diy Id} [ S he
_ —dg_25[_152‘71h5_1 — /\S?flhg_l + 5@52‘h[
de—1S)_ he—1+ S)he ’
A ge—1| . |—de—26e—1 — Ald & 0
DLz { ge } o { de—1 Id| |D}ge—1+ 641D 190

_ 6D} ge—1
D}ge—1 4 041D, 19¢|

Jump relations for these boundary potentials are obtained using the same tech-
niques as in the previous sections:

PROPOSITION 4.12 (Jump relations for layer potentials related to 9)). In
the product trace spaces HZ’Z(I’) and HZE(I’), respectively, holds

(4.45a) [Tse ASLY ] =0, [Thy JDL2 (9] = 1d
(4.45D) [ T8 JSLI[] = —1d , [Thy JDL; (27 =0

)

Proof. Using the third jump relation provided in (4.14c), we can evaluate directly

_ _1]6¢D}ge_ _
446 Tt DL)\ m g( 1:| — [[té l]] 4 Zg( 1 — |:g( 1:| .
(4.46) [To JDL7 ] [ ge [te]D7ge—1 + [te]de+1D2, 1 ge ge
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Using the second jump relation in (4.14b) and the complex property dyde—1; = 0, we
obtain

n Al [nelde—1Sy_1he—1 + [ne]SPhe _ e
(447)  [Ton JSLE 0] = Ines1de]de—1S)  he—1 + [nep1de]Sphe| — he |7

The other jump relations are similarly obtained by applying the jump relations from
Theorem 4.2, after combining the commutativity properties of Lemma 4.3 with (4.13)
(see (4.40)). O

5. First-kind Boundary Integral Operators (BIOs). Boundary integral op-
erators (BIOs) provide linear mappings between trace spaces. Generically, we obtain
them by letting trace operators act on representation formulas, remember Figure 1.
We now pursue this policy for the representation formulas found in Subsection 4.4
and Subsection 4.5, and the relevant traces from Subsection 3.1 and Subsection 3.2,
respectively. We confine ourselves to so-called first-kind BIOs characterized as those
BIOs that are bounded linear operators between trace spaces that can be put in
duality with L?(T") pivot spaces.

Throughout this section the closed, densely defined unbounded operators

(5.1a) (0F)" + Hy *AN(I) — Hy *AYT) |

(5.1b) (dF)* : H 2 AN D) — H2AYT),

1 _1
designate the Hilbert space adjoints in HH AT or H | 2APHL(T), respectively, of
the closed and densely defined unbounded operators

(5.2a) 6F < H *AY(6".T) € H; *AYT) — H, *A™1 (D),
(5.2b) ab s B PAYAE,T) € H2AYT) — H] PASL(T)

introduced in Section 2, which underlie the trace de Rham Hilbert complexes (2.4a)
and (2.4b). We suppose that spaces H‘T%A(F) and HI%A(F) are equipped with the
non-local inner products (-, ')—%,A,t and (-,)_1 5, defined in Subsection 4.3, (4.21a)
and (4.21b).

Remark 5.1. Since the trace de Rham complexes (2.4a) and (2.4b) are equipped
with the non-local inner products (4.21a) and (4.21b), it goes without saying that
neither the pair (7, (65)*) nor (d}, (d)*) are adjoints with respect to an L?(T')-
pairing.

5.1. First-kind BIOs for the regularized Hodge-Dirac operator. The
two trace operators belonging to Hodge-Dirac operator are t and n and the crucial
representation formula is (4.30). Applying t and n (from either side of ', irrelevant due
to the jump relations of Proposition 4.8) to the layer potentials SL"[®] and DL"[D]
from (4.33) we extract two first-kind BIOs for the regularized Hodge-Dirac operator:

(5.3a)  VF[D]:= tSL*[D] = t(D — o) $* : H, *A(8",T) — H, *A(d",T)
(5.3b)  WF[D]:= nDL*[D] = n(D — ) D* : H, *Ad",T) — H, *A(6",T).
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24 E. SCHULZ, R. HIPTMAIR, AND S. KURZ

In light of the fact that the trace spaces HI%A(dF, I') and H”_%A(JF,F) are in du-
ality with respect to the L2A(T") pairing both V*[®] and W*[D] qualify as first-kind
boundary integral operators.

Using Corollary 4.4 and (2.9), integration by parts yields

(V' ®lh,w )r = (t6S*h, @ )r + (tdS*h, W )r — 1w (tS*h, W)r
(£S*(67h),w )r + (€5 h, 67w )r — v (tS R, W)y

(5Fh7 w)—%)\,t + (h’ arw)—%,)\,t - Zn(ha w)—%,)\,t

(5.4)

_1
for all h,w € HH >A(6%,T). Similarly, we can also compute

(W*©@]g,®)r = {ndD*¢,w)r + (néD g, v )r — 1r(nD g, T)r
(5.5) = —(nD*(d"g),@)r — (nD*g,d" T )r — w~(nD g, T)r

= —(@Tg,v)_1 10— (9,d70)_1 0 — k(g v) 1 s,

for all g,v € HI%A(dF,F).

