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ABSTRACT. In this paper we prove structural and topological characterizations
of the screened Sobolev spaces with screening functions bounded below and
above by positive constants. We generalize a method of interpolation to the
case of seminormed spaces. This method, which we call the truncated method,
generates the screened Sobolev subfamily and a more general screened Besov
scale. We then prove that the screened Besov spaces are equivalent to the
sum of a Lebesgue space and a homogeneous Sobolev space and provide a
Littlewood-Paley frequency space characterization.

1. Introduction.

1.1. Background. The study of partial differential equations on unbounded do-
mains is a catalyst for the development of new analytical tools and spaces of functions.
One reason for this is that the classical scale of inhomogeneous Sobolev spaces fails
to provide a suitable functional setting for PDEs on these domains. This is evident
in the basic exterior Dirichlet problem in R?, where u (z) = log |z| solves

—Au=0 inR?\ B(0,e)

u=1 on 0B (0,e). D)

While we have that u € WP(R?\ B (0,e)) N W24(R?\ B (0,¢)) for all 2 < p < oo
and 1 < ¢ < 0o, u does not belong to L"(R? \ B (0,¢)) for any 1 < r < oo.

One approach for dealing with this problem is to switch to weighted inhomogeneous
Sobolev spaces: see, for instance [6, 11, 16, 27, 32, 42]. An alternative approach is to
directly utilize homogeneous Sobolev spaces, but for this to be fruitful in the study
of boundary value problems it is essential to know their associated trace spaces. The
trace spaces associated to homogeneous Sobolev spaces on infinite strip-like domains
of the form {z € R"*!:n~(2') < m,41 < nT(2')}, for n* : R® — R Lipschitz with
n~ < nT, were recently characterized by Leoni and Tice [29]. They used this to
characterize the solvability of certain quasilinear elliptic boundary value problems in
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these domains. This trace theory has also been used in recent studies of the Muskat
problem by Nguyen and Pausader [35], Nguyen [34], and Flynn and Nguyen [18].

A curious feature of this trace theory is that regularity of the trace function is
measured with a fractional Sobolev seminorm involving a screening effect. These
screened Sobolev seminorms were first studied by Strichartz [41], who proved that
the fractional regularity associated to traces of H'(R x (0,1)) is characterized by
the seminorm

/
([ @-r Pl dyds) or e L ®). (12)
(z—1 x+1)

[\J\»—A

Comparing the expressmn in (1.2) to the seminorm on a homogeneous Sobolev-
Slobodeckij space Hz (R), one sees that the moniker ‘screening’ is justified since in
the former only small difference quotients are allowed, and larger ones are screened
away.

The generalization of this result in [29] required the introduction of more general
seminorms. For an open set @ # U C R™, a lower semicontinuous function o : U —
(0,00], s € (0,1) (called the screening function), and 1 < p < oo, [29] defines the
screened Sobolev space W(éof)’ (U) as the collection of locally integrable functions f,
defined on U, for which

—n—s 1/p
wr=([ [ @) = F@P =yl dyda) < oo (1)
(U) B(z,0(x) )ﬂU

Variants of these screened spaces have appeared in recent work on fractional Sobolev-
type seminorms [3, 4, 10, 38, 39] and in weak formulations of nonlocal elliptic
equations [14, 17, 47]. However, the space W above did not appear in previous
literature, so [29] established its basic propertles completeness, strict inclusion of
WP and a partial frequency space characterization in the case that p =2, 0 = 1:
for f € . (R™;R) we have the equivalence

osr | 5, |2 1/2
b= ([ mingiellsy|F @ ag) (1.4)
Deeper questions related to density, embeddings, traces, a more robust frequency
space characterization, and interpolation were left open in [29], and a central goal of
this paper is to fill that gap.

The key to unlocking these deeper properties is the characterization of the
screened spaces in terms of interpolation theory, specifically the real method of
abstract interpolation (see [9, 30, 36]). One expects such a characterization, as this
is the case for the Sobolev-Slobodeckij and Besov spaces. We refer to the works
[1,9,7,8, 12, 15, 22, 28, 31, 33, 37, 44] and their references for a thorough study of
these spaces and their interpolation properties. However, the standard methods of
abstract interpolation only generate Banach interpolation spaces intermediate to an
appropriately compatible pair of Banach spaces. The screened Sobolev spaces are
only seminormed spaces with non-Hausdorff topologies and thus, without appropri-
ate modification, interpolation methods cannot generate these spaces. Literature
regarding the theory of interpolation of seminormed spaces appears to be sparse,
aside from a technical report of Gustavsson [23], which is difficult to find in print.

1.2. Primary results and discussion. We survey the principle new results re-
garding the screened spaces obtained in this paper. For brevity’s sake, we do not
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provide fully detailed statements and only record their abbreviated forms. The
proper statements can be found later in the indicated theorems.

In order to study the screened Sobolev spaces, we actually introduce a more
general scale of screened Besov spaces, Bg,p (R™), for s € (0,1) and 1 < p,q < 0.
See Definition 4.1 for the precise definition. Our first result finds sufficient conditions
that identify the screened Sobolev spaces within the screened Besov scale.

Theorem 1.1 (Proved in Corollary 4.5). If o : R™ — R* is a lower semicontinuous
screening function bounded above and below by positive constants, s € (0,1), and
1 < p < o0, then the screened Sobolev space W(Sof (R™) is equivalent to the screened

Besov space B;vp (R™).

With the established connection between the scales of screened Sobolev and
screened Besov spaces, we move to structurally and topologically characterize the
latter. We find that there is a method of interpolation of seminormed spaces that
generates the screened Besov spaces.

Theorem 1.2 (Proved in Theorem 4.4). There is a method of interpolation of semi-
normed spaces, called the truncated real-method, that generates the screened Besov
spaces as interpolation spaces with respect to a Lebesgue space and a homogeneous
Sobolev space.

The interpolation characterization of the screened Besov spaces leads to the
following characterization.

Theorem 1.3 (Proved in Theorem 4.9). For s € (0,1) and 1 < p,q < oo, the
screened Besov space By'P (R") is equivalent to the sum of the inhomogeneous Besov
space ByP (R™) and the homogeneous Sobolev space Whe (R™).

