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ON OPERATOR THEORETICAL DESCRIPTION OF
RELLICH IDENTITY FOR DIVERGENCE FORM
ELLIPTIC OPERATORS AND ITS APPLICATIONS

fif)ll 2RI [Yasunori Maekawa (Tohoku University)]

1. INTRODUCTION

This article is a resume of the recent work [31, 32, 33] by the author and
Hideyuki Miura (Tokyo Institute of Technology). We consider the second
order elliptic operator of divergence form in R%*! = {(z,t) € R% x R},

(11) A=-V.AV, A= A(J}) = (ai,j(x))lsi,jgd+1 )

Here d € N, V = (V,,8,)" with V, = (81,---,8,)", and each a;; is
complex-valued and assumed to be independent of the ¢ variable. The ad-
joint matrix of A will be denoted by A*. We assume the standard ellipticity
condition

(1.2) Re(A(z)n,m) > wilnl®,  [{A(z)n, Q)| < velnl[¢]

for all n, { € C%*! with positive constants vy, v,. Here (-,-) denote the inner
product of C4*1) ie., (n,¢) = Zjﬂ n;C; for m, ¢ € C41. For later use we

set
A = (ai,j)lﬁi,de’ b= Ad+1,d+1,
ry = (a1,d+1, te ,ad,d+1)T, Iz = (ad+1,1, s 7ad+1,d)T-
We will also use the notation A’ = -V, - A’V,, and we call r; and r,

the off-block vectors of A. The domain of a linear operator 7" in a Banach
space H will be denoted by Dg(T"). Under the condition (1.2) the standard
theory of sesquilinear forms gives a realization of A in L2(R%!), denoted
again by A. The simplest example of A is the (d+ 1)-dimensional Laplacian
—A=-A, - =~ Z?=1 07 — 07. In this case we have a factorization

(1.3) —A = —(8, — (—A2)2)(8; + (—Ag)7).

Clearly the factorization (1.3) is valid including the relation of domains, for
we haveDr2((—A;)Y?) = H'(R?), D2((6; £ (—Az)Y?)) = HY(R*), and
Dr2((8; — (—A)Y2)(0; + (- A5)Y?)) = H2(R*). Another key feature of
(1.3) is that it is a factorization of the operator in the ¢ variable and the z
variables. Hence, by the t-independent assumption for the coefficients of A,
the factorization into the first order differential operators as in (1.3) is easily



extended to the case when A is a typical block matrix, i.e., r; =rs = 0 and
b =1, at least in the formal level. Indeed, it suffices to replace (—A;)Y2 by
A"%_ the square root of A’ in L2(R?). However, in contrast to the Laplacian
case, the validity of the topological factorization is far from trivial in this
case, since the domain of the squre root of A has to be characterized as
H'(R?) to achieve the identity Dj2(A) = Dya((8, — AM?)(8;, + A'?)).
The characterization Dy2(A'Y?) = H'(R?) is nothing but the Kato square
root problem for divergence form elliptic operators, which was finally settled
in [6]. Our first goal is to give sufficient conditions on A, which may be a
full entry matrix, so that the exact topological factorization of A like (1.3)
is verified. To this end we introduce some terminologies.

Definition 1.1. (i) For a given h € S'(R?) we denote by My : S(R%) —
S'(R%) the multiplier Myu = hu.

(i) We denote by E4 : H/2(RY) — HY (R the A-extension operator,
i.e., u = F4q 1is the solution to the Dirichlet problem

{ Au = 0 in R%+!,

1.4
(14) u = g on OR% =R,

The one parameter family of linear operators {EA(t)}t>0, defined by E(t)g =
(Eag)(-,t) for g € HY?(RY), is called the Poisson semigroup associated with

A.

