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COMPLEX INTERPOLATION WITH DIRICHLET BOUNDARY
CONDITIONS ON THE HALF LINE

NICK LINDEMULDER, MARTIN MEYRIES, AND MARK VERAAR

ABSTRACT. We prove results on complex interpolation of vector-valued Sobolev
spaces over the half-line with Dirichlet boundary condition. Motivated by ap-
plications in evolution equations, the results are presented for Banach space-
valued Sobolev spaces with a power weight. The proof is based on recent results
on pointwise multipliers in Bessel potential spaces, for which we present a new
and simpler proof as well. We apply the results to characterize the fractional
domain spaces of the first derivative operator on the half line.

1. INTRODUCTION

The main result of the present paper is the following. Let WO1 P(Ry; X) be the
first order Sobolev space over the half line with values in a UMD Banach space X
vanishing at ¢ = 0, where p € (1,00). Then for complex interpolation we have

[LP(Ry5 X), Wy P (Rys X)]g = HyP(Ry; X)), 0€(0,1), 0#1/p,

see Theorems 6.7 and (6.6). Here Hg P denotes the fractional order Bessel potential
space with vanishing trace for 6 > 1/p, and Hg’p = HYP for § < 1/p. In more
generality, we consider spaces with Muckenhoupt power weights w. (t) = t7, where
the critical value 1/p is shifted accordingly.

In the scalar-valued case X = C, the result is well-known and due to Seeley [13].
The vector-valued result was already used several times in the literature without
proof. Seeley also considers the case § = 1/p, which we ignore throughout for
simplicity, and the case of domains  C R?. The corresponding result for real
interpolation is due to Grisvard [17] and more elementary to prove.

At the heart of complex interpolation theory with boundary conditions is the
pointwise multiplier property of the characteristic function of the half-space 1,
on H?P(R; X) for 0 < @ < 1/p. It is due to Shamir [44] and Strichartz [15] in
the scalar-valued case. In [36] by the second and third author, a general theory
of pointwise multiplication of weighted vector-valued functions was developed. As
a main application the multiplier result was extended to the vector-valued and
weighted setting. An alternative approach to this was found by the first author
in [27] and is based on a new equivalent norm for vector-valued Bessel potential
spaces. In Section 4 we present a new and simpler proof of the multiplier property
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of 1g,, which is based on the representation of fractional powers of the negative
Laplacian as a singular integral and the Hardy-Hilbert inequality.

For future reference and as it is only a minimal extra effort, we will formulate and
prove some elementary assertions for the half space Ri for d > 1 or even domains,
and general A, weights w. In order to make the presentation as self-contained as
possible, we further fully avoid the use of Triebel-Lizorkin spaces and Besov spaces,
but we point out where they could be used. We will only use the UMD property of
X through standard applications of the Mihlin multiplier theorem. Several results
will be presented in such a way that the UMD property is not used. A detailed
explanation of the theory of UMD spaces and their connection to harmonic analysis
can be found in the monograph [20]. In their reflexive range, all standard function
spaces are UMD spaces.

The complex interpolation result has applications in the theory of evolution
equations, as it yields a characterization of the fractional power domains of the time
derivative D((d/dt)?) and D((—d/dt)?) on R,. Here the half line usually stands
for the time variable and X is a suitable function space for the space variable. For
instance such spaces can be used in the theory of Volterra equations (see [38, 18,

]), in evolution equations with form methods (see [9, 12]), in stochastic evolution
equations (see [37]).

In order to deal with rough initial values it is useful to consider a power weights
w(t) = t7 in the time variable. Examples of papers in evolution equation where
such weights are used include [3, 8, 23, 28, 31, 32, 35, 39, 41]. The monographs
[2, 29, 40] are an excellent source for applications of weighted spaces to evolution
equations. In order to make our results available to this part of the literature as
well, we present our interpolation results for weighted spaces. For the application
to evolution equations it suffices to consider interpolation of vector-valued Sobolev
spaces over Ry with Dirichlet boundary conditions and therefore we focus on this
particular case. In a future paper we extend the results of [17] and [43] to weighted
function spaces on more general domains Q C R?, in the scalar valued situation,
where one of the advantages is that Bessel potential spaces have a simple square
function characterization.

Overview.

e In Section 2 we discuss some preliminaries from harmonic analysis.

e In Section 3 we introduce the weighted Sobolev spaces and Bessel potential
spaces.

e In Section 4 we present an elementary proof of the pointwise multiplier
theorem.

e In Section 5 we present some results on interpolation theory without bound-
ary conditions.

e In Section 6 we present the main results on interpolation theory with bound-
ary conditions and applications to fractional powers.

Notation. RE = (0,00) x R4"! denotes the half space. We write = (z1,%) €
R? with 21 € R and & € R?"! and define the weight w., by w,(z1,%) = |21]7.
Sometimes it will be convenient to also write (#,7) € R? with ¢t € R and x € R4™L.
The operator F denotes the Fourier transform. We write A <, B whenever A <

CpB where C), is a constant which depends on the parameter p. Similarly, we write
A=,Bift A<, Band B 5, A
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2. PRELIMINARIES

2.1. Weights. A locally integrable function w : R¢ — (0, 00) will be called a weight
function. Given a weight function w and a Banach space X we define LP(R?, w; X)
as the space of all strongly measurable f : R? — X for which

e = ([ W@IPua) @)’

is finite. Here we identify functions which are a.e. equal.

Although we will be mainly interested in a special class of weights, it will be
natural to formulate some of the result for the class of Muckenhoupt A,-weights.
For p € (1, 00), we say that w € A, if

[w]a, = sgpclgl/Qw(x) dx - (Kl?l/Qw(:v)_pil dx)p_1 < 00.

Here the supremum is taken over all cubes @ C R? with sides parallel to the
coordinate axes. For p € (1,00) and a weight w : R? — (0,00) one has w € A,
if and only the Hardy-Littlewood maximal function is bounded on LP(R% w). We
refer the reader to [16, Chapter 9] for standard properties of A,-weights. For a
fixed p and a weight w € A, the weight w’ = w1 ¢ A, is the p-dual weight.
By Holder’s inequality one checks that

(2.1) /\f(x)Hg(x)ldx Sl e w19l Lo (et oy

for f € L?(R%, w) and g € L” (R, w’). Using this, for each w € A, one can check
that LP(R%,w; X) C LL_(RY; X).
The following will be our main example.

FEzample 2.1. Let
wy(x1,%) = |17, =1 € R,Z € R

As in [16, Example 9.1.7]) one sees that w., € A, if and only if v € (—1,p —1).

Lemma 2.2. Let p € (1,00) and w € A,. Assume ¢ € L'(R?) and [$pdx = 1.
Let ¢, () = nle(nx). Assume ¢ satisfies any of the following conditions:
(1) ¢ is bounded and compactly supported
(2) There exists a radially decreasing function ¢ € L*(RY) such that |¢| < 1)
a.e.
Then for all f € LP(R%; X)), ¢pxf — f in LP(R?, w; X) asn — oo. Moreover, there
is a constant C' only depending on ¢ such that ||pn * f|| < CM f almost everywhere.

Proof. For convenience of the reader we include a short proof. By [20, Theorem
2.40 and Corollary 2.41] ¢, x f — f almost everywhere and || ¢y, * f|| < [|90| 1 (ray M f
almost everywhere, where M denotes the Hardy-Littlewood maximal function.
Therefore, the result follows from the dominated convergence theorem. ([
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2.2. Fourier multipliers and UMD spaces. Let S(R?; X) be the space of X-
valued Schwartz functions and let S'(R% X) = £(S(R?), X) be the space of X-
valued tempered distributions. For m € L>(R?) let T}, : S(R%; X) — S'(R%; X)
be the Fourier multiplier operator defined by
Tpnf = F1(mf).

There are many known conditions under which 7, is a bounded linear operator on
LP(R%; X). In the scalar-valued the set of all Fourier multiplier symbols on L?(R?)
for instance coincides with L>°(R?). In the case p € (1,00) \ {2} a large set of

multipliers for which T}, is bounded is given by Mihlin’s multiplier theorem. In
the vector-valued case difficulties arise and geometric conditions on X are needed

already if d = 1 and m(§) = sign(¢); in fact, in [5, 6] it was shown that in this
specific case the boundedness of T,,, on LP(R; X') characterizes the UMD property of
X. Since the work of [5, 6, 30] it is well-known that the right class of Banach spaces

for vector-valued harmonic analysis is the class of UMD Banach spaces, as many
of the classical results in harmonic analysis, such as the classical Mihlin multiplier
theorem, have been extended to this setting. We refer to [7, 20, 42] for details on
UMD spaces and Fourier multiplier theorems.