The sum characterization from the previous theorem allows us to characterize
when the subspace of compactly supported smooth functions is dense.

Theorem 1.4 (Proved in Corollaries 4.6 and 4.10). For 1 < p,q < oo and s € (0,1)
the set C2° (R™) is dense in the screened Besov space ByP (R™) if and only if 1 < p
or 2 <n.

We next generalize (1.4) by giving a Littlewood-Paley characterization of the
screened spaces.

Theorem 1.5 (Proved in Corollary 4.14). Let 1 <p < oo, 1 < g < 0, s € (0,1).
For all functions f € By? (R") we have that f is a tempered distribution and that
the following equivalence holds:

Nagr = | (Sren @ r)?) |+ 429 Wil s (1.5)

where {; }jeZ are a family of dyadic localization operators, as in Definition 3.2.

(N’

Theorem 1.5 follows from a somewhat more general result that provides a
Littlewood-Paley characterization of the interpolant between two Riesz potential
spaces, denoted H™P (R™) for i € {1,2} (see Definition 3.11).

Theorem 1.6 (Proved in Theorem 4.12). Let 1 < p < o0, 1 < g < o0, a € (0,1),
o €RY, andr,s € R withr < s. Sett = (1—a)r+ as. Then the interpolation
space (H’"”’ (R™), H>P (R") )S?z is characterized by the Littlewood-Paley seminorm

sj 2 1/2 1%
7o | (Siean @it ) |+ 129 I} s sy 06)

L
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The interesting feature of Theorems 1.5 and 1.6 is that the Littlewood-Paley
characterization changes form between low frequencies and high frequencies. For
low frequencies, a Triebel-Lizorkin type of seminorm arises, but for high frequencies
it is of Besov type. Note also that the power 2%7 in the low frequencies is inherited
from the second factor in the interpolation. This explains why the low frequency
Fourier multiplier in (1.4), |¢|?, matches that associated to H*(R™).

Our final result concerns embedding and restriction (trace) results for these spaces.

Theorem 1.7 (Proved in Section 4.5 and Theorem 4.20). The screened Besov
spaces enjoy various embeddings, and, provided thatn > 2, 1 <p < oo, 1 < q < o0,
and p~! < s < 1, they admit well-defined restriction operators with continuous
right-inverses.

Broadly speaking, our strategy for proving the above results is to take the
analytical high road: these results are consequences of our development of a more
general abstract theory. We begin the paper, in Section 2, with the development
of interpolation methods of seminormed spaces in the abstract. Recall that the
K-method for Banach spaces takes a pair of spaces Xy and Xy and constructs their
intermediate s, g-interpolation space, (X, X 1)5, g 88 the collection of all elements x
belonging to the sum of Xy and X; for which the map RT 5 ¢ — ¢t K (t,z) € R
belongs to L (RT; ), were p is the Haar measure associated to the multiplicative
group on R* (see Section 1.3). We find that this K-method is not quite right to
produce the screened spaces as interpolation spaces. However, it is nearly correct.
We need only consider a slight generalization to seminormed spaces and allow for a
larger family of domains of integration.

For a parameter o € (0, 0o] we study the ‘truncated’ interpolation space (Yp, Yl)\(si’-q)
with respect to seminormed spaces Y; and Y;. The truncated spaces are characterized
as the set of y belonging to the sum of Yy and Y; for which the map (0,0) 3t —
t~°K (t,y) € R belongs to L7 ((0,0), x). We find that for o = co the seminormed
interpolation mirrors that of the interpolation theory of Banach spaces, with only
a few more subtleties regarding notions of compatibility. On the other hand,
when ¢ < oo the truncated method does give interpolation spaces; however it is
interestingly asymmetric in the roles of Yy and Y;. The upshot of studying these
methods of abstract seminormed interpolation is that we obtain a general relationship
between the methods for ¢ < oo and ¢ = co. More precisely, in Theorem 2.26 we
find an abstract sum characterization: for o < oo the truncated interpolation space
(Yo, Yl)f:q) is equivalent to the sum of (Yj, Yl)g?;) and the second factor, Y.

Section 3 is a three-fold development of vital analytical tools utilized in the later
study of screened Sobolev and screened Besov spaces. The inspiration for this section
is the Littlewood-Paley theory in Chapter 6 of [20], the applications of harmonic
analysis to study smoothness in Chapter 1 of [21], and the interpolation of Sobolev
and Besov spaces in Chapter 6 of [9]. First, we define the homogeneous Sobolev
spaces and the Riesz potential spaces. The latter is a two parameter space, Hsp (R™),
for s € R and 1 < p < oo (see Definition 3.11) where, roughly speaking, a tempered
distribution f belongs to H=? (R™) if [|-|* f]V defines a function in L? (R™). Note
that this scale is intimately related to the homogeneous Sobolev spaces; however,
we work directly with seminorms rather than quotient by polynomials to obtain a
normed space. We prove a frequency space characterization of W1? (R™) that says
that the former space is essentially equivalent to the Riesz potential space Hb» (R™).
We then pair this with a Littlewood-Paley decomposition of the Riesz potential
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spaces to deduce a Littlewood-Paley characterization of the homogeneous Sobolev
space WP (R™).

Next, we study the LP-modulus of continuity and its relationship with the K-
functional on the sum of L? (R") and W'» (R"). Having established this, we
use the interpolation of seminormed spaces developed in Section 2 to show that
the homogeneous Besov spaces (see Definition 3.15), B;”’ (R™), are generated via
(L* (R™), Whe (R™) )go:) for s € (0,1) and 1 < ¢ < 0.

As a final developmént in Section 3, we explore the homogeneous Besov-Lipschitz
scale of spaces, AB;”T’ (R™) with parameters s € R, 1 < p < 00, and 1 < ¢ < oo (see
Definition 3.19). With the Littlewood-Paley decomposition of the Riesz-Potential
spaces, we see that the theory of seminorm interpolation realizes the equivalence:

/\Bg’p (R™) = (H”’ (R™), HYP (R™) )Ejz) for r = (1 — &) s + at. This interpolation
result, supplemented with the interpolation characterization of the homogeneous
Besov spaces, reveals a Littlewood-Paley characterization of the latter scale.