(i) We denote by Ay : Dr2(Aa) C HY2(RY) — H-V2(RY) = (HY2(R?))”
the Dirichlet-Neumann map associated with A, which is defined through the
sesquilinear form

(1.5)  (Aug, )y g g3 = (AVEAG, VE&P) agany, 9, € H2(RY).
Here (-, ) g-1/2 g2 denotes the duality coupling of H~Y/2(R?) and HY/*(RY).

Remark 1.1. From the standard theory for sesquilinear forms [27], due
to the ellipticity condition (1.2), the Poisson semigroup {E 4(t)}:>0 is well-
defined for HY/2(R%) and the Dirichlet-Neumann map A 4 is extended as an
injective m-sectorial operator in L?(R?) satisfying Dz2(A4) C HY?(R?).

Our first result is Theorem (1.1) below. We denote by M(R?) the space
of finite Radon measures, and LP»*°(R?) is the Lorentz space L”?(R¢) with
the exponent ¢ = oo.

Theorem 1.1 ([31, 33]). Suppose that either
(i) A is Lipschitz, or
(ii) A s Hermite, or both



(iila) for j = 1,2, V, -r; belongs to L#*(R?%) + L®(R?) if d > 2 (or V, - 1;
belongs to M(R) + L=(R) if d = 1) with small L%*°(R?) parts (or small
M(R) parts resp.) and

(iiib) Im (ry +r2) = 0 and Imb = 0.

Then H'(R?) is continuously embedded in Dyz2(A4) N Dyz(Age), and the
operators —P 4, —P 4« defined by

(1.6)  Dr2(Pa)=H'(R?Y), —Paf=—MpAaf—Mep-Vaf,
(1.7)  Dp(Pa)=H'(RY), —Puf=—-MpAaf— M- Vaf,

generate strongly continuous and analytic semigroups in L?(R?). Moreover,
the realization of A’ in L*(R?%) and the realization A in L*(R%!) are re-
spectively factorized as

(1.8) A = MyQaP 4, Qu = Myp(MP 4)",
(1.9) A= —M(8; — Qa)(0; + Pa).
Here (MgP 4+)* is the adjoint of MzP 4+ in L*(R9).

Remark 1.2. The operator —P 4 is nothing but the generator of the Pois-
son semigroup in L%(R?), i.e., ~P4f = —Puf := lim; ot Y (E4(t)f — f)
in L>(R?). In other words, Theorem 1.1 includes the following assertion:
the Poisson semigroup {E4(¢)}:>0 in HY?(R?) is extended as an analytic
semigroup in L?(R?), and the domain of its generator is characterized as
H'(R%). We note that when r; = r, = 0 and b = 1 the operator P4 is
the square root of A’. Hence, the characterization D2(P4) = H!(R?) in
the case (iil) of Theorem 1.1 is closely related with the Kato square root
problem.

Remark 1.3. When A possesses enough regularity it is classical in the
theory of pseudo-differential operators that one looks for the factorization
of A in the form —M,;(0; — A;)(9; + Az) for some first order operators A;
and A but with modulo lower order operators; e.g. [43]. On the other
hand, (1.9) is just exact, i.e., any modifications by lower order operators
are not required, and (1.9) holds under mild regularity assumptions on A.

Let us call the operator —P 4 in Theorem 1.1 the Poisson operator associ-
ated with A. Theorem 1.1 states that if A possesses either some regularity
or symmetry then the topological factorization of the type (1.3) is still valid,
and —(—A;)Y? for the Laplacian case is replaced by the Poisson operator
—P 4 in general case. The condition (iiia) of Theorem 1.1 imposes the reg-
ularity for the divergence of the off-block vectors. The spaces L4 (R¢) for
d > 2 and M(R) for d = 1 in (iiia) are critical in view of scaling as a local
regularity for V, -r;. Indeed, in view of scaling the Multiplication operator
My, ,; is comparable with the first order operator when V, - r;belongs to



these spaces. In [30] it is shown that if A is a 2 x 2 matrix of the form
a11 = az2 = 1 and a12 = —ay; = msignz with large m € R, then the
Poisson semigroup {E4(t)}s>0 in H/2(R) is not extended as a semigroup
in L?(R). Hence, when d = 1, the smallness condition for M(R) part of
V. - r; in (iiia) is optimal in this sense.