All UMD spaces are reflexive. Conversely, all spaces in the reflexive range of the
classical function spaces have UMD: e.g.: LP, Bessel potential spaces, Besov spaces,
Triebel-Lizorkin spaces, Orlicz spaces.

The following result is a weighted version of the Mihlin multiplier theorem which
can be found in [36, Proposition 3.1] and is a simple consequence of [19].

Proposition 2.3. Let X be a UMD space, p € (1,00) and w € A,. Assume that
m € C42(R4\ {0}) satisfies

C,, == sup sup|£\|a‘|8°‘m(£)| < 0o0.
|a|<d+2 £#0

Then Ty, is bounded on LP(R%,w; X) and has an operator norm that only depends
C’ma d7p7 X7 [U}]Ap .

3. WEIGHTED FUNCTION SPACES

In this section we present several results on weighted function spaces, which do
not require the UMD property of the underlying Banach space (except in Proposi-
tion 3.2).

3.1. Definitions and basic properties. For an open set  C R? let D(£2) denote
the space compactly supported smooth functions on 2 equipped with its usual
inductive limit topology. For a Banach space X, let D'(Q; X) = L(D(Q2), X) be
the space of X-valued distributions. For a distribution u € D’(Q; X) and an open
subset Qy C Q, we define the restriction u|q, € D'(Qo; X) as u|q,(f) = u(f) for
f € D).

For p € (1,00) and w € A, let WEP(Q,w; X) C D'(Q; X) be the Sobolev space
of all f e LP(Q,w; X) with 0%f € LP(Q, w; X) for all || < k and set

”f”W’“vP(Q,w;X) = Z ”aaf”LP(Q,w;X)a

|| <K

flwrr(@uwx) = Z 0% fll v (2,3 x) -

|a|=k
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Here for o € N9, 9% = 97" ... 9.
Let Js denote the Bessel potential operator of order s € R defined by
Jof = (1= 8P f = F 1+ Py,
where J? denotes the Fourier transform of f and A = Z;‘l:1 8]2. For p € (1,00),
s€Rand w € A, let HSP(RY, w; X) C §'(R%; X) denote the Bessel potential space
of all f € 8'(R% X) for which J,f € LP(R?, w; X) and set
[ £l ezsr e wix) = 1 Ts fll Lo R w:x)-

In the following lemma we collect some properties of the operators Js.
Lemma 3.1. Fiz s > 0. There exists a function G5 : RY — [0,00) such that
G, € L'(R?Y) and J_of = Gs* f for all f € S'(R%; X). Moreover, G, has the
following properties:

(1) Forall ly| > 2, G(y) Seae %

(2) For |x| <2,
jz|*~4, s € (0,d),
Go(x) Ssa § 1+1log(i5), s=d,
1, s>d,

(3) for all s >k >0 and all |a| < k, there exists a radially decreasing function
¢ € LY(RY) such that |0°Gs| < ¢ pointwise.

In particular, if d = 1, p € (1,00), v € (=1,p—1) and s > HTV, then G4 €
L7 (R, w).

Proof. The fact that the positive function Gy € L'(R?) exists, together with (1)
and (2), follows from [16, Section 6.1.b].

To prove (3), we use the following representation of G (see [16, Section 6.1.b]):
o0 z|2 s— dt
Gs(x) = C’S,d/ e_te_%tTd -
0

By induction one sees that 0*G(x) is a linear combination of functions of the form
Gs_o;(z)|z|? with |8] < j < k. Therefore, by (2) for |z| < 2, [0°Gs()| Ss.da
|z|=¢ for some ¢ € (0,d). On the other hand for |z| > 2, |0°Gs(7)| Ss.da

[z

\m|36_% Sask €~ 1. Now the function ¢(z) = C1|z|*~? for |z| < 2 and ¢(z) =
C’ge’% for certain constants C7,Cy > 0. satisfies the required conditions.
To prove the final assertion for d = 1, note that the blow-up behaviour near 0

gets worse as s decreases. Therefore, without loss of generality we may assume that
s € (HT”, 1), in which case (2) yields

’ (s—1)p— 7
Ga@)l? (@) S a7 = (2T for o] <2
which is integrable. Integrability, for |z| > 2, is clear from (1). O

The following result is proved in [36, Proposition 3.2 and 3.7] by a direct appli-
cation of Proposition 2.3.

Proposition 3.2. Let X be a UMD space, p € (1,00), k € Ng, w € A,. Then
HFP(RY w; X) = WEP(RY w; X) with norm equivalence only depending on d, X,
p, k and [w]a,.
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The UMD property is necessary in Proposition 3.2 (see [20, Theorem 5.6.12]).
Sometimes it can be avoided by instead using the following simple embedding re-
sult which holds for any Banach space. The sharper version W*P?(R% w; X) <
H*P(R% w; X) if s < k and k € Ny. can be obtained from [33, Propositions 3.11
and 3.12] but is more complicated.

Lemma 3.3. Let X be a Banach space, p € (1,00), k € Ny, s € (k,00) andw € A,.
Then the following continuous embeddings hold

W2kP(RY, w; X) — H*P(RY w; X), H"P(RY, w; X) — WHP(RY, w; X),

with embedding constants which only depend on d, s,k and [w]4, .
Proof. The first embedding is immediate from Jorf = (1 — A)¥f and Leibniz’
rule. For the second embedding let f € H*P(R? w;X) and write f, = J,f €
LP(RY w; X). By Lemma 3.1 (3) and Lemma 2.2, for all |a| < k,

HaafHX = HaaGs * szX < ¢x* HfSHX < C¢'M<||f5||X)>

where ¢ € L'(R?) is a radially decreasing function depending on «, k and s.
Therefore, by the boundedness of the Hardy—Littlewood maximal function, we have
0°f € LP(R?, w; X) with

”aafHLP(Rd,w;X) §p,[w]Ap HfS”LP(Rd,w;X) = Hf”HSvP(Rd,w;X)-

Now the result follows by summation over all a. O

We proceed with two density results.

Lemma 3.4. Let X be a Banach space, p € (1,00), s € R and w € A,. Then
SR X) — H*P(RY w; X) — S'(R% X). Moreover, C*(RY) ® X is dense in
H*P (R w; X).

Proof. First we prove that S(RY; X) < H*P(R?, w; X). It suffices to prove this in
the case s = 0 by continuity of J, = (1 — A)*/? on S(R% X). In the case s = 0,
the continuity of the embedding follows from

Nl e (e s xy < NI(1+ ‘x|2)7n||LP(]Rd,w)”(1 + |x|2)nf“L°°(Rd;X)
S,d,n,p,w Z sup ||‘Taf(x)||

d
o <2n TER

for n € N with n > dp (see [33, Lemma 4.5]).

To prove the density assertion note that LP?(R? w) ® X is dense in LP(R%, w; X)
and S(R?) is dense in LP(R?, w) (see [16, Exercise 9.4.1]) it follows that S(R%) ® X
is dense in LP(R? w; X). Since J~* leaves S(R?) invariant, also S(R?) ® X is dense
in H*?(R? w; X). Combining this with S(R?; X) < H*P(R% w; X) and the fact
that C°(R9) is dense in S(RY) (see [10, Lemma 14.7]) we obtain the desired density
assertion.

To prove the embedding H*P?(R%, w; X) — S’(R% X) it suffices again to consider
s = 0. In this case from (2.1) and S(R%)—L?' (R%,w’) densely, we deduce

LP(RE, w; X) < L(LP (RY,w'), X) < L(S(RY), X) = &' (R X).
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Lemma 3.5. Let X be a Banach space, p € (1,00), k € N and w € A,. Then
SR%: X) — WhP(RY w; X) — S'(R% X). Moreover, C°(RY) @ X is dense in
WkP (R, w; X).

Proof. The case k = 0 follows from Lemma 3.4 and the case k& > 1 follow by
differentiation.