Section 4 synthesizes the abstract seminormed space interpolation of Section 2 and
the analysis of Section 3 to obtain a deeper understanding of the screened Sobolev
spaces. First we generalize the scale of screened Sobolev spaces by defining the
screened Besov spaces in Definition 4.1. Having already developed the homogeneous
Besov spaces and the connection between the LP modulus of continuity and the K-
functional associated to the sum of L? (R™) and W? (R™), the claims in Theorem 1.2
above are now immediate. Then the abstract sum characterization of the truncated
interpolation method gives, with a little more work, Theorems 1.3 and 1.4. We next
apply the truncated interpolation method to general pairs of Riesz potential spaces
and from this analysis we obtain the claims of Theorem 1.5. Finally, we use the sum
characterization of the screened Besov spaces to quickly read off some results on
embeddings and traces.

1.3. Conventions of notation. We now record our conventions of notation. The
number sets N, Z, R, and C are the natural numbers, integers, reals, and complex
numbers, respectively. We assume that 0 € N and write Nt = N\ {0} and
R = (0,00). In writing R™ we always assume n € N*.

Throughout the paper we denote the field K € {R,C}. The spaces of rapidly
decreasing and analytic functions taking values in K are denoted by . (R";K)
and C¥ (R™;K), respectively. The space of tempered distributions valued in K
is denoted .#* (R™;K). The Fourier transform is denoted either as * or .#. For
0 < a < 1, the homogeneous Holder space (homogeneous Lipschitz space when
a = 1) €% (R™%;K) is the space of functions f : R* — K such that [f]ze. =
sup {|f (z) — f (W) /|z —y[" : 2,y €R", x # y} < o0.

We let p denote the standard Haar measure with respect to the multiplicative
structure on R, i.e. pu(E) = [5. xg (t)t! dt for Lebesgue measurable sets E C R,
The n-dimensional Lebesgue measures and s-dimensional Hausdorff measures are
denoted £™ and H?®, respectively. Moreover we choose the normalization of H® so
that when s = n we have H" = £".

Finally, whenever the expression a < b appears in a proof of a result, it means
that there is a constant C' € R*, depending only on the parameters quantified in
the statement of the result such that a < Cb. We may sharpen this by occasionally
writing the explicit dependence of the constant C' as a subscript on <, i.e. a Ssp,9 b
We write a < b to mean a S b and b < a.
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2. Interpolation of seminormed spaces. In this section we present two distinct
methods of generating interpolation spaces intermediate to a pair of seminormed
spaces satisfying certain compatibility conditions. Both generalize known methods
of interpolating between couples of Banach spaces. The first method is a seminorm
generalization of the well-known ‘real method of interpolation’ (see for instance,
the paper [36], Chapter 3 in [9], or Chapter 1 in [44, 30]), and as such we refer
to this method as the real method of interpolation of seminormed spaces. The
real seminorm method has its origins in the work of Gustavsson [23], and here we
essentially follow his approach, with a few embellishments.

The second method, which we call the truncated real method, generates spaces
in a seemingly similar way to the real method; however, it is bizarrely asymmetric
and generates larger spaces than the non-truncated method. The truncated method
has its origins in the work of Gomez and Milman [19], who employed it to study
the extreme parameter regime of Peetre’s interpolation theory for nested Banach
spaces, with the aim of proving certain estimates for singular integral operators.
A more thorough study of the interpolation properties of the limiting spaces in
the nested case commenced with the paper of Cobos, Fernandez-Cabrera, Kiihn,
and Ullrich [13]. Recent work of Astashkin, Lykov, and Milman [2] removed the
nested assumption, considered a more general parameter regime, and uncovered a
deep connection between extrapolation theory (see the book of Jawerth and Milman
[26]) and the limiting case of the real method. We were led to consider a seminorm
version of this theory in studying the trace theory of homogeneous Sobolev spaces
on certain unbounded domains.

The spaces obtained from the non-truncated method appear crucially at a few
points in the truncated theory, so it is important for us to have a careful enumeration
of their properties. The technical report [23] is not available in journals or online,
so we have recorded a number of its results below and indicated how to obtain the
proofs from the arguments used in the second method.

A concise review of relevant topological notions in seminormed spaces is presented
in Appendix A. Throughout the following section all generic seminormed spaces are
over a fixed common field - either real or complex.

2.1. Topology of compatible couples. We begin by exploring notions of com-
patibility of seminormed spaces. In this first subsection we consider what happens
when two seminormed spaces are simultaneously contained within some larger vector
space. We can then consider their sum and intersection and give each of those a
seminorm in a natural way.

Definition 2.1 (Compatibility of seminormed spaces). Suppose that (Xo,[],) and
(X1, [-];) are seminormed spaces.

1. We say that they are a strongly compatible pair if there exists a topological
vector space (Y, 7) such that X; — Y for ¢ € {0,1}, and A (Y) = 2A (Xo) UA(X7),
where the annihilator 2l is defined in Definition A.1. Note that, due to Proposition
A4, the second condition implies that either 2 (Xo) C 2 (X7) or A (X7) C A (Xop).

2. We say that (Xo,[],) and (X1, [];) are a weakly compatible pair if there is
a vector space Y with Xy, X7 C Y. Note that every strongly compatible pair is
automatically a weakly compatible pair.

3. In the case that Xy and X; are either a strong or weak compatible pair of
seminormed spaces we form their sum and their intersection in the usual way:

(X0, X1)={z €Y : I(xg,21) € Xo x X1, x =20+ 11
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and

A(Xo, X1) = XoN X1} (2.1)
We endow these spaces with the seminorms [|g : X (Xo,X1) — R and [],
A (Xo, X1) — R defined by

[z]y, = inf {[zo]y + [z1]; : (wo,21) € Xo X X1, . =m0 + 21

and
[x] o = max {[z],, [z], }}- (2.2)
Observe that we have the continuous embeddings
A(Xo,Xl)L)Xi;}Z(X(),X:L) fOI'iG{(Ll}. (23)

Definition 2.2 (Intermediate and interpolation spaces). Suppose that (Xo, [-],)
and (X1, [-];) are a weakly compatible couple of seminormed spaces.