The factorizations (1.8) and (1.9) are regarded as operator theoretical
descriptions of the Rellich identity. The Rellich identity is a classical tool
to investigate the boundary behavior of solutions to the elliptic equations;
cf. [40, 39, 24]. It is particularly well-known when A is real symmetric, and
the typical version is

(1.10) (A'V29,V29) 2ra) = (YO, Eag, MyYOLE 49) L2(Re),

where v is the trace operator to the boundary aRi“ ~ R?. The identity
(1.10) is formally obtained by a simple integration by parts with the aid of
the t-independence of the coefficients of A. Since y0,E4 = —P 4, we observe
from (1.10) that P4 is comparable with V, in L?(R?) at least when A is
real symmetric. Even for a general matrix A we can formally derive the
identity

(A/ng, VzQ)LZ(Rd) = (Y0, E g, MB'YatEA‘9>L2(]Rd)a
or its more general version
(111) (A/Vzg, th>L2(Rd) = <78tE.Ag) Mg’yatEA* h>L2(Rd) .

Replacing 70, F 4 and v0;E4+ by —P4 and —P 4« respectively, and setting
Qa = My ;,(MzP4+)*, we have from (1.11) the formal identity

(1.12) (A'g,h) 2wey = (MpQaPag, h) L2wey.-

The identity (1.12) implies (1.8) due to the formal relation P4 = P4. The
identity (1.9) is formally obtained in the similar manner. The essential
difficulty here is to characterize g and h for which (1.11) is verified. When A
is nonsmooth and nonsymmetric this problem is highly nontrivial. Theorem
1.1 states that the identity (1.11) holds for all g,h € H!(R?) under the
assumptions of either (i) or (ii) or (iiia)-(iiib).

As for the proof of Theorem 1.1, we need different approaches for each of
(i), (ii), and (iiia)-(iiib). The proof for the case (i) is based on the calculus
of principal symbols for P4 and A4 (see [32]), while the proof for the case
(ii) is based on the Rellich identity (1.10). The case (iiia)-(iiib) is related
with the Kato square root problem, and the proof for this case relies on the
fact Dy2(A'Y?) = HY(R?) obtained by [6]. In each case the following four
lemmas play a central role.

Lemma 1.1 ([31, Proposition 2.4]). The one-parameter family {E 4(t)}t>0
defines a strong continuous and analytic semigroup in HY/?(R?). Hence



there is a unique sectorial operator — P, : Dgs2(Pa) — HY?(R?) such that
EA(t) = e~ tPa,

Lemma 1.2 ([31, Proposition 3.3]). The following two statements are equiv-
alent.

(i) Dg1/2(Pa) C Dr2(Aa-) and [|[Aa-f
Dy1/2(Pa).-

(i) {e7*P4}s5o is extended as a strongly continuous semigroup in L?(R%)
and Dr2(P4) is continuously embedded in H'(R?).

Moreover, if the condition (ii) (and hence, (i)) holds then Dy2(P4) is contin-
uously embedded in Dy2(A 4), H(R?) is continuously embedded in Dy2 (A 4+),
and it follows that