Let ¢ € C°(RY) be such that [p,¢dr = 1 and define ¢, = n¢(n-) for
every n € N. Then, by Lemma 2.2 and standard properties of convolutions,
fni=¢nxf— fin WEP(RY w; X) as n — oo with ¢, * f € WP(RY w; X) =
Nien WhP(RY, w; X). In particular, W2k+2P(R? w; X) is dense in WP (R4, w; X).
This yields H*1P(R?, w; X) 5 WkP(R4 w; X) by Lemma 3.3. The density of
C*(RY) ® X in WkP(RY w; X) now follows from Lemma 3.4. O

Lemma 3.6. Let X be a Banach space, p € (1,00), s € R andw € A,. Assume ¢ €

C>®(R) with [ ¢dx = 1. Let ¢p,(x) = nl¢(nx). Then, for all f € H*P(R% w; X),
| pn * f”HS!P(]Rd,w;X) Ss,p,[w],d ”fHHS»P(Rd,w;X)

with ¢n * f — f in H¥P? (R, w; X) as n — 0o with ¢, * f € H®P(R% w; X) =

ﬂteR Ht’p(RdvuﬁX)-

Proof. The first part of the statement follows from Lemma 2.2 and Js(é, * f) =

bn * Tsf. For the last part, note that ¢, * f = J_s[¢n * Js f] € HP(RY, w; X) by
basic properties of convolutions in combination with Lemma 3.3. a

The following version of the Hardy inequality will be needed (see [33, Corolllary
1.4] for a related result). The result can be deduced from [34, Theorem 1.3 and
Proposition 4.3] but for convenience we include an elementary proof.

Lemma 3.7 (Hardy inequality with power weights). Let v € (—=1,p — 1) and
s € (0,1). Let wy(t,z) = [t|" fort € R and z € R¥1. Then H*P(R, w,; X) <
LP(RY, wy—gp; X).

Proof. 1t suffices to prove [|Gs * fllLr(w,_.,:x) Sps.dy | fllLe(w,;x), Where Gy is
as in Lemma 3.1 and f € LP(w,;X). Since G5 > 0, by the triangle inequality it
suffices to consider the case of scalar functions f with f > 0.

To prove the result we first apply Minkowski’s and Young’s inequality in R%~1:

IGs * f(t, )|l Lrra-1y S/RHGS(t7Ta')”Ll(Rd*l)”f(Ta')||LP(Rd*1)d7_:gs * ().

Here g4(t) = ||Gs(t, )| L1 (ra-1y and ¢(1) = || f(7,-)|| Lrre-1). Then for [t| < 2, by
Lemma 3.1 (1) and (2),

02() S / (It] + |z])*~de = [t / (1 + |zf)*~tde = CJt*~,
]Rd—l Rd—l

where we used s < 1. For [¢t| > 2, by Lemma 3.1 (2) and |(¢,2)| =~ |¢| + |=|, we find
|

[£] |z It

gs(t) Ssae” @ e 2dr=ge 2.
Rd
Finally by the weighted version of Young’s inequality (see and [22, Theorem

3.4(3.7)]) in dimension one, we find that

1Gs * fllze @0, ) < 1195 * Dllr @, ) < ClOlNr @) = CllfllLp R0,
where C' = sup,cp [t|'%g5(t) < oo. O
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We end this section with a weighted version of the classical Hardy—Hilbert in-
equality.

Lemma 3.8 (Hardy-Hilbert inequality with power weights). Let p € (1,00) and
v e (—1,p—1). Let wy(z1,%) = |z1]7 and k(z,y) = a7 where
x = (z1,2) and y = (y1,9). Then the formula

Th(a) = [k )ht)dy

((\z1|+\y1\)2+| 912

yields a well-defined bounded linear operator Iy, on LP(R?, Wey).

Proof. 1t suffices to consider i > 0. Moreover, by symmetry it is enough to consider
x1,y1 > 0. Thus we need to show that

Ja / k@ 9)h(0) Ayl oo ey Sty Iloes e B € LPRYw) A2 0.

Step I. The case d = 1. Replacing k by
wy (@) Pws (y) P 2]y P
(=l + 1y |z + [yl

with 8 = ~/p, it suffices to consider the unweighted case.
To prove the required result we apply Schur’s test in the same way as in [14,

Theorem 5.10.1]. Let s(x) = t(z) = 2”77 . Then since —1 <B- i <0

oo o ,3 p y -8 oo 257%
| srm@yde= [ dn =ty | dz = Cyst(y)".
0 0 0

r+y z+1

kg(z,y) =

Similarly, since =1 < = — 1 <0

Rl ’ o0 $6y767% 7 o Z757% 7’
/ 1) ks (o, y) dy = / YT gy~ s / dz = Cp ps(a)?'.
0 0 0

z+y 142
Step II. The general case. By Minkowski’s inequality we find

et Mare- < /O°° (/Rd,l </R(H ((z1 + le);(y:é)_ gl2)/2 d@)pdi“)l/p dys.

Fix y1 > 0 and let ¢,-(§) = f(y1, 7). Setting r = x1 + y1 and substituting v := Z/r
and v := §/r we can write

f(y1,9) P

dy) d

/HW*I(/H%‘! v (e 4+ 2+ & — g2 y) v
_ et e vy
T /Rd—l (/Rd—l (1+ |u7v|2)d/2 U) U

—ptd— d -
< g oy I+ - BV 2R sy = Capr g

where we applied Young’s inequality for convolutions. Therefore

£ (1 ) Lo a1y i
T1+ Y1

11 f (1, Mooy < Cap /
0

Taking LP((0, 00), w)-norms in x; and applying Step I yields the required result.
O
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Remark 3.9. Actually, the kernel &k of Lemma 3.8 is a standard Calderén-Zygmund
kernel, because k is a.e. differentiable and

Vak(z, )| + [Vyk(z, )l < o -y~ z#y.

Although we will not need it below let us note that [19, Corollary 2.10] implies that
I is bounded on LP(RY w) for any w € A,

4. POINTWISE MULTIPLICATION WITH 1

In this section we prove the pointwise multiplier result, which is central in the
characterization of the complex interpolation spaces of Sobolev spaces with bound-
ary conditions in Section 6. Let w, (z1,%) = |21]7, where z; € R and 7 € R?~1.

Theorem 4.1. Let X be a UMD space, p € (1,00), v € (—1,p—1), v = —v/(p—1),
and assume — L < s < T Then for all f € H*P(R?,wy; X) N LP(R, wy; X),
we have lkif € HoP(R%, w.,; X) and

HlRifHH"”p(Rd,w«,;X) SX,pves ||f||HSvP(Rd,wW;X)7
and therefore, pointwise multiplication by 1Rd+ extends to a bounded linear operator
on H*P(R4, w,; X).

To prove this the UMD property will only be used through the norm equivalence
of Lemma 4.2 below.

Lemma 4.2. Let X be a UMD space, p € (1,00), s€ R, 0 >0, we A,. Then
(=A)77: SR X) — S'RY X), [ FH(€ = 1€1°)]]

defines for each r € R (by extension by density) a bounded linear operator from
HoP(RY w; X) to H™P(RY, w; X), independent of r and w (in the sense of com-
patibility), which we still denote by (—A)°/?. Moreover, f € H*toP(RY w; X) if
and only if f,(=A)?/2f € HP(R?, w; X), in which case

Hf”HSvT’(Rd,w;X) ~s,pw,d,o,X Hf”HS_"’p(Rd,w;X) + H(_A)G/Qf”H‘“_"vp(Rd’m};X)'

Proof. All assertions follow from the fact that the symbols

1§17 1 (1+ €[>
i 1 RTINS L WAL
(1+[€[2)2/” (1 +[€[2)2/7 1+ ¢l
satisfy the conditions of Proposition 2.3. |

In the proof of Theorem 4.1 we will use the norm equivalence of the above lemma
via (a variant of) a well known representation for (—A)?/? as a singular integral.
For f € HP(RY) this representation reads as follows:

(=A)/2f = lim Cy 0/ Tl =71 dh,
r—0+ ’ R4\ B(0,r) h
with limit in LP(R?) (see [26, Theorem 1.1(e)]); here T}, denotes the left translation
and Cy,, is a constant only depending on d and o.
In the proof we want to use a formula as above for f replaced by 1Ri f, which in
general is an irregular function even if f is smooth; in particular, a priori it is not
clear that Ige f € H%P(R?). We overcome this technical obstacle by Proposition 4.4
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below, which provides a (non sharp) representation formula for (—A)?/2 in spaces
of distributions.
For the proof of Proposition 4.4 we need the following simple identity.

Lemma 4.3. For each o € (0,1) there exists a constant cq, € (—00,0) such that
es — 1
7 =i ————dh, e R4,
€] Cd, /Rd |h|d+g §

Moreover, for all ¢ € S(R?)

ethé _
@D o) [ et =, [ [ Grmroedean
zhE -1
=:!Cd,o /Rd {f = W] (¢) dh.