1. We say that a seminormed space (Y, [-]) is intermediate with respect to the
couple (Xo,[]y), (X1,[];) if it holds that A (Xo, X;) = Y — X (X0, X1).

2. Suppose that (Y, [-],) and (Y1,[];) are another weakly compatible couple of
seminormed spaces, and that (X, [-]y) and (Y,[]y) are another pair seminormed
spaces, with X C ¥ (X, X;) and Y C ¥ (Yp,Y1). We say that X and Y are a pair
of interpolation spaces if for every linear map T : X (X, X1) — 2 (Yo, Y1) that is
continuous with values in ¥; when restricted to X;, ¢ € {0,1}, it holds that TX C Y
and T': X — Y is continuous.

The definition of strong compatibility that we give ensures that the intersection
of a compatible couple behaves well with respect to completeness.

Proposition 2.3. Suppose that (Xo, [-],) and (X1, [];) are a weakly compatible pair
of semi-Banach spaces. Then the space (X (Xo,X1),[]s) is semi-Banach. If we
assume that the pair is strongly compatible, then (A (Xo, X1),[-]5) is semi-Banach.

Proof. If {z},—, C A(Xo, X1) is Cauchy, then the continuous embeddings

A (X07X1) — X;, 1 € {0, ].} (24)
paired with completeness of X; implies that there are (a,b) € Xo X X; such that
lim ([zx —al, + [xx — b];) = 0. (2.5)
k—o0

By definition of strongly admissible pair, there is some topological vector space Y
such that Xo, X; — Y and A(Y) = A (Xo) UA(X;). Hence z — a,b as k — oo
in Y as k — oo. Thus, by Proposition A.2, a —b € A(Y) = A(Xp) UA(X).
Let’s handle the case that a — b € 2 (Xy) (the other case is similar). Then, b =
a+(b—a) € Xo+2A(Xo) C Xo, and hence b € A (X, X1). Moreover for any k € N
we have the bound

[z = bl <[k —blo + [wx — 0],
<[b—a]y + [xr —alg + [xr — U]y =[x — a]y + [zx — D], - (2.6)
Thus (2.6) paired with (2.5) shows that z; — b in A (X, X1), showing this space
to be complete.

To prove completeness of X (X, X1), we use Lemma A.7. Suppose that {zy},-, C
¥ (X0, X1) is a sequence such that > .7, [zx]y < oo. For each k € N, we can
find, by the definition of the seminorm on ¥ (Xy, X1), a pair (ax,br) € Xo x X3
for which ay + by = zj and [ag), + [be]; < 27F + [2]y. Summing over k in
the inequality reveals that —2 + > 77 [akly + Yoo bkl; < Dopeo [Tr]y < o0
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Consequently, there are (a,b) € Xo x Xy for which limg [fa + ZkK:o a’f}o =0
and limg [—b+ Z?:o bk}1 =0. Set z =a+beX(Xp,X1). For any K € N we

may then estimate [fx + Zszo xk]z < [fa + Zszo ak]o + [fb + Zi{:o bk] L As
K — 00, the previous right hand side vanishes, completing the proof. O

We can also say something about the annihilators of the sum and intersection.

Proposition 2.4 (Annihilators of sum and intersection). Suppose that (Xo,[],)
and (X1,[-];) are a pair of weakly admissible seminormed spaces. Then

A(A (Xo, X1)) = A (A(Xo) , A (X1)).- (2.7)
Also, we have the inclusion
2 (A (Xo), A (X)) € A(X (X0, X1)), (2.8)

and if if we additionally assume that (Xo, [-],) and (X1, [:];) are strongly compatible
or A (Xo, X1) is semi-Banach, then equality holds.

Proof. The first assertion is trivial, so we only prove the second. If
xeX(AXo),A(Xy)), (2.9)

then there are (xo,21) € A (Xo) x A (X1) such that © = x¢ + x;. Hence 0 < [z]5, <
[z0]y + [*1]; = 0, and the inclusion is shown.

Suppose first that the pair of seminormed spaces are strongly admissible. Thus
we may find (Y, 7) a topological vector space such that Vi € {0,1} we have X; — Y,
and A(Y) = A(Xo) UA(X7). Thus, if z € A(X(Xo,X1)), then we may find
sequences {Ym },,en C Xo and {zp,},,cny € X1 such that = y,, + 2, for all m € N,
and [Ym]o + [2m]; < 27 for m € N. The continuous embeddings X, X1 — Y imply
that Ym, zm — 0in'Y as m — oo, and hence x € A (Y) C X (A (Xo),2A (X1)).

Suppose next that A (Xg, X;) is semi-Banach, in which case we employ an
argument from [23]. Let z € A (X (X, X1)). Then for each n € N, we can find a
decomposition of x with the following property:

=)

T =Yn + Zn, (Yn,2n) € Xo X X1, [ynly + [2n]; <27 (2.10)

Observe that for n € N we have w, = yn, — Yo = 20 — 2n € A (X0, X1). Hence, for
m,n € N we may estimate:

[wn - wm]A = [(yn - yO) - (ym - yO)]A
=max {[Yn — Ymlg, [2n — 2m] ) <27+ 27" (2.11)
Then {wn}neN C A (Xp, X1) is Cauchy. Since A (Xp, X;) is semi-Banach by hy-
pothesis, there is w € A (Xg, X1) such that w,, — w as n — oo in A (Xg, X1). Now

we observe that yo +w € Xg, 20 —w € X1, and (yo + w) + (20 — w) = 2. Forn € N
it holds that

{[yo +w]y < [0 + Wy + W — Wl x <27 + [ — wn
<
1_

i —0asn—oo. (2.12)
[20 — w]y <[20 — wa]y +[wn — W], <277 + [w —waly

Hence z € ¥ (A (Xp),2A (X1)), as desired. O

This result tells us that one of the downsides to having a weak, but not strong,
compatible pair is that the annihilator of the sum may grow larger than one desires.
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2.2. The K-methods. We define the K-functional in the same way as the normed
space theory.