|L2(1Rd) < C”f“Hl(]Rd) holds fOT f €

PAf = Ml/bA.Af + Mrz/b : Va:fa

<A,fa g)H‘l,Hl = <PAf, AA*g + Mﬁ ’ va)Lz(]Rd)
for f € D12(P4) and g € H(R?).
Lemma 1.3 ([31, Corollary 3.5, Proposition 3.6]). Assume that {e=*PA};50
and {e~"P4*};5¢ are extended as strongly continuous semigroups in L*(R%)
and that Di2(P4) and Di2(Pas) are continuously embedded in H'(R?).
Then we have
<A,wa7 v.'z:g>L2(]Rd) = (P.Af1 MBPA*g>L2(Rd)1 f € D2 (P.A)7 ge Dy (PA')’
C'llfllrrey < 1Pafllzemey + 1 fllz2mey < Cllflm@ey,  f € Dra(Pa).
If in addition that lirtrl)ionf |d/dt e *PAf||Lamay < oo holds for all f €
Cs°(R?) then Dra2(Py) = HY(R?Y) with equivalent norms.
Remark 1.4. A similar sufficient condition for the characterization Dy2(P4) =
H'(R%) with equivalent norms is given in [2, Theorem 4.1], where he also

studied the case for elliptic systems. Our approach, different from [2], is
based on the Rellich type identity.

Lemma 1.4 ([31, Lemma 3.8]). Assume that the semigroups {e~*F4};50
and {e7tP4* },50 in HY2(R?) are extended as strongly continuous semigroups

in L*(R%) and that D12(P4) = Dp2(P4) = HY(RY) holds with equivalent
norms. Then H'(R?) is continuously embedded in Dr2(A4) N Dr2(Ays) and
(1.13) Paf = Miphaf +Mep - Vaf, fe€H'(RY,

(1.14) Parg=Myshag+ Mz 5 Vag, g€ H'(RY).

Moreover, the realization of A" in L*(R?) and the realization of A in L?(R**')
are respectively factorized as

(1.15) A = MQaPs,  Qa= Mip(MPs ),

(1.16) A = —My(0; — Q) (8, + Pa).



Here (MzP4.)* is the adjoint of MzP 4« in L2(R9).
2. APPLICATIONS

The factorization (1.9) is important since it provides the integral solution
formula for the inhomogeneous Dirichlet problem
. Td
(2.1) { Au = F in R4,

u = g on OR%,

and the inhomogeneous Neumann problem

(2.2) Au = F in R,
' —eg441 - AVu = g on OR%H,

Definition 2.1 (Mild solution). Let F € L} (R,; L%(R?)) and g € L%(RY).
If the function u € L}, (R%) has the well-defined representation

t oo

(2.3) u(t) = e'tP"‘g+/ e“(t"s)PA/ e~ (=9Ru M, F(1)dT ds,
0 s

then we call u a mild solution to (2.1). Similarly, if the function v €

L} (R%*Y) has the well-defined representation

(2.4) v(t) = e PAAL (g + Mb/ e™*%AM, ,F(s)ds)
0

t 0o
+/ e_(t_s)PA/ e_(T_")QAMl/bF(T) dr ds,
0

8

then we call v a mild solution to (2.2).

We note that our approach using Theorem 1.1 provides a unified view
for (2.1) and (2.2) through mild solutions. As applications to Theorem 1.1,
we consider the solvability of inhomogeneous problem in Section 2.1, and in
Section 2.2 we show the validity of the Helmholtz decomposition for vector
fields in a domain with a graph boundary when the function space of vector .
fields is chosen as certain anisotropic Lebesgue space.

2.1. Application to inhomogeneous problem with non H~!(R%+!)
data. Firstly let us state some results on L? solvability of (2.1) and (2.2)
in the simplest form. We set R, = [0,00), and for a Banach space X we
write f € C(Ry; X) if and only if f € C([0,T); X) for all T > 0. For the
homogeneous problems (i.e., F = 0 in (2.1) or (2.2)), Theorem 1.1 implies
the following result:

Theorem 2.1 ([31]). Under the assumptions of Theorem 1.1, there exists
a unique weak solution u to (2.1) with F = 0 and g € L*(R?) such that
u € C(Ry; L2(RY) N HY(R? x (§,00)) for any 6 > 0. If in addition g



belongs to the range of A4, then there ezists a unique weak solution v to
(2.2) with F = 0 such that v € C(Ry; HY?(R%)) N H*(R%HY),

Remark 2.1. As we mentioned before, if A is Hermite then Dy2(Ay4) =
HY(R?) holds. In this case the weak solution to (2.2) obtained in Theorem
2.1 possesses further regularity such as C(R; H(R?)).