Proof. Let & € R\ {0} and choose R € O(n) with R¢ = [£|e;. Then h - ¢ =
Rh - RE = |¢|Rh - €1 and the substitution y = |£|Rh yields

/ ezh-§_1_€|g/ ezyl_ld
T

Observing that the integral on the right is a number in (—oo,0), the first identity
follows.
Next we show (4.1). Given ¢ € S(RY), the first identity gives

ethé _
e l6FV0) = [ leroe e —an, [ [ Gt dnot i

Since ¢ € S(R?) and
e —1j

W < 1|h|g1h*(d71+a)|§| +2. llh‘>1|h|*(d+o’)’

we may invoke Fubini’s theorem in order to get

zhf _ 1 thE _ 1
[5 = |§‘ / / |]’L‘d+g dé- dh = Cd,o Ad |:§ = e|hd+a:| ((b) dh7

as desired. O

For f € S'(R% X) let 6, f = T f — f, where T}, denotes the left translation by
h. For 0 <r < Rlet A(r,R) := {z € R?:r < |z| < R} be an annulus.

Proposition 4.4 (Representation of (—=A)%). Let p € (1,00) and o € (0,1). For
all s >0 and f € H*?(RY) ® X C LP(R%; X) we have

o 1
—A 2 = 1
( ) f Cd,o r\‘O,lgl/‘oo

T / 5“;%3 dh in  H*"2P(R% X),
AR 1P

where cq,, is the constant of Lemma 4.3.

The weights are left out on purpose, because translations are not well-behaved
on weighted LP-spaces. Moreover, no UMD is required in the result above.

Proof. We prove this proposition by proving the following three statements:
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(1) The linear operator

onf
o oo ]
is bounded from H*P(R%; X) to L'(RY; H*~2P(R%; X)) for all s € R and

thus gives rise to a bounded linear operator

T, H¥P(RG X) — H72P(REG X)), f s Onf_ dh,
Ra |h|*TO

(2) For all s > 0 we have

I.f= 1
Uf 7\0}%1/‘00

- / 5”;@ dh in H*2P(R% X)
A(rR) |97
for every f € HSP(R%; X) C LP(R%; X).
(3) Forall f € H-*?(RY) ® X,
(4.2) I, f=cao(-A)7f in S'R%:X),
where ¢y, is the constant of Lemma 4.3. Here H~>°?(R%) = J, _p H*P(R?).

(1): To prove this it is enough to establish the boundedness from H*?(R%; X)
to L'(R%; H5=2P(R%; X)). As the Bessel potential operator 7, commutes with &,
we may restrict ourselves to the case s = 2. Since by Lemma 3.3 H*P(R%; X) —
WP(R?; X), we only need to estimate

||5thLP Rd; X
(43) /Rd W dh Sd,ﬂ',P ||f||W1aP(]Rd;X), f c Wl’p(Rd;X)'

To this end, let f € W1P(R?; X). Then

Snf Cdetaor [T h Ctdio

pive = Lni<alhl (a=t )/0 Tin Vf'm dt + 11 |B| ™ (T f - f),
where the integral is an LP(R?; X)-valued Bochner integral. It follows that

108 f| o (ra,x iy 1
PR, < bl [TV e
+ L1 [BT D (1T f e @) + 1 | o ix)
= Lncth™ NV flloxay +2 - Lpgsalhl ™ F Lo ix).
Integrating over h gives (4.3).

(2): Let s > 0 and f € H*P(R%; X) C LP(R%; X). By the first assertion and the
Lebesgue dominated convergence theorem,

. 6hf . i—9 d

(4.4) Z.f = lim / ——dh in H* “P(R% X),
rNO,R oo A(r,R) |h|d+g

where the integrals fA(T)R) ”j’% dh are Bochner integrals in H*~2P(R% X). As

f e IPREX), b g is in LY(A(r, R); LP(R% X)) for every 0 < r < R <

oo. Since LP(R% X), H*2P(R% X) — S'(RY; X), it follows that the integrals

fA(T R) Ihélh% dh in (4.4) can also be considered as Bochner integrals in LP(R%; X),

implying that fA(r,R) “j% dh = [m > fA(T,R) ?}Z";% dh} (see [20, Proposition 1.2.25]).
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(3) By linearity it suffices to consider the scalar case f € H*P(RY) for some
s € R. By the density of S(R?) C H*P(R?) (see Lemma 3.4) it suffices to consider
f € S(R%). Indeed, this follows from the boundedness of Z, and (—A)?/? (see
(1). Now (4.2) follows from well-known results (see [26, Theorem 1.1(e)]). For
convenience we include a direct proof. Using Lemma 4.3, for each f € S(R%; X) we
find

T s B P g PSS

e’hg -1~ 5hf
=cio | F! - dh = ¢4 dh,
o [ e G FO) e [
where all integrals are in S'(R%; X). By (1), for every f € S(R%; X) c H*P(R%; X)
we have Z,f =[5 ‘}f‘%dh, where the integral is taken in H~1P(R% X) —
S'(R%; X). This proves (4.2), as desired. O

Finally we are in position to prove the pointwise multiplier result.

Proof of Theorem 4.1. We only consider s > 0. The case s < 0 follows from a
duality argument using [36, Proposition 3.5].

By Lemma, 3.4 it is enough to prove ||1Rif||Hs,p(Rd7wv;X) Sspdiy. X | FllEer @40, 5x)
for an arbitrary f € S(RY) ® X. Let g := 1R1f € L?(RY) ® X. By Lemma 4.2, we
have

||gHHSvP(]Rd,w~,;X) §s7p7de ||g||LP(1Rd,wﬂ,;X) + ||(_A)S/29||LP(Rd,w7;X)-

Clearly, [l r e, w,;x) < [ fllLr (R4 w,;x) from which we see that it suffices to show

(45) ||<_A)S/29||LP(Rd,w,Y;X) 557107(17’7 ||f||H5vP(Rd,w,Y;X)'

By Proposition 4.4,

Ls9 = [ffH/ ngd(fs) dh] 2% (—A)*%g  in H*P(RYX) < 8'(RY X).
A(%h]) ’

In order to finish the proof, it is thus enough to show that Z, ;g converges in
LP(RY wy; X) 4+ LP(RE; X) — S'(R%; X) to some G satisfying

(46) ||GHLP(]Rd,wﬂ,;X) 5571)#17%)( ||f||HS*T’(Rd'7wW;X)'
Indeed, then (—A)*/2g = G and (4.5) holds.
Defining

S:={(y,2) eR*: [z < —yandy > 0] or [z > —yandy < 0]}
we have

Z,j9 =G + G

(4.7) = 1ga Ty, f +

flx+h)
T — —sgn(zq / 1g(@1, h) = dh|,
(1) A(%.9) ( ) R+

where 7, ; f is defined analogously to Z; ;g:

Onf(x)
Lsif = :E»—>/ dh| .
’ [ (3. Rl
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We first consider {G1 ;}jen. Since Z ; f Iz (=A)*/2f in LP(R%; X) by Propo-
sition 4.4, it follows that G := 1Ri(—A)S/2f = lim;j_, G1; in LP(R% X). By
Proposition Lemma 4.2,

HGl‘ILP(Rd,w,\,;X) < ||(_A)S/2f||LP(Rd,w_Y;X) Ss,p,d,mX ||fHHs'1’(]Rd,w,Y;X)'

We next consider {Gs ;}jen. Observing that

(8 = (Jha? + (B2 = (18] + [ha + t)? + A1/
for all b = (hy,h) € R% and t € R with (¢,hy) € S, we find

x+h r+h
/ . ls(zl,hl)Wth/ IA ke s b
AGG) B (] + [ha 4 2a])? + |R[2) 27

-/ ks,
B (] + )2 + 15— 712)2

< / k() |11 ()l x dy.
Rd

d
where k(z,y) = ((|z1] + |y1])® + |7 — #|*)2. Applying Lemma 3.8 to the function
¢(y) = |1 |71 f(y)l x we thus obtain

1/ (@ + h)llx
— 1 Jh 7th <||I ,
Hx /A(;,j) s ) e oty = O @)

ey 19llLe®a,w.)