Definition 2.5 (K-functional). Given (Xo,[],) and (X1, [-];), a weakly compatible
pair of seminormed spaces (see Definition 2.1), we define the functional .# : R x
b)) (X()7X1) — R via

H(t,x) =inf {[xo]y + t[z1]; @ (xo,21) € Xo X X1, o =m0 + 21} . (2.13)

The following proposition contains the most basic properties of the K-functional
from Definition 2.5.

Proposition 2.6. Given a weakly compatible pair of seminormed spaces (Xo, [-],)
and (X1,[];), the following hold:

1. VteRY, H(t-) is a seminorm on ¥ (Xo, X1), and H (1,-) = []s.

2. For all x € ¥ (Xo, X1) and for all t,s € RT we have the estimates

min {1,¢/s} # (s,z) < (t,x) <max{l,t/s}H (s,x). (2.14)

3. VxeX(Xo,X1), the mapping RY >t — 2 (t,x) € R is concave, increasing,
and measurable.

Proof. These three items are immediate from the definition of 7. O

Using the K-functional, we can define the following families of extended seminorms
on the sum.

Definition 2.7 (K-methods’ interpolation spaces). Let (Xo,[],) and (X1,[];) be
a weakly compatible pair of seminormed spaces, s € (0,1), 1 < ¢ < 00, o € (0, 00].
We define []\7) : & (X0, X1) — [0, 00] via

5,9
1/
[2]) = (/ (= (t,z)) ¢t dt) ! (2.15)
’ (0.0)
if ¢ < 00, and
[2]7), = sup {t=*4 (t,z) : t € (0,0)} when ¢ =cc. (2.16)

We define the K-methods’ interpolation spaces to be the sets (X, Xl)gaq) ={z e

¥ (Xo, Xy) : [:c}gaq) < 0o}, which are a vector spaces thanks to Proposition 2.6 and

Minkowski’s inequality on L4((0,0), 1) (p is as in Section 1.3). Moreover, we equip
sa
In the case that o = oo, we often write (Xo, X1), , and [-], , in place of (Xo, Xl)ii’;)

the space (Xo, X1)§?q) with the seminorm -]

and []g’;) This is in agreement with the existing notation for the usual K-method
on normed vector spaces. In the case that ¢ < 0o, we also refer to this method of
generating spaces as the truncated method of interpolation.

2.3. Basic properties. We now study basic properties of the K-methods of inter-
polation. In particular, we will prove that they are intermediate and interpolation
spaces in the sense of Definition 2.2, then we study various inclusion, embedding,
and completeness properties, and finally we exhibit equivalent discrete seminorms.
Along the way, we will see that for fixed s and ¢, the K-methods’ interpolation
spaces are only topologically distinct for ¢ finite and ¢ infinite.
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Proposition 2.8 (K-method spaces are intermediate). Suppose that (Xo, [-],) and
(X1,[]y) are a weakly compatible pair of seminormed spaces. Then for all s € (0,1),
o € (0,00], and 1 < g < o0, we have continuous embeddings: A (Xo,X1) <

(Xo, X1)$) < 2 (Xo, X1).

Proof. We only prove the case that o < oo, as the case o = 0o is proved in the exact
same way as the real method of interpolation of normed vector spaces.
First we consider the case when ¢ = oo. Then for any z € A (X, X1) and

any t € (0,0), we have the estimate % (t,z) < min{1,t}[z],. Hence [x](”) <

5,00 —

min {1,0' 7%} [z],. If now z € (X0, X1)'”) | we use the fact that for ¢ € (0,0)

J (t,z) > min {1,t} [x]y,. Hence [m]iggo > min {1,0' 7%} [z]y.
Next, we handle 1 < ¢ < co. If z € A (X, X1) we can use the same estimate as
before:

[x]gf(; _(/(oﬁg) (== (t,x))q 1 dt)l/q

1/
<[2]a (/ min {fSQ,tqﬂ*S)} ¢ dt) "= Cyoltls- (2.17)
0,0)
And if z € (Xo, Xl)if,’q) we obtain:
(0) s -1 4.\
[2](7) :( . (= (t,2))" ¢t dt)
1/
> [2]y (/ min {t—sqytq“—S)} 1 dt) = Cogo 2y - (2.18)
(0,0)
This completes the proof. O

Next, we show that the K-methods’ interpolation spaces preserve completeness.

Proposition 2.9. Suppose that (Xo, [-],) and (X1, [];) are a weakly compatible pair
of semi-Banach spaces. Then for all o € (0,00], s € (0,1), and 1 < g < oo the

seminormed space ((Xg,Xl)Sq) , []ggq) ) is semi-Banach.

Proof. We again only prove the case for o < 0o, as the case for o = oo follows with
a similar argument. We verify completeness through the series characterization in
Lemma A.7. Let {zy},—, C (XO,Xl)Sq) be a sequence such that Y ;- [xk]ggq) < 0.

By Proposition 2.8 it follows that Y ;- ; [zx]y; < 0o. Then, Proposition 2.3 implies

that there exists © € ¥ (Xo, X7) such that limg 0 [—x—i— ZkK:o l‘k}z = 0. For
K, M € N with M > K we may use Proposition 2.6 to bound

Hx (t, -z E?:oxk) <A (t, —x+ ZkMzoxk) + Sk X (L), (2.19)

and since J£ (¢, -) is an equivalent seminorm on ¥ (X, X;) we may send M — oo
in (2.19) and then multiply by ¢=° to deduce that t*‘ﬁ%/(t, —x + Zf:oxk) <
Yok t5H (t,xy), for all K € N and all t € (0,0). In the case that ¢ = oo

we deduce immediately that [—2 + S1r_, 2]\ < Y K41 [xk]gago Hence = €

(Xo,Xl)i‘Qo. Since the right-hand-side tends to zero as K — 0o, completeness is
established in this case.
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We now consider the case 1 < g < co. For b € N with 27 < o we integrate (2.19),
apply Minkowski’s inequality, and employ the bound £ (¢, ) < max {1,t*1} s
(see Proposition 2.6) to estimate:

(/(2b ) (t_s% (t’ T+ Zf:oxk))q t! dt)l/q
S(/(HJ) (t‘s% (t, —z+ z,ﬁioxk))qt_l dt)l/q
+ ZﬁK+1<[Qb,U) (t—Sf (twk))q % dt) 1/q

<Cy [~o+ Tilowe] |+ X 2] (2.20)

The number C} = (f@_b &) nax {t*qs, tq“’s)} t=! dt)l/q is finite, so we may send
M — oo in (2.20) and use the convergence in ¥ (X, X1) to see that

(/(Q_b o) (tis‘%/ (t’ -+ Zkioxk))q ¢! dt>1/q < Z;O:K+1 [xk]((s?-q) : (2.21)

Letting b — oo and using the monotone convergence theorem shows that (2.21)
continues to hold with 0 in place of 27°. Hence z € (X, Xl)ii’q). Finally, sending
K — oo shows that [—z + ZkK:O xk]gaq) — 0, and we conclude that the space

(Xo, Xl)ifq) is complete. O

We now examine the inclusion relations among the interpolation and truncated
interpolation spaces.

Proposition 2.10 (Inclusions and embeddings of K-methods’ spaces). Suppose that
(Xo,[]g) and (X1, [-];) are a weakly compatible pair of seminormed spaces, s € (0,1),
1<p,q< o0, and o € (0,0], p € RT. The following hold:

1. We have the continuous embedding (Xo, X1), , = (X07X1)g?;) — (Xo,Xl)gf)g,
Moreover, for all x € (Xo, X1), , we have that [x]gpg < [z]5 4

2. If o < oo, then we have the equality of spaces, (Xo,Xl)Sq) = (Xo,Xl)g?;,
with equivalence of seminorms. In fact, Va € ¥ (Xo, X1) it holds [ac]iaq) < max

{pso.—s, O.l—sps—l} [x]i/f;
3. If o < o0 and s < t, then we have the continuous embedding (XO,Xl)iiz) —

(XO,Xl)i‘)Tq), with the following estimate for all x € (X07X1)§j7q) : [x]gaq) <ogl™s [x]i?
(o)

4. If 0 < oo, then we have the continuous embedding X, — (XO,Xl)&q,
with the following estimate for all x € X;: [x]gq) < Dy q.0[x]; where Dg 4o =
ol =5q V11— 5) 7% when q < 00 and Dy 00 = 017,

5. If p < q, then we have the continuous embedding (Xo, Xl)ggp) — (Xo,Xl)qu).
Proof. For the first four items we only prove the case for 1 < g < 0o, as the case for

q = oo is proved analogously. The first item follows trivially from the definitions.

Given z € (X, Xl)gaq), we estimate via a change of variables and Proposition 2.6:

1
[x]ggq) :<pq507q5/ (= (crt/p,z))qf1 dt) &
’ (0.)
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<max {p°c% ' p*"} [x]ipg . (2.22)

This proves the second item. Next, for z € (X, Xl)gf;) we bound

1/q
[x]g"q) :(/ (r7°0 (r, x))qr_l dT)
(0,0)
t—s —t q_-1 Va o (o)

<o ( (r7t (@) T dT) =o' " a],, (2.23)

(0,0) ’

which proves the third item. If x € X;, then x = 04+ 2 € X (Xg, X;) is a de-
composition, and so for ¢ € (0,0) we have ¢ (t,z) < t[z];. Thus if 1 < ¢ < oo,
then
2] = (/ (= () 1 dt) ! < [a], (/ (0= a7 (2.04)
(0,0) (0,0)
and the fourth item is proved.

We will only prove the fifth item in the case that ¢ < oo, as the case ¢ = oo
follows similarly. Let x € (X, Xl)i‘?q). We first consider ¢ = oco. For ¢,7 € (0,0)
we may use Proposition 2.6 to bound ¢~*.¢ (7,z) < max {1,7t"'} ¢t75.¢ (¢, z). In
turn,

w2 o (f

> (T,x)(/(o
().

Upon taking the supremum in 7 € (0, o), we deduce that [m]gago < (p(1—s)t/r []g
On the other hand, if 1 < p < g < 0o, then we can use estimate (2.25) to bound

@) < ([20) 7 ([])"

5,4 — 5P

(t " min {1,¢r71})7 ¢! dt)l/p

(tl—Sr‘l)pt—ldt)l/pzf‘S%(779:)((1—8)19)‘1“”- (2.25)

)

P
q

<(pA-)Y? 7)) T ([2)) = (p(1—s)) ™ [2]C).  (2.26)
The fifth item is proved. O

The next theorem shows that the spaces (X, Xl)gffq) and (Xo, X1), , are interpo-
lation spaces in the sense of Definition 2.2.

Theorem 2.11. Suppose that (X, [x, ). (X1, [x, ) and (Y, [y, ), (Y1, [y, ) are
two pairs of weakly compatible seminormed spaces. Suppose that T : ¥ (Xo, X1) —
Y (Yo, Y1) is a linear mapping with the following property: for i € {0,1} there exist
¢; € RY such that for all x € X; we have Tx; € Y; and [T:Z?]Yi < [x}Xl Then for

all s € (0,1), 0 € (0,00], and 1 < q < co we have that T(Xo,Xl)gi]) - (YO,Yl)(U)

Syq;
1—s

moreover, for x € (X, Xl)gq) we have the estimate [Tx]gaq) <y % [x]g‘f;l/c‘))_

Proof. We only present the proof for ¢ < oo, as the proof with ¢ = oo follows
similarly. Let x € (XO,Xl)g‘;). Proposition 2.8 implies that = € ¥ (X, X1). Let
(z9,21) € Xo X X7 be a decomposition of z, i.e. = x9+ x1. Then for ¢ €
(0,0) we may bound ¢ (t,Tx) < cg[xo], + c1t [1],. Taking the infimum over
all such decompositions and multiplying by ¢~* yields the bound ¢t~*.% (¢,Tx) <
cot ™ (terco™t,x). In the case ¢ = 0o we take the supremum over ¢ € (0,0), and

in the case ¢ < co we take the ¢'" power, integrate, and employ a change of variables;
(oc1/co) 0

in either case we arrive at the bound: [Tx]gaq) <y 8¢ [al} p
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We can also quantify the annihilators of the K-methods’ interpolation spaces.