We encourage the reader to compare the bilinear forms in (5.4) and (5.5) with
the bilinear forms As and A4 appearing in the variational problems (3.4a) and (3.4Db)
for the regularized Hodge-Dirac operator. Thus, the identities (5.4) and (5.5) can be
rephrased as the following main result:

THEOREM 5.2 (V*[®] and W*[®D] are Hodge-Dirac operators for the trace
De Rham complex). From a wvariational point of view, the first-kind BIOs
defined in (5.3a) and (5.3b) for the regularized Hodge—Dirac operator ® are
themselves regularized Hodge—Dirac operators

(5.6a) VED] = 6" + (8")* —akld ,
(5.6b) WHD] = —(d" + (d")*) —exld ,

in the trace de Rham complezes (2.4a) and (2.4b), whose spaces are equipped
with the non-local inner products (4.21a) and (4.21b).

5.2. First-kind BIOs for the regularized Hodge-Laplace operators. In
Subsection 4.5 we studied the Hodge-Laplacian both in second-order (standard) form
and as mixed-order system. Since different trace operators and layer potentials matter
for both cases, also the derivation of BIOs will be carried out separately.

5.2.1. First-kind BIOs for second-order form of 22. Subsection 3.2 intro-
duced the crucial trace operators

¥ 1 -1
TR, Ue = tf;j;‘gew PHAY(A,QF) — HRY(D) = H PAN(d",T) < H, ?A(d",T),
n ng Ue ¢ n,¢ ~3 Al—1(sT —3 AL(sT
TRH U= | 47 P HAY(A,QF) — HY'(T) = H 2AH(6,T) x H 2AY (6T, 1),
’ ne+1d5Uz |
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and Proposition 4.9 provided the relevant representation formula, from which we
extracted the layer potentials SL}[A] : HZ’K(F) — HAY(A, M\ T) and DL}[A] :
HZ’K(F) — HAY(A, M\T) defined in (4.38). Remember that the trace spaces HRZ(F)
and HZ’@(I‘) are in duality with respect to the LZA*~1(I") x L2A%(T") inner product,
which ensures that the BIOs

(5.7a) VR[A] = Th,SLR[A) : HY (D) — H'(T)

(5.7b) WR[A] := T DLY[A] - HRY(T) — HYY(T)

are first-kind. Again, thanks to the jump relations (4.41) it does not matter from
which side of I we apply the trace operator and, therefore, we omit the superscripts
+ here and in the sequel.

Starting with V}[A], we evaluate using Lemma 4.3 (terms in green and blue),
Lemma 4.1 (terms in blue) and (2.9) (terms in red), that

ho_ te—100ds—1S) 1ho—1 + te_10:S) by
TtSLAA leeléfle_1Z1 L—10¢p 1Ly
aesLi[A] { he tedg 1S} 1 he_1 +teS)hy

[ dfste a8 5(0F hem1) — AtemaSYheibte 1) (67 h)
dite—1S) 1he—1 +teSphe 7

from which we obtain, using integration by parts on I,

oo {5,

= —(te—2S} 5(6p_1he—1),6p_1We—1)r — AM{te—157 1 he—1, We—1)r
+{(te—150_1 (6} he), We—1 )1 + (te—1S)_1he—1, 65 We)r
+(teSP he, We)r

== (55_1h2—1,5gr_1we—1)_ —/\(he—lywe—1)_%7,\,t+

[N

At

(5;]7,@,11}471) ,\t+ (hé—la(sgwf) +

1 1
— 5\t

— 5N

(h€7 wf)_%,)\7t °
Similarly for W} [A], evaluating

T DL)\A _921:|
5 LAl %

_ neDPge—1 + Nedes D2+194
net1deD2ge—1 4+ nep1dedes1D)y 190

I A r A
nnggg,1—54n5+1D5f£gg .
= A T
—no1Dy (dy_1g0—1)—nes16042der1D7L 190 — Ang 1Dy g0

_ neDPge—1—0) ne1D24 190
_*n£+lD?-H((1/?—194—0*5{-&-1“4—#2D?-s-z(dggﬂ) - >\n€+1Dg\+19€
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eventually leads to

(5.9) <<T"MDL2[A] {ggzl} ) [Ufml} >>F

= (9e-1,00-1)_1 30 — (ge,dg_lveq) -

~4n
r r r
(d£71g€—1aW) 1y - (dggfadg Uy -
— 3,20 -

1
35,0

A(ge,ve) 1 an-

Again, we ask the reader to compare the sesqui-linear forms (5.8) and (5.9) with
the bilinear forms (3.11) and (3.16). They match apart from the underlying inner
products and this observation amounts to our second main result.

THEOREM 5.3 (V}[A] and W{[A] are mixed-order regularized Hodge
Laplace operators the trace De Rham complex). From a wvariational point
of view, the first-kind BIOs defined in (5.7a) and (5.7b) for the regularized
Hodge—Laplace operator 22‘ are mized-order reqularized Hodge—Dirac operators

(5.10a) VAl = [

—(0p-1)"0p 1 — Ald 4}
(6¢)" Id]

—(4dr *
(5.10b) W [A] = [(11;_1 f<dg§fé;;11 AId]

in the trace de Rham complexes (2.4a) and (2.4b), which are based on the
non-local inner products (4.21a) and (4.21b).