= Hf”LP(Rd,w,Y,SP;X)'

Szpvdv’Y ||fHH5»P(Rd,wW;X)7
where in the last step we applied Lemma 3.7. It follows that the limit G5 :=
lim; oo Ga,; exists in LP(R?, w.; X) and, moreover,

G2l e (®e wix) Spaay (1 rew ®a,w,5)-

Finally, combining the just obtained results for {G1 ;};en and {Ga,;}jen, we see
that G := G + G2 = lim;_, 0 Z; ;¢ in LP(R%, w,; X) + LP(R%; X) — S'(R; X) and
(4.6) holds as desired. O

5. INTERPOLATION THEORY WITHOUT BOUNDARY CONDITIONS

For details on interpolation theory we refer the reader to [4, 46]. In this section
we present some weighted and vector-valued versions of known results.

The following extension operator will allow us to reduce the half space case R‘i
to the full space R%.

Lemma 5.1 (Extension operator). Let X be a Banach space. Let p € (1,00), and
m € No. Let w € A, be such that w(—z1,%) = w(x1,%) for v1 € R and & € RI7L.
Then there exists an operator ET : LP(RY, w; X) — LP (R, w; X) such that

(1) For all f € LP(RY, w; X), (E7f)|ge = f:

(2) forallk € {0,...,,m}, &P WEP(RL, w; X) — WHP(R, w; X) is bounded,
Moreover, if f € Lp(Ri,w;X) N Cm(Ri;X), then ET'f is m-times continuous
differentiable on RY.
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By a reflection argument the same holds for R?. The corresponding operator
will be denoted by £™.

Proof. The result is a simple extension of the classical construction given in [1, The-

orem 5.19] to the weighted setting. The final assertion is clear from the construction

of &7, O
Jr

To define Bessel potential spaces on domains, we proceed in an abstract way
using factor spaces.

Definition 5.2. Let F — D'(R% X) be a Banach space. Define the restricted
space/factor space to an open set Q C R? as

F(Q):={f € D'(R"; X):3g €F, f=gla}
and let
I flley = inf{llgllr : glo = f}

We say that € is an extension operator for F(Q) if

(1) for all f € F(Q), (Ef)la = f;
(2) € :F(Q) = F is bounded.

For p € (1,00), w € A, and an open set  C R, we define the Bessel potential
space H*P(Q,w; X) as the factor space

H*P(Q,w; X) := [H*P(R?, w; X)](Q).

By Lemma 5.1 and for w as stated there, we find that W*?(R%,w; X) can be
identified (up to an equivalent norm) with the factor space [W*?(R%, w; X)](R%),

where an extension operator can also be found. Indeed, let WEP (R%,w; X) =

[W*P(RY, w; X)](RE) denote the factor space. For f € Wik (R%w; X) let g €
WkP(RY w; X) be such that g|]Ruz+ = f. Then

||f||Ww(Ri,w;X) < Nlgllwer ®e,w;x)-
Taking the infimum over all of the above g, we find

1l ey < 1y

factor

(RY ,w; X))
Next let f € WHP(RL, w; X). Then £, f € WHP(R?, w; X) and
||f||Wf’:C’;0r(Rd+,w;X) < ‘|g+f‘|kal’(Rd,w;X) < C”fHkaT’(Ri,w;X)'

Next we present two abstract lemmas to identify factor spaces in the complex

interpolation scale. The result is a straightforward consequence of [16, Theo-
rem 1.2.4]. We include the short in order to be able to track the constants. For
details on complex interpolation theory we refer to [46, Section 1.9.3].

Lemma 5.3. Let (Xo,X1) and (Yy,Y1) be interpolation couples and let Xy =
[Xo0, X1]o and Yy = [Yo,Y1]e for a given 6 € (0,1). Assume R: Xo+X; = Yo+ 1
and S : Yo + Y1 — Xo + X1 are linear operators such that S € L(Y;,X;), R €
L(X;,Y;) and RS is the identity operator on'Y; for j € {0,1}. Then SR defines a



COMPLEX INTERPOLATION WITH DIRICHLET BOUNDARY CONDITIONS 15

projection on Xy and R is an isomorphism from SR(Xy) onto Yy with inverse S.
Moreover, the following estimates hold:

C5'lISyllxs < lyllye < CrlISYllxs: v € Yo,
[Rzlly, < Crllzllx,, « € X,
lzllx, < CslRally,, =€ SR(Xp),

where Cr = max;e 0,1} HRHE(X].,yj) and Cs = max;e .1} ||S||£(Xj7§/j).
Proof. By complex interpolation we know
150l 2(vy.xe) < Cs, and [[R|[(x,,v,) < Cr
and RS is the identity operator on Yy. This proves the upper estimates for S and
R. To see that SR is a projection note that (SR)(SR) = SR. The lower estimate
for S follows from
1yllve = 1RSYlly, < CrlISyllx,, vy €Yo
To prove the lower estimate for R note that for z := SRu € SR(Xy)
[zl x, = [SRSRul|x, < Cs||[RSRully, = Cs||Rz| x,-
(Il

Lemma 5.4. Let FO,F! < D'(R?; X) be two Banach spaces. For 6 € (0,1), let
F = [F°, F]y.

Let Q C R? be an open set, and define F°(Q) as in Definition 5.2, and assume there
is an extension operator £ for F*(Q) for s € {0,1}. Then [F(Q),F}(Q)]y = FY(Q)
and

CH fllee () < I flo@y s < IlFllee ()
where C' only depends on the norms of the extension operator. Moreover, £ is an
extension operator for F?(Q).

Proof. Define R : F/ — F/(Q) by Rf = flg and S : F/(Q) — F/ as S = €.
Then |R|| < 1,||S]| € C and RS = I. From Lemma 5.3 we conclude that for all
f € (), FH ()]s

CHfllpo) < CTHIEFlIre < 11f o) Fr ()0 -

Conversely, let f € F?(Q2). Choose, g € F? such that Rg = g|qg = f. Since
|IR|| <1, by complex interpolation we find

1f 1o @) e @0 < N9l ey = llgllwe
Taking the infimum over all g as above, the result follows.
To show the final assertion, note that £ € L(F?(Q2),F?) by the above. Moreover,
for f € FO(Q) NFYQ), (Ef)|a = f. By density (see [416, Theorem 1.9.3]) this
extends to all f € F9(0Q). O

Proposition 5.5. Let X be a UMD space, p € (1,00), k € Ny and assume
w € A, is such that w(z1,%) = w(—x1,%) for 11 € R and ¥ € R4 Then
HFP(RE w; X) = WHP(RY, w; X)

Proof. This is immediate from Proposition 3.2 and the fact that W’W(Ri,w; X)
coincides with the factor space [W"P(RY, w; X)](R%). O
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Next we identify the complex interpolation spaces of H*P(Q,w;X). Here the
UMD property is needed to obtain bounded imaginary powers of —A.

Proposition 5.6. Let X be a UMD space and p € (1,00). Let w € A, be such that
w(—x1,%) = w(z1,%) for all v, €R and & € RI1L.
(1) Let8 € [0,1] and sg, 51,5 € R be such that s = so(1—0)+s10. Then for Q = R?
or Q =R% one has
[HP(Q,w; X), H*P(Q,w; X)]s = HP(Q, w; X)

(2) For each m € Ny there exists an EY' € AC(H_m’p(]Ri, w; X), H-™P(RY, w; X))
such that
o forall|s| <m, & € LIH*P(RE, w; X), HSP (R, w; X)),
o forall|s| <m, f— (SJFf)hRi equals the identity operator on H*P(Ry, w; X).

Moreover, if f € LP(RY,w; X) N Cm(M;X), then ETf € C™(RY; X).
By a reflection argument the same holds for R?. The corresponding operator

will be denoted by £™.

Proof. (1): For Q = R%, the result follows from [36, Proposition 3.2 and 3.7] (see
[20, Theorem 5.6.9] for the unweighed case).
(2): Fix m € N. We first construct £7* € L(H~"™P(R?, w; X)) such that
(i) gf € L(H*P(R?, w; X)) for all [s| < m;
(i)
)

(ii

gff\Ri = flre;
EYf=0if flga =0
Given gf we can define £ : H*P(RY, w; X) — H*P(RY, w; X) by ETf = gjr”f
where f € H®P(R?, w; X) satisfies f|Ri = f. This is well-defined by (iii).

In order to construct £ let 0 < Ay < ... < Agpq2 < 0o and by,...,bopmi2 €R
be as in [16, 2.9.3]. For A € R\ {0} we write T\ f(z) = f(—=Azx1,2). Let &7 €
L(LP(RY, w; X)) and ET € L(LP (R?,w'; X*)) be defined by

_ 2m—+2 _ 2m—+2
EXf=1ga f+1ga > by f  ETg= Iga (9 + ) bj/\j_lT,\j*lg)-
j=1 j=1

Then one can check that
(5.1) (Emf g)=(f,ETg), feLPRYw;X), ge LV R:w';X*).