Remark 2.2. It is well-known that solvability of the elliptic boundary value
problems in R can be extended to that in the domain above a Lipschitz
graph. The L? solvability of the Laplace equation (i.e., A = I) in Lipschitz
domains was shown in [11, 24, 44]. In [13] the relation D;2(P4) = H*(R?) is
proved in this case. This result was extended by [25, 29, 1] to the case when
A is real symmetric, and by [5] to the case when A is Hermite. In view of
L? solvability of the homogeneous boundary value problems, Theorem 2.1
gives a new contribution under the conditions (iiia) - (iiib) in Theorem 1.1.

When A is not Hermite and nonsmooth, the boundary value problems are
not always solvable for L? boundary data. If A is a typical block matrix,
r; =ry = 0 and b = 1, then the homogenous Dirichlet problem is easily
solved by using the semigroup theory, while the homogeneous Neumann
problem in this case is essentially equivalent with the Kato square root
problem solved in [6]; see also [9]. Recently the authors in [4] showed L?
solvability of the homogeneous Dirichlet and Neumann problems when A is
a small L* perturbation of a block matrix; see also [14, 23, 5, 1, 3, 8, 7]
for related stability result. In fact, Theorem 2.1 with the conditions (iiia) -
(iiib) can be regarded as another stability result for the block matrix case.
Note that ||V - ]| paco(rey for d > 2 or ||V - rj]| pyrey for d = 1, is in the
same order as ||a; ;|| oo (re) in view of scaling. this implies that, the condition
(iiia) of Theorem 2.1 is comparable to L perturbations discussed in [4, 5, 1]
in view of scaling. On the other hand, as stated in the introduction, the
authors of [30] gave an example of the matrix A such that the homogeneous
Dirichlet problem in R? is not solvable for the boundary data in L(R). In
their example, A is real but nonsymmetric, and V, - rj (j = 1,2) is a Dirac
measure whose mass is not small. This example shows the optimality of
our condition (iiia) for the case of real nonsymmetric matrices when d = 1.
For further results on solvability of the homogeneous problems, see [28] and
references therein.

The next result concerns L? solvability of the inhomogeneous problems.
For simplicity of the presentation, we will assume the boundary data are
zero. It is classical that if F belongs to H~1(R%!) then there is a unique
solution u € H(R%1) to (2.1) with g = 0. The novelty of our result below
is that, for some class of A, we can handle with the inhomogeneous term F
which does not necessarily belong to H~1(R%?).

Theorem 2.2 ([31]). Suppose that either



(ii) A is Hermite or both

(iiia’) V-1 = 0 and V, - ry belongs to L% (R%) + L*(R?) if d > 2 (or
V. - 13 belongs to M(R) + L®(R) if d = 1) with small L (R?) parts (or
small M(R) parts resp.) and

(iiib’) rq, re, and b are real-valued.

Then for given F € L'(R,; L*(R%)) there exists a weak solution u to (2.1)
with g = 0 satisfying

u € C(Ry; L*(R?Y)) and Vue L} (Ry;LA(R?) for any p € [1,00).

If in addition h = M, [;° e~*%AM,;,F(s)ds belongs to the range of A4, then
there ezists a weak solution v to (2.2) with g = 0 satisfying

v € C(Ry; L*(RY)) and Vv e LE (Ry; L*(RY)) for any p € [1,2).

loc

Remark 2.3. Under the assumptions of Theorem 2.2 the Poisson semi-
groups {e"tP4},50 and {e~*P4*};5( are realized as strongly continuous and

analytic semigroups acting on L2(R?) thanks to the results of Theorem 1.1.