5.2.2. BIOs for mixed-order form of £)}. We focus on the mixed-order
regularized Hodge-Laplace operator 9} defined in (3.9) and recall from Subsec-
tion 3.1, (3.12) the associated complementary trace operators Tgfnjfé and Tgﬁfev whose
co-domains are in duality, cf. (3.13). We apply those trace operators to the layer
potentials SL) [91] and DL, [9M] that we extracted from the representation formula of
Proposition 4.11. Thus we obtain the first-kind BIOs

(5.11a) V] = Thy SLy[] : HVY(T) — HR(T) ,
(5.11b) W ] := T8y DL « HR'(T) — HY(T),

where thanks to Proposition 4.10 the side of ' from which we take the traces does
not matter. After evaluating

T4, SL) 9] he1| _ —d}_ot—2S) o(0f_1he—1) — Ate—1S)_1he—1 +te—1S) (6} he)
Mm,e-=e hy (1?7]'((/,,152\7]}114,1 + th?}L/g ’
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we find that

= — (O he,OFqwet) | = Alhe,wem1) g+

2%\

(%th,weq) + <h£71,5£we) LT
-1t -1t
(he,we) 1z -
Similarly, by using the definitions
_ 6¢D3ge—1
Tn DL)\ m ge—1 _ Tn Yy
DLz (7] { ge ML1IDYge—1 + 001D}y 190

B neD}ge—1 + neder1D) g0
nes1deD)ge—1 4+ nep1deder DY, ge

_ neDyge—1 — 0y ney 1Dy g
—np1D2 (df 1 ge—1) + neg10e42D7 5 (dF ge) — Ang41DP 4 g0

_ . ngD?gg,% - 5[,Fnz+/\1 D?Jr%gzr R
o102 (d) 1 ge-1) =05, 1 ne42D7y o (dy 9e) — Aney1DYy g

leads to

o ., )

9e Ve _
(d£—1ge—1, W) LT (dgge, dgw)
n

— 3N

A (927U€)_%7)\7n .

)

N

,n
AN

[N

Again, there is a striking correspondence between the sesqui-linear forms induced
by V)] and W[M] and the bilinear forms (3.16) and (3.11) providing a weak
incarnation of the mixed-order Hodge Laplacians for the de Rham complex. As before,
our observations can be summarized as follows.
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THEOREM 5.4 (V}[9M] and W) [9N] are weak mixed-order regularized Hodge-
Laplace operators in the trace De Rham complex). From a variational point
of view, the first-kind BIOs defined in (5.11a) and (5.11b) for the regularized
mixed-order Hodge—Laplace operator zmg are mized-order reqularized Hodge—
Laplace operators

gml — | ~(06-1)*0p_y — Ad &
(5.14a) V3] = [ (65)* 1l

Id —(d;_))*

A _ £—1
in the trace de Rham complexes (2.4a) and (2.4b) whose spaces are equipped
with the non-local inner products (4.21a) and (4.21D).

By combining Theorem 5.3 and Theorem 5.4 we find that in terms of first-kind
BIOs it does not matter whether we consider the second-order or mixed-order form
of the Hodge-Laplacians.

COROLLARY 5.5. The first-kind BIOs spawned by the Hodge-Laplacians in
second-order form and those in mized-order form agree

VA= V2[R0] and W2[A] = W (2]

6. Conclusion. The message of Theorem 5.2, Theorem 5.3 and Theorem 5.4 is
that from a variational perspective the reduction to the boundary of boundary value
problems for (regularized) Hodge-Dirac and Hodge-Laplace operators in the De Rham
complex yields “boundary value problems” of the same type now set in the trace De
Rham complex. In fact, these results unify several “integration by parts” formulas for
first kind BIOs in variational form scattered across literature, e.g., [20, Thm. 3.3.22],
[6, Equs. (64) and (71)], [12, Lemma 11, (83d)].

Variational problems linked to boundary value problems for (regularized) Hodge-
Dirac and Hodge-Laplace operators in the De Rham complex lend themselves to
analysis solely drawing on the fact that the de Rham complex is a Hilbert complex
enjoying the Fredholm property, see [2, Section 2] and [13, Section 2.2]. This Fredholm
property also holds true for the trace de Rahm Hilbert complex. Therefore, from the
results of this article we can immediately conclude existence, uniqueness, and stability
of solution of first-kind boundary integral equations induced by the (regularized)
Hodge-Dirac and Hodge-Laplace operators.

Moreover, also the techniques used in the numerical analysis of the Galerkin finite-
element discretization of (regularized) Hodge-Dirac and Hodge-Laplace operators by
means of discrete differential forms [2, Section 7], [13, Section 3] remain relevant for
understanding boundary element Galerkin methods for the corresponding first-kind
boundary integral equations. Thus, the results of [7] just demonstrate a special case
and the techniques can be generalized.
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