Moreover, by the special choice of by, ..., bay,42 it is standard to check that gf S
L(W™P(RY, w; X)) and E_T e LW™P (R w'; X*)). In view of (1) for @ = R? and
Proposition 3.2, complex interpolation gives g_T € L(H*P(RY, w; X)) and E_T €
L(HSP (R, w'; X*)) for all 0 < 5 < m.

Recall that H5P(R?, w; X) = (H~5? (R?, w'; X*))* (see [36, Proposition 3.5]),
X being reflexive as a UMD space (see [20, Theorem 4.3.3]). By the duality relation
(5.1) we find that g’f extends to a bounded linear operator on H*?(R%, w; X) for
each s € [-m,0]. Therefore, (i) follows and moreover (ii) follows by a density
argument. To check (iii) let f € H~™P(R% w; X) with fleJr = 0 be given. Let
¢ € C(R%) be such that [ ¢dz =1 and set ¢, := n~?¢(n-) for n € N. Then, by
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Lemma 3.6, ¢, x f — f in H:m*p(Rd,w;X) and ¢, * f € LP(R?, w; X). Now since
On * f|Ri = 0 it follows that Eff\Ri = limy,— 00 Efqﬁl* f|Ri =0.
Finally, note that for f € LP(R%,w; X) N C™([RL; X), EFf € Cm(ﬁi;X) &)
(RS X) with
2m—+2
Enflng = f and & flpa = > bTh,f
j=1

and by the special choice of by, ..., bay, 12, one can check that f € C™(R%; X).
Now (1) for @ = R¢ follows from Lemma 5.4 and (2). O

For an open set Q2 C R?, and s € R let Hg’p(Rd,ww; X) be the closed subspace
of H*P(R%, w,; X) of functions with support in €.

Proposition 5.7. Let X be a UMD space, p € (1,00), k € N, w(—x1, %) = w(x1, )
for all z1 € R and & € R4, Let § € [0,1] and s¢,s1,5 € R be such that s =
s0(1 — 0) + s10. Then the following identity holds with equivalence of norms

[Hgy" (R, w; X), Hy" (R, w; X))o = HgP (RY, w; X).

Proof. To show this we consider the case of Ri. The other case can be proved
in the same way. Let €™ be the (reflected) extension operator of Proposition 5.6
with m the least integer above max{|sg|,|si|}. Define R : H0"1:P(R% w; X) —
HﬂggASl’P(Rd,w;X) by
Rf:=f—=E"(flza)

and let S : H&%Asl’p(Rd7w;X) — H*"1P(RY w; X) be the inclusion operator.
For each t € [sgp A s1,m], R and S restrict to bounded linear operators R :
HY?(RY w; X) — Hﬂgg(Rd,w;X) and S : Hﬂg’g(Rd,w;X) — HYP(R% w; X) with
the property that SR(H'P(R? w; X)) = H&?(Rd,w;X). Using Lemma 5.3 in
combination with Proposition 5.6 we find that R restricts to an isomorphism from
Hﬂs{g(Rd, w; X) = SR(H*?(R%, w; X)) to [Hﬂz(fip(Rd,w;X), Hﬂza’p(Rd,w; X)]o. Since
Rf = fforall f e H&%’(Rd,w;X ), this proves the required identity for the inter-

polation space. The norm equivalence follows from the estimates in Lemma 5.3 as
well. O

To end this section we present a variation of a classical interpolation inequality.
The result can be deduced from the weighted Gagliardo-Nirenberg type inequality
[33, Proposition 5.1]. We provide a more direct proof which also yields additional
information. The unweighted and scalar-valued case can be found in [24, Theorem
1.5.1]. However, the proof given there does not extend to the weighted setting. The
lemma can also be deduced from Proposition 2.3, but this would require X to be a
UMD space (cf. the proof of [13, Corollary 5.3]).

Lemma 5.8 (Gagliardo-Nirenberg inequality). Let X be a Banach space and k € N.
Let Q =R? or Q =R%. Let w € A, be such that w(—z1,%) = w(x1,2) if @ =RL.
Then for all u € W*P(Q,w; X) and j € {1,...,k— 1},

1—4 Z
[U]Wj’p(QﬂiNX) Sp’k7[w]Ap Hu”LT’(ka,X) [u]II/CV’“vP(Q,w;X)'
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Proof. By an iteration argument one sees that it suffices to consider j = 1 and
k =2 (see [24, Exercise 1.5.6]).

First consider the case = R? For u € W*P(R? w;X), it follows from
Lemma 3.3 that

[ulwip @ wx) < wllwie@a,wx)
§p,[w]Ap [ull 2 (e wix) < N|ullor®a wx) + [Ulwze @ wx)-
For A > 0 let uy(z) = u(Az) and wy = w(Az) and note that [w]a, = [wx]a,. Then
applying the estimate to u) and the weight w,, a substitution yields
[Wlw o R 2w x) Sponsfw]a, A ull Lo (ra s x) + AUl w2 Re,w;x)-

Minimizing over A > 0 the result follows.

In the case 2 = Ri we use a standard extension argument. Let 5_% be the exten-
sion operator from Lemma 5.1. Then by [I, Theorem 5.19], £% has the following
additional property: for all |a| < 2, 8“&% = FE,0%, where E, is an extension op-
erator for WQ_“”|(R1, w; X). Therefore, from the case Q = R? applied to SJQru and
the boundedness of the extension operators we find that

1/2 1/2
[u]leP(Riﬂu;X) < [&?U]lep(ﬂ%d,w;X) Spydy[w]Ap HSZFLUHL/P(]R",w;X)[gﬁu]wélp(ﬂw,w;)()

Clearly, (|8 ul|Lrrd,w;x) < ||u||Lp(Ri7w;X). Moreover, since 9*E3 = Ey0°,

Eulwzr@wx) = Y [1E00”ul|o@a,wix) < [ w2 R i)
|a]=2

Therefore, the result follows if we combine the two estimates. ([

6. APPLICATION TO INTERPOLATION THEORY AND THE FIRST DERIVATIVE

For p € (1,00), s € R and a weight w € A,, let H;* (R, w; X) denote the closure
of C®(R\ {0}; X) in Hy”(R,w; X). In this section we characterize the complex
interpolation space [LP(Ry,wy; X), Hy" (R, w.; X)]p. Moreover, we use this to
characterize the domains of fractional powers of the first derivative.

6.1. Results on the whole real line. For k € Ny let
Wit 0 (R X) = {f € Wit P (R X) « £(0) = ... = f#)(0) = 0}.

loc

Since f(y) — f(x) = [” f'(t) dt, it follows that f has a version which is uniformly
continuous on bounded intervals, and hence f()(0) for j € {0,...,k} is defined in
a pointwise sense

We will need the following simple lemma.

Lemma 6.1. Let X be a Banach space and k € Ny. If f € I/V{Zjl’l(]R;X) satisfies
F0) = ... = f¥)(0) = 0, then 1g, f € WET(R; X) with

loc
(g, IV =1, fO9,  je{l,....k+1}.

Proof. Using an inductive argument we may reduce to the case k = 0. So suppose
f € Wil (R; X) satisfies f(0) = 0. Then f(z) = [, f/(t)dt for all 2 € R, from
which it follows that

1]R+f(.%'> = Ax 1R+f/(t) dt, xzeR.
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. 1,1 . : /I __ /
This shows 1g, f € W, (R; X) with (1g, f)" = 1g, [’ O

Proposition 6.2. Let X be a UMD Banach space, p € (1,00) and v € (—1,p—1).

Assumes>H77—l and k € Ny are such that 1:7—1+k<s<1+Tﬂy+k, For all

f e (R w,; X) N Wllf)j’é’l(R;X) we then have

LR fllaen®wy:x) SspovX 1 o0 @0,y x)-

As a consequence, 1r, is a pointwise multiplier on HP (R, wy; X). Moreover, for
all f € Hy?(R,wy; X) it holds that

(6.1) (1, )V = 1g, f9,  je{0,...k}.