Remark 2.4. There is a lot of literature for the inhomogeneous boundary
value problems in bounded Lipschitz domains; see, e.g., [12, 26, 15, 34, 35,
36] and references therein. As well as the case for the homogeneous problem,
Theorem 2.2 for Hermite matrices yields L? solvability of the inhomogeneous
problems for matrices of the same type in domains above Lipschitz graphs.
For the Laplace equation, LP solvability of the inhomogenous problems in
bounded Lipschitz domains was proved in [12, 26, 15]. Our result also shows
the gradient of the Dirichlet Green operator (i.e., the solution map for (2.1)
with the zero boundary data: F — Vu) maps L}(R,; L?(R%)) continuously
to LY (R,, L?(R%)). Results of this type go back to [12] where the author
showed that the gradient of the Dirichlet Green operator for A = —A in the
bounded Lipschitz domain is a continuous map from L!(§2) to L™~ (Q).
Recently, it was generalized in [34] for the Neumann Green operator by using
potential technique; see also [35, 36] for further results.

As is well-known in the spectral theory, it is a subtle problem to determine
sufficient conditions for F' to solve the problems (2.1) or (2.2). Indeed, due
to the lack of the Poincaré inequality, the origin belongs to the continuous
spectrum of A (with the zero boundary condition) in L2(R%"!). Hence the
inhomogeneous problem is not always solvable for F' € L*(R%™), even if A is
real symmetric and smooth. Therefore some additional conditions related to
the spatial decay have to be imposed on F' to find the solution. Furthermore,
the solution may fail to decay at spatial infinity even if it exists. To show
Theorem 2.2 we will make use of the representation formulas (2.3) and (2.4).
Then it is clear that the temporal decay of e~*@4 is crucial for solving our
problems. In fact, the conditions in Theorem 2.2 guarantee the boundedness



of the semigroup {e~*94},54 in L2(R?), and hence, the integrals in (2.3) and
(2.4) converge absolutely if F' € L'(R,; L?(R%)). By a simple observation
of the scaling, it is easy to see that the space L'(R,; L?(R?)) includes some
functions decaying more slowly at (time) infinity than those in H ‘I(Ri“).
In this sense, our result generalizes the class of the inhomogeneous terms
for the solvability in terms of the decay at infinity. In should be emphasized
here that the factorization in Theorem 1.1 plays an essential role behind
the proof of Theorem 2.2, for the representation formulas such as (2.3) and
(2.4) are nothing but a result of (1.9). In [31, Section 5] a detailed version
of Theorem 2.2 is also stated.

2.2. Application to Helmholtz decomposition in unbounded do-
main with graph boundary. In this section we apply the solution for-
mula (2.4) to the analysis of the Helmholtz decomposition for vector fields
in the domain above a Lipschitz graph:

(2.5) Q={Z = (2,2441) ER*x R | 2411 > n(z)}.

Here 7 is a given function satisfying ||Vg7|| peo(re) < 00.

The Helmholtz decomposition, the decomposition of a given vector field
into a solenoidal field and a potential one is the fundamental tool in the
mathematical analysis of the incompressible flow. In the energy space
(L?(£2))4+! this decomposition is easily derived for any domain Q from the
standard theory of the Hilbert space. On the other hand, if the space
(L*(£2))**! is replaced by other function spaces such as (L7(2))%!, then
the verification of the Helmholtz decomposition requires detailed analysis
in general. In the case when (2 is a bounded domain or an exterior domain
with smooth boundaries, the validity of the decomposition in (L9(£2))4+!,
1 < g < o0, is shown by [20] and [37] respectively, and then their results are
extended to these domains but with C*-boundary by [41]. Moreover, for the
bounded Lipschitz domains, the validity is proved around 3/2 < ¢ < 3 in
[15], and for any 1 < ¢ < oo by [22] when the domain is convex. However,
even if the boundary is smooth enough, the problem becomes subtle when
the boundary is noncompact. Although the decomposition is still valid for
1 < g < oo for some special cases, e.g., aperture domains [16, 19], lay-
ers [38], cylinders [42], half spaces and their small perturbations [41], it is
known that the domain of simple form