Proposition 2.12 (Annihilators). Let (Xo,[],) and (X1,[:];) be a pair of weakly
compatible seminormed spaces. Then the following hold for s € (0,1), 1 < g < oo,
and o € (0,00]:

1.2 (X0, X1 ) = (S (X0, X1)) 2 B (2 (Xo) .2 (X)),

2. If strong compatibility holds (see Definition 2.1) or A (Xo, X1) is semi-Banach,
then the latter inclusion is an equality.

Proof. The first item follows from Propositions 2.6, 2.8, and 2.10. The second item
follows from Proposition 2.4. 0

Finally, we can characterize these spaces with discrete seminorms.

Proposition 2.13 (Discrete seminorms). Suppose that (Xo, [-],) and (X1,[];) are
a weakly compatible pair of seminormed spaces, 0 € RT, s € (0,1), 1 <r < 0o, and
1 < qg < oo. The following hold:

1. For x € ¥ (X, X1) we have that x € (Xo,Xl) if and only if

{r‘qk% (0'7‘7 ) }keN e 1 (N;R). (2.27)

In either case, we have the following equivalences. If 1 < g < oo, then

s 1/q s 1/q
sqo ! (0) sk s sqo q (o)
(qu_ 1) sqSH{T ‘%/(UT x)}keN m(N;R)ST (qu_l [2]5, (2:28)
If, on the other hand, ¢ = oo, then
(g> [1. (‘7) < H{,rsk% (07"

r

s (o
) ey <7 1 (2.29)
2. For x € ¥ (Xo, X1) we have that x € (Xo, X1),, if and only if
{TSk‘%/ (T_k7 x) € 1 (Z;R). (2.30)

In either case, we have the following equivalences. If 1 < g < oo, then

5q 1a k k sq 1/q
(qu_l) [x]s,qSH{r L%/(’I“ ax)}keZ @q(Z;R)ST (qu—]_) [‘T]s,q‘ (231)

On the other hand if ¢ = oo, then
{’I’Sk% (

}keZ

r—° [x]

(2.32)

x)}kEZHZOO(Z;R) < oo

éOO—

Proof. We write
1
/ (o (4 a)s dt =Y / (o (4 a))1s At = 3 I (233)
(0.0) t hen  (or =kt or k) =
‘We then use Proposition 2.6 estimate

1

sqo 31

:x(ar*hx)/ t AL > 1y,
(or—k—1 or—F)

[TSkJi/(Urfk,x)]q[rsq —1]

> (or— 71 2) / t—s e

(or—k—1or—F)
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—sq
=D (o ) — 1], (2.34)

sqo®4
Plugging this in above then proves the first item when o,q < co. The other cases
follow similarly. O

2.4. Integration into seminormed spaces. To study the J-method for interpo-
lation of seminormed spaces, we develop the following variant of the Bochner integral
for functions valued in seminormed spaces. Simple functions and their integrals are
defined as usual.

Definition 2.14 (Simple functions). Let (Y;9, u) be a measure space and (X, [-])
a seminormed space. We say that a function s : Y — X is a simple function if:

1. s is measurable, i.e. s71 (U) € M for all U C X open.

2.card (s (Y)) is finite, and so there exist n € N, {a; }?:1 C X, and a pairwise
disjoint collection {E;}7_, C M such that s = 377, a;XE, -

3. s has finite support, i.e. Vj € {1,...,n} with a; € X\ {0}, u(E;)

The collection of X-valued simple functions over Y is denoted simp (Y; X). We
define the functional Z : simp (V;X) — X via Z(s) = Z;L:1 ajp (E;) for s =
Z;L:1 ajXE;-

With the functional Z in hand, we can define the integral as a set-valued map.

Definition 2.15 (Strongly measurable and X-integrable). Let (X, [-]) be a semi-
normed space and (Y, 9%, v) be a measure space. We say that a function f:Y — X
is strongly measurable if:

1. f is measurable in the sense that f=! (U) € 9M for all U C X open.

2. There exists a sequence {s,}, .y C simp (Y; X) such that [s, — f] = 0 v—a.e.
as m — 00.

We say that a strongly measurable function f : Y — X is X-integrable if the se-
quence of simple functions from item (2) above satisfies, in addition, [,. [f — s,]dv —
0 as n — oo. The collection of X-integrable functions over Y is denoted £! (Y,v; X).
We define the set-valued mapping [, (-) dv: £ (Y,v; X) — 2% via

neN

/ fdv= {€ € X : I{sntpey Csimp (V5 X), 5, = fae,
Y

/ [f = sn] dv =0, [T(s,) — ] = o}. (2.35)
Y

One of the benefits of defining the integral as a set-valued map is that it allows us
to avoid invoking completeness to guarantee {Z (s, )}nen converges. The trade-off is
that it can be the case that fY fdv=@. Note, though, that in the event that X is a
Banach space, the integral is the singleton containing the usual Bochner integral of
f-

We next record some simple properties of the mapping fY () dw.

Proposition 2.16. Let (Y,0,v) be a measure space and (X, [-]) be a seminormed
space over K € {R,C}. Then, the following hold for all f,g € £'(Y,v;X) and
a e K

1. If (X, [-]) is semi-Banach, then [, f dv # @.

2. If o, 01 € [y f dv, then o — €y € A(X) and [{o] = [£4].

S [f, fdv] =4 : L€ [, fdv}Co, [, [f] dvl.