Proof. As in [36, Proposition 3.4] one checks the following equivalence of extended
norms on &’ (R; X):

(6 2) ||fHH5vP(]R,w7;X) ~s,y,p,X ||f’UHS*k4"(R,w,Y;X) + Hakf”HS*kvP(]R,w_y;X)
~s,7,0, X ijo 167 f1

Let f € H*P?(R,wy; X) N Wllzj,lo’l(R;X) Using (6.2), Lemma 6.1 and Theorem
4.1 we find

Ho= k(R X)-

e, Fllmer @, x) Sspox 11z Flarr@u,x) + 10" Qe Hllmerr@w,x)
= 11y Fllarerw @ w,;3) + 112y O f o= @ ,:x)
SsprX ”f”HS*’“YP(R,wvx) + Hakf”Hb'*k’"’(R,w»y?X)
SsmmX ||f||H5~P(]R,w.Y;X)-

By a density argument we find that 1g, is a pointwise multiplier on Hy” (R, w.; X).
Finally, to check that (6.1) holds for f € Hy”(R,w,; X), observe that for 0 <
j <k, by (6.2) and the above estimate

107 Ly )l o=@ p0y5%) < ClARG Flrew@yix) < Clf e @) -

Therefore, if f € Hy?(R,w,; X), then letting f, € C°(R \ {0}; X) be such that
fo = fin HYP(R,w.y; X), we find that 87 (1, f,) — 0/ (1r, f) in H*7FP(R, w,; X).
Since & f,, — &7 f in H*~FP(R, w,; X), by Theorem 4.1 also 1g, &7 f,, — 1R+8jf in
H*7%P(R,w,; X). The validity of (6.1) for functions from C°(R\ {0}) and unique-
ness of limits in H*~FP(R, w,; X) yields (6.1) for general f € Hy*(R,w,; X). O

Proposition 6.3. Let v € (—1,p — 1) and s € R. Assume k € Ny satisfies

k+ HT'Y < s. Then the following assertions hold:

(1) trg s HP(R,w.; X)NCH(R; X) — X* given by try f = (f(0), f(0),..., f*)(0))
uniquely extends to a bounded linear mapping try, : H*P(R, wy; X) — XL

(2) If f € H*P(R,wy; X) satisfies flo,5) =0 or f|(—s,0) = 0 for some § > 0, then
trpf = 0.

(3) There exists a bounded mapping exty : X*t1 — HP(R,w.;X) such that
try,(exty,) is the identity on X*+1,

Proof. We first prove (1). By Lemma 3.4, it is enough to establish boundedness of
tre : (HP(R,wy; X) N CFR; X), ||+ e oy i) = XFHL
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Choosing x7

* e X* with [lz7]] = 1 and [[fO(0)]| = (f9)(0),2}) for each j €

{0,...,k} we have (f,z}) € H*P(R,w,) N C*(R) with
||f(J O = [(f900),25) = [(£2) D), 1) eror @awyy < F e @ :)-
So we may restrict ourselves to the case X = C. Recall from [36, Proposition 3.4]

that d/dt is a bounded linear operator from H%?(R,w,) to H7~1P(R,w,) for every
o € R. By differentiation it thus suffices to prove that, given 6 € (1+7 I'H +1),
the following estimate holds

1FO) Sovp Il or@uwyy> € HPP(R,w,) NC(R).

Here we actually only need to consider f € H%P(R,w,) N C.(R); indeed, given
n € CX(R) withn(0) = 1, f — nf defines by complex interpolation (see Proposition
5.6) a bounded linear operator on H%P(R, wy) and we may consider nf instead of f.
Using Lemma 3.6 together with [15, Theorem 1.2.19] one can check that C°(R) is
dense in H%?(R,w.) N C.(R), where C.(R) has been equipped with the supremum
norm. It thus is enough to estimate

[F O] Sovp 1fl0r@wyix),  f € CE(R).

To this end, let f € C(R) € S(R) and put g := (1 — A)?2f € S(R). Then,
letting Gy € L'(R) be the kernel Lemma 3.1, we find

F(0) = (1— A)*2g(0) = Gy x g (0) = / Gol)g(—z) da

By Lemma 3.1 we find

0)f < / |Go ()| lg(=2)| dx < (|Goll Lo (&, w1 ) 191 Lo (®.20,) S0 1| 1102 (R0,

To prove 2) consider the case that f = 0 on (0,d). Let ¢ € C*°(R) be such
that [¢(z)dx = 1 and ¢ is supported on (—2,—1) and put ¢,(z) = ne(nz).
By Lemma 3.6, | * fllmsr@®uw,;x) Spoy IfllHer®w,:x) With ¢ x f — f in
H*P(R,w,;X). Clearly, ¢, * f € C®(R; X) and by the support conditions one
sees that ¢, * f(0) = 0 for all n > 26!, Therefore, try(¢, * f) = 0 and the result
follows by letting n — oo and using the continuity of trg.

To prove (3) choose ¢y, ..., o € C2(R) such that ¢§-n)(0) =0, forall0 <j <k

and 0 < n < k and let exty(z; )J 1= Zf:o ¢jx;. This clearly satisfies the required
properties. (I

We can now give a characterization of Hj” (R, w.; X) in terms of traces. For it
will be convenient to say that the statement try f = 0 for k¥ < —1 is empty.

Proposition 6.4. Let X be a Banach space, p € (1,00) and v € (—1,p —1). Let
s € R be such that k+ 57 <'s <k+1+ Y with k € Z,k > —1. Then

HyP(R,wy; X) = {f € H*P(R,wy; X) : try f = 0}.
Note that try f is well defined by Proposition 6.3.

Proof. Clearly, trif = 0 for every f € C2°(R\ {0}; X). By continuity this extends
to every f € Hy?(R,w,; X) (see Proposition 6.3) and hence “C” follows. To prove
the converse, let f € H>P(R, w,; X) be such that tryf = 0. By Lemma 3.4 we can
find {gn }nen C C(R)®X such that g, — fin H*P(R,w,; X) asn — co. Let exty,
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be as constructed in the proof of Proposition 6.3 and put h,, := g, —ext(gn @ (O))g—O
for each n € N. Then h,, € {h € C*(R) : tryh = 0} ® X and, by Proposition 6.3,
hn — f —extk(O)] _o=/fin H¥?(R,wy; X) as n — oo.

It remains to show that we can approximate a function h € C°(R) satisfying
tryh = 0 by a function in C°(R \ {0}) with respect to the norm of H*P(R,w,).
Writing h = 1g, h + 1r_h =: hg + h1, it follows from Proposition 6.2 that ho,h1 €
H*P(R,w,y; X) and hence it suffices to approximate each of the terms hy and h;.
Fix ¢ € C*(R) with [, ¢dz =1 and supp¢ C [1,00) and define ¢,, := n¢g(n-) for
each n € N. Then ¢, * hg € C°(R\ {0}) with ¢,, * hg = ho in H*P(R,w,) as
n — oo by Lemma 3.6. A similar argument can be used for h;. O

We can now prove the main result of this section:

Theorem 6.5. Let X be a UMD space and v € (—1,p — 1). Let 8 € (0,1) and
80,81 > —1+ ’YTTI. Let s = 50(1 — 6) + s10. If so,51,s ¢ Nog + WT‘fl, then
(6.3 HEoP (R s X), HE (R, w3 X))o = HEP (R, s X).
Proof. Assume s, $1, s ¢ No—l-erl and let Eg;’;d : Hﬂgf(R, way; X)xHg P (R, wy; X),
o € R, for shorthand notation.
Let 0 > —1 + 7“ with o ¢ Ny + 7“. By Proposition 6.3 try vanishes on
Hg P (R, w,; X) for 1ntegers kel0,0— 'VH) Thus, in view of Proposition 6.4, the
map

R:EJP — HJ?(R,wy; X),  R(g,h) :==g+h,

prod
is a well-defined contraction. That the map

S HyP(Rywy; X) — ETP Sf:= (1Rif’ 1ga f),

prod?’

is well-defined and continuous follows from Propositions 6.2 and 6.4. Since R~ = S,
the result follows from Proposition 5.7. O

6.2. Results on the positive half line. Let v € (—1 P 1) and s € R. Assume
k € Ny satisfies k + 1+7 < s. By Proposition 6.3, if fi, fo € H*P(R, w,; X) satisfy
fl\R+ = fg‘RJr, then trkf1 = try, fo. Therefore, try, : H* P(R,wy; X) — XFHL gives
rise to a well-defined bounded linear operator try 4 : HSP(Ri,wy; X) — X*+
given by try f = tryf whenever ﬂR+ = f. After reducing to the scalar-valued
case, Proposition 5.6 shows that

(6:4) trg o f = (£(0), (0, f0),  f € H*P(Ry,wy; X)NCH((0, 00); X);
in the case X = C we simply pick the least integer m > |s| and observe that
try, 4 = trp o &Y