(2.6) Q={%=(z,241) ER*XR| Tg1 > n(z)},

with a given function 7 does not always admit the Helmholtz decomposition
in (L9(2))**1 if ¢ # 2, even if 7 is smooth, see [10] and [21, II1.1]. Hence it is
an important question to ask which function space, other than (L%())¢+!,
admits the Helmholtz decomposition. In [17, 18], the authors considered
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L9(8)) defined by

Fa(O)) = L*(Q) N LY(Q), 2 < ¢ < oo,
L1(Q) = { L3(Q) + LI(), 1<q<2,

and showed that general domains with uniform C! boundaries admit the
Helmholtz decomposition in these spaces. In this section we will give an
alternative approach for this question in the domain of the form (2.6).

Before stating the result, it would be convenient to formulate our prob-
lem more systematically. Let X () be a Banach space of functions in
satisfying C$°(Q) € X(Q) c L} (). Set

Var STl
(27) X,(Q) = Co () ™ Xa(Q) = {Vf € (X(Q)* | f € Li.(V}.
Here Cgf’a(Q) is a set of all smooth, compactly-supported, and divergence-
free vector fields in 2. For simplicity of notations we write || - ||x(q) for
Il - Nl qyyar- |
Definition 2.2. We say that the space (X ()%t admits the Helmholtz
decomposition if each f € (X(Q))**! has a unique decomposition f = u +
Vp, u € X,(R), Vp € X(R), satisfying
(2.8) lullx@ + IVPlx@ < Clifllx@-
Here C is a positive constant independent of f.

In order to consider the domain €2 of the form (2.6) we introduce the
Lipschitzmorphism @ : Q € Z — ®(%) € R¥* by

- z; if1<j<d
2.9 (%) = g o7
(2:9) i(2) { Tgpr—n(z) fj=d+1.

Let 1 < g,r < 0o and let Y2"(Q2) be the Banach space defined by

(2.10) Y*7(Q) = {f € Lioe() | |fllvar@) = Il © @] La(o,o0tm(ray) < 00}
with the norm || - ||yer(q). Our result reads as follows:

Theorem 2.3 ([33]). Let Q be a domain of the form (2.6) with uniform

Lipschitz boundary. Then the space (Y‘J’Z(Q))d+1 admits the Helmholtz de-
composition for all 1 < g < 0co. Moreover, the constant C in (2.8) depends
only on d, q, and ||V n|| Lo (ra).-

Remark 2.5. The growth of 7 itself is allowed in our result. The space
(Y29(2))4*! coincides with (L9(£2))4*1. Due to the well-known counterex-
ample of the weak Neumann problem in the exterior of the cone-like domain,
one cannot expect the validity of the Helmholtz decomposition in the usual
L? space for domains like (2.6). Roughly speaking, Theorem 2.3 asserts that
the Helmholtz decomposition is valid even if the vector fields decay slowly
in the z9+! direction.



It is well known that the validity of the Helmholtz decomposition is equiv-
alent with the unique solvability of the Neumann problem

(2.11) Ap=V-finQ, n-Vp=n-fonod.

Here n stands for the exterior unit normal to 8§2. Through the standard
homeomorphism (2.9), that is, by setting w = po &1, F = f o &1, the
problem is reduced to the following Neumann problem in R4+

(2.12) Aw =-V,-F' —8,(Fy1+ M, - F'), in R4,
' —eg+1 AVw = —(Fg41+ M, - F'), on BRi“.