4. If @ # [, fdv and @ # [, g dv, then [, (f +ag) dv= [, f dv+a [, g dv.
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Proof. To prove the first item note that if s € simp (Y; X), then [s] € simp (Y;R)
and [Z (s)] < [y [s]dr. Then for {s,}nen C simp (Y;X) such that [s, — f] = 0
a.e. and [, [s, — f]dv — 0 as n — oo we have that {Z (s,)}nen is Cauchy in X
and so [, fdv # @ by Lemma A.7. This proves the first item. If 4o, ¢; € [, fdv,
then there exist {s! }nen C simp (Y; X) for i € {0,1} such that [s{ — f] — 0 a.e.,
[y [sh — f]dv — 0, and [¢; — T (s%)] — 0 as n — oo. Then

[bo =) < [lo =T (sp)] + [T () =T (s0)] + [4 = Z ()]
S[EO—Z(sg)]+/Y[f—sg]+/y[f—s;]—|—[El—I(s}l)]—>0 (2.36)

as n — oo, and hence £y — {1 € 2A(X), which proves the second item. For the third
item consider £ € fY fdv and pick the approximation sequence {s,}nen as above.
Then we may estimate

[0 <[~ T (50)] + [T (52)] < [0~ T(52)] + /Y [50] v

<lt-Z()+ [
Y
and send n — oo to arrive at the bound [(] < [, [f]dv. This proves the third
item. The fourth item is immediate from the second item and continuity of vector
operators in a seminorm space. O

[sn — f] du+/ [f]dv. (2.37)

Y

2.5. J-method and equivalence with K-method. With a notion of seminorm
integration in hand, we now turn our attention to the development of the J—method
of interpolation for seminormed spaces.

Definition 2.17 (J-functional). Suppose that (Xo, [-],) and (X1, [-];) are a pair of
weakly compatible seminormed spaces. We define the following functional on their
intersection: ¢ : RT x A (Xo, X1) — R via # (t,2) = max {[z],,t [z], }.

Some simple properties of the J-functional are recorded in the next proposition.

Proposition 2.18. Suppose that (Xo, [-],) and (X1,[-];) are a pair of weakly com-
patible seminormed spaces. The following hold:

1. For each x € A (Xo, X1), the mapping RT 5t — ¢ (t,x) € R is convex.

2. For any t,s € RT we have the bounds

min{l,t/s} 7 (s,-) < Z (t,-) <max{l,t/s} 7 (s,-). (2.38)
3. For any t,s € Rt we have the inequality ¢ (t,-) < min{1,t/s} # (s,-).
Proof. These are immediate from the definition #. O
We now define the J-method of interpolation.

Definition 2.19 (J-method of interpolation). Suppose that (Xo, [-],) and (X1, [-];)
are a pair of weakly compatible seminormed spaces. Recall that p, as defined in
Section 1.3, denotes Haar measure on (0,00). For z € ¥ (X, X1) we define the
decomposition set of x via

D(z)= {ue£1 (R, 112 (Xo, X1)) :u (t) €A (Xo, X1) xE/R+ u () t—ldt} , (2.39)
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where £! is as in Definition 2.15. For s € (0,1) and 1 < q¢ < oo we define
[.]57117f Y (X07X1) — [0,00] via

.., P {inf{(fR+ (= 7 (tu(t)t ! dt)l/q:u € D(:v)} 1<g<oo (2.40)
” inf {esssup,ep+t™° Z (t,u(t)):u € D(x)} g=00,

with the usual understanding that inf @=oc0. The subspace of ¥ (X, X;1) on which
[-]37(17/ is finite is denoted (X, Xl)s,q,/’ and we endow this space with the seminorm

Hs,q,/ :

We will now show that the K-method and the J-method give the same interpo-
lation spaces. We need a seminormed space version of the so called ‘fundamental
lemma of interpolation theory’ (for the normed space version, see for instance Lemma
3.3.21in [9]). The case for seminormed spaces is marginally more subtle, since [x]5, =0
need not imply that there is a decomposition of x = x¢ + x1 where [2¢], = [z1]; = 0.
Our proof of the lemma is a slight generalization of the ideas in [23].

Lemma 2.20 (Fundamental lemma of interpolation theory). Let (Xo,[],) and
(X1,[];) be a pair of weakly compatible seminormed spaces. Suppose that x €
Y (Xo, X1) satisfies

lim ¢ (t,2) =0 and lim t=1 (t,z) = 0. (2.41)
— 00

t—0+
Lete e R, 1 < r < oo, and suppose that ¢ : RT — RT is Lebesgue measurable and
satisfies the following:

. . L1 _
Jm () =0, lim 7 (t) =0, (2.42)
and

inf{gp(t) k<< rkﬂ} =c, €RT forkeZ.

Then there exists a strongly measurable v : RT — A (Xo, X1) with the following
properties:

1. u € Nyens £ ((r’k,r’“) ;Z(Xo,Xl)), and for each k € N* we have that
o # f(r—kﬂ,k) uwdp C A (Xo, X1) + 2 (X (Xo, X1))-

2. For every sequence {&x} ey Such that & € f(rkfl,rk) uwdp £ & for k € Z, we
have that as K — oo it holds [—x + Zi{zing]z — 0.

3. For a.e. t € R™ it holds that

S (tu (b)) < (log (1) " r(1+7) (A () + ¢ (1)) (2.43)

Proof. Given k € Z, by the definition of the JZ functional we can find a decomposi-
tion & = yx + 2 with (yg, 2k) € Xo x X1 and

lrlg + 7% [21], < (%, 2) + ecy. (2.44)
The assumptions (2.41) and (2.42) imply that
kEEnOO [rlo =0 and kl;r& [z]); = 0. (2.45)

Note that for each k € Z we have that (x+1 = yr+1 — Yp = —2r+1 + 28 € A (Xo, X1).
This leads us to define v : RT — A (Xo, X1) via v (t) = 35, oy CeXpr-1,04) (1), Tt is
clear that v is strongly measurable, as it is a step function with countable image.
For £k € N we have that v restricted to (r‘k,rk) is a simple function. Hence
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v € Myens £ ((r7%,7%) , 1;2 (X0, X1)) and & # f(rk’r,@)v dpe 3 Z(v] (- pky)-
Moreover:

I(Ul(T*kW’“)) = Z§:7k+14j/1((7”j_1a Tj))
=log (r) 32001 (05 — yjm1) = log (r) (yx — y—) = log (r) (= + y—k — 2x) -

(2.46)
Notice that(2.46) paired with item (2) of Proposition2.16 reveal that
[ vdumlog(r) (o4