Let Hy? (R, w,; X) denote the closure of C2°((0,00); X) in HP(R4, wy; X).
Proposition 6.6. Let X be a Banach space, p € (1,00), v € (—1,p—1) and s € R.
Assume k € Ny satisfies k + H'TV <s<k+1+ H%. Then

HyP(Ry,wy; X) = {f € HP(Ry,wy; X) ¢ trye 1 f = 0}
Proof. Clearly, C holds. To prove the converse let f € H* p(RJr,w,y, ) be such
that try 4 f = 0. Pick fe H*P(R, wy; X) with fUR+ = f. Then trf = try +f=0
By Proposition 6.4 we thus get f = lim,,_, fn in H*P(R, wy; X) for some sequence

(fn)neN from C*(R\ {0}; X). Now f, := fn‘RJr € C°((0,00); X) with f,, = f in
H*P(Ry,wy; X) as n — oo. O
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Theorem 6.7. Let X be a UMD space, p € (1,00) and v € (—1,p — 1). Let
0 € (0,1) and sp,s1 > —1+ VTTl. Let s = so(1 — 0) + s10. If so, 81,8 ¢ Nog + ’%1,
then
(6.5) [Ho"? (R, wys; X), Hg' P (R wy; X)]p = Hy™® (R, wy; X).
Proof. Let m be the least integer such that m > max{|s¢|,|s1]|}. For each o >
—1+’YT'i'1with |a|§mando¢N0+'YTf1,

S:HJP(Ry,wy; X) = HyP(R,wy; X),  Sf =&,
is a well-defined bounded linear operator thanks to Propositions 6.4 and 6.6. For

each 0 € R, let R : HJ?(R,w,; X) — Hy? (R4, wy; X) denote the restriction
operator. Using Theorem 6.5, the proof can now be completed as in Proposi-

tion 5.7 (2). O
6.3. Fractional domain spaces. For p € (1,00) and v € (—=1,p — 1) let
WP Ry wy; X) = {f € WFP(Ry, wy; X) ¢ f(0) = FD(0) = ... = f5D(0) = 0}.
If X is a UMD space, then it follows from Propositions 5.5, 6.6 and (6.4) that
(6.6) Wy P (R, wa; X) = Hy P (R, ws; X).

Let us now briefly recall the H°°-calculus for sectorial operators, for which there
are several conventions in the literature. For a survey and an extensive treatment
of the subject we refer the reader to [47] and [18, 21, 25], respectively.

For each 0 € (0,7) we define the sector

Yo :={A e C\{0}:|arg(N)| < 0}.

A closed densely defined linear operator (A, D(A)) on X is said to be sectorial of
type o € (0,7) if it is injective and has dense range, ¥,_, C p(—A), and for all
o' € (o,7)
sup{[[AA+ A) 7A€ X o} < 00

The infimum of all o € (0,7) such that A is sectorial of type o is called the
sectoriality angle of A and is denoted by ¢ 4.

Let H>°(Xy) denote the Banach space of all bounded analytic functions f : ¥y —
C, endowed with the supremum norm. Let H°(Xy) denote its linear subspace of
all f for which there exists € > 0 and C > 0 such that

Clzl
< Zi=
£ < g e
If A is sectorial of type og € (0,), then for all o € (0, ) and f € H§(3,) we
define the bounded linear operator f(A) by

f(A) = 2%” - (2)(z + A) " dz.

z € Xyg.

A sectorial operator A of type og € (0,7) is said to have a bounded H*(X,)-
calculus for o € (og,m) if there exists a C' € [0, 00) such that

AN <N flla~n,  feHg (5)

In this case the mapping f +— f(A) extends to a bounded algebra homomorphism
from H*>®(X,) to B(X) of norm < C. The H*-angle of A is defined as the infimum
of all o for which A has a bounded H* (X, )-calculus and is denoted by ¢%.
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Below we will make use of the following fact. Let A be an operator on a reflexive
Banach space X. If A is a sectorial operator having a bounded H°°-calculus, then
so is A" with ¢F = ¢
Theorem 6.8. Let X be a UMD space, p € (1,00) and v € (=1,p—1).

(1) The realization of 8; on LP(Ry,w~; X) with domain Wy P (R4, w-; X) has a
bounded H® -calculus of angle /2 with D(0f) = Hy" (R4, w~; X) for every
s>0with5§§1+77+No.

(2) The realization of —9; on LP (R, w.; X) with domain WP (R, w.; X) has
a bounded H™ -calculus of angle m/2 with D((—0,)°) = H¥P (R4, w,; X) for
every s > 0.

For v € [0,p—1) the case 4 follows from [39, Theorem 4.5]. For v € [0,p—1) the
case —% follows from [31, Theorem 2.7]. Below we present a proof that works for
all ¥ € (=1,p — 1), in which (1) is derived from (2) by a simple duality argument.

Proof. Let us first establish the assertions regarding the H®-calculus. We start
with (2), from which we will derive (1) by duality.

For (2) we denote by A the realization of —0; on LP(Ry,w,;X) with domain
WhP(Ry, w,; X) and by A the realization of —d; on LP(R,wy; X) with domain
Whr(R, wy; X). As in [25, Example 10.2], using Proposition 2.3, one can show
that A has a bounded H*-calculus of angle m/2. So it is enough to show that

A+A)7f=RA+ATEf = S\)f, AeCy, feLlP(Ry,wy;X),
where E € B(LP(Ry, wy; X), LP(R, w,; X)) is the extension by zero operator, and
R denotes the operator of restriction from R to Ry. For each A € C4, S(\) defines
a linear operator from LP(R,w,; X) to WHP(R,,w.,; X) with the property that
(A+ A)S(A\) =1. So, fixing A € C, we only need to show that ker(A + A) = {0}.
To this end, let u € WHP(Ry, w,; X) satisfy (A — 9;)u = 0. By basic distribution
theory (cf. [10, Theorem 9.4]) we find that w is a classical solution in the sense that
u € C®(Ry; X) with /' = Au, implying that « = cexp(A-) for some ¢ € X. Since
exp(A-) ¢ LP(R4, w,), it follows that u = 0.

For (1) we denote by A the realization of d; on LP(Ry,w,;X) with domain
WyP (R, w,; X) and by B the realization of —; on L¥' (R, w.; X*) with domain
WL (R, wy; X*). Recall that [LP(Ry, wy; X)]* = LP (Ry, wy; X*) with respect
to the natural pairing (see [30, Proposition 3.5]), X being reflexive as a UMD
space (see [20, Theorem 4.3.3]). Integration by parts (see Lemma 6.9 below) yields
A C B*. By (2) (and the fact that duals of UMD spaces are again UMD) it is
enough to establish the reverse. By [11, Exercise 1.21(4)], for the latter it suffices
that A + A is surjective and A + B* is injective for some A € C. To this end,
let us establish this for some fixed A € Cy. Then XA € p(—B) = p(—B*) by
(2); in particular, A + B* is injective. As in (2) we can find a linear operator
S(A) : LP(Ry,wy; X) — WHP(Ry,w,; X) such that (A + A)S(\) = I. Then the
operator T(\) : LP(Ry, wy; X) — Wy P(Ry, w,; X) given by

TA)f = SN f =[S F1(0) exp(=A-),
satisfies (A + A)T'(\) = I, which shows that A + A is surjective.

Finally we will identify the fractional domain spaces. From the definitions it
follows that D(9F) = W(f’p(R+,w,y;X) and D((—0;)%) = WFP(Ry,w,; X) as sets
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for every k € N. Moreover, it follows from Lemma 5.8 and Young’s inequality for
products that there is also an equivalence of norms. The assertions concerning the
fractional domain spaces subsequently follow from [18, Theorem 6.6.9], Proposi-
tion 5.5 and Theorem 6.7. (]

Lemma 6.9 (Integration by parts). Let X be a Banach space, p € (1,00) and
w € Ap. Forallu e WHP(Ry,w; X) andv € Wl’p/(RJr,w’;X*), where w' = w1
is the p-dual weight of w, there holds the integration by parts identity

(W', 0) 1oy i), 107 (1w )y = ~(0)0(0) = 8 V) 1oy i), 107 ()

Proof. By the remark preceding this lemma and Lemma 3.5, C2°(R,) ® X is dense
in W'P(Ry,w; X) and C°(Ry) ® X* is dense in W' (R, w'; X*). The desired
result thus follows from integration by parts for functions from CS°(R,.). |
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