Here the matrix A in this case is real symmetric and positive definite with
r'n =TIy =T~ = —Vm’l], b = 14+ IVznlz, and A’ = (a,-,j)lg,jsd =TI (the
“identity matrix). Let 1 < g,7 < 0o and set

Z (R 1 = WH(Ry; L7(RY) N LARy; W (RY))
(2.13) ={¢ € Li,(RY) | 09 € LY(Ry; L'(RY) 1 < i < d+ 1},

Let F = (F', Fyy1) € (LY(Ry; L’"(Rd)))d+1. Then the weak formulation of
(2.12) is to look for w € Z%"(R%4?) such that

(2.14)
(AV’UJ, V¢>L2(Ri+1) = (FI, qub + Mrat¢>L2(Ri+1) + <Fd+1, 6t¢>L2(]Ri+1)

for all ¢ € Z97(R4!) with 1/q+1/¢' =1, 1/r +1/r' = 1.

In the following paragraphs we abbreviate P4 (Q4, A4) to P (Q and
A as well) for simplicity of the notation. The most important step in the
- analysis of (2.12) is to derive the estimate corresponding with (2.8), which
is closely related to the spectral properties of P and A. We focus on the

a priori estimate for the gradient of w. To this end we assume that F €
(CE(REH)). Set

G - —(Fd+1 + Mr . FI)

11
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Due to the solution formula for the Neumann problem (2.4), for the solution
w to (2.12) we have the representation

2.15) w(t) = e *PA Y (vG + M, e My 5(=V, - F' + 8,G)(s) ds
A /

t o0
+/ e'(t_s)P/ e~ %M, (= Vo - F' +8,G) (1) dr ds
0

s

= e“tPA"leQ/ e %< (Ml/bG - Q‘lMl/be . F’)(s) ds
0

t
+/ e—(t—s)’P(_Ml/bG(s)
0

+Q / e~ (M, 4G — Q7MY - F')(7) dT) ds.
Here we have used the integration by parts in the ¢ variable. Set
h(t) = =My,G(t) + Q / e (MG — Q7'M 4V, - F')(s) ds.
t

Then, by using the fact YG = 0 due to F € (C*(RE))4+!, the solution w
1s written in the form w = w; + w,, where each w; is given by

t
(2.16) wi(t) = / e EIPh(s)ds,  ws(t) = ePA- Myrh.
0

To prove Theorem 2.3 we need to establish the estimate
(217) llvwilqu(R+;L2(Rd)) S CIIFIIL‘I(R+;L2(R“’)), 1= 1, 2,

where C depends only on d, g, and ||Vo7||p«ge). As is observed in [33],
(2.17) follows from the next three properties of P and A:

(I) Boundednes of semigroups: {e"**};5o and {e7*};>o in L?*(R%) are
strongly continuous and bounded, i.e.,

(2.18) lle™pll2me) + lle™0ll2mey < Cllgllamey, t >0, ¢ € L*(RY).
(IT) Coercive estimates: Dy2(P) = Drz(A) = H'(R?) and

(2.19) IVzpllame) < ClIPoll2mey, ¢ € HI(RY),

(220) IVapllzame < ClAplzsgey, o € HI(RY).

(III) Maximal regularity: Up[g)(t) = [7 e~¢=*P¢(s) ds satisfies

(2.21) 1P (@]l L2y iz2mey) < Cllllemy remey, ¢ € LA(REH).

We note that (I) and (III) imply the analyticity of {e *};»¢ in L?*(R%)
and the estimate

(2.22) [[PYp(¢lllamy;r2me) < ClollLomyizmey, ¢ € LURy; L*(RY),



holds for all 1 < ¢ < co. Then, by the duality argument, we also have
(2.23) IQ / e~ 70%(s) dsll Lamy 2@y < Clldllamy iz
t

for ¢ € LIYR,;L*(R%). The estimate (2.17) is proved by using (2.18)-
(2.23). For example, we have from (2.22),

Vwil Loy ;z2@ay) < CllAl Loy z2®ay),
and by using (2.23) the norm of A is estimated as
17l ey sz2@ay) < CUIF | Lay;remay) + 197 M1e Ve « F'|| Loy r2way))-

Hence (2.19) and the duality argument imply (2.17). The proof for w, is
similar, though we need to use the Marcinkiewicz interpolation theorem in
this case. For details, see [33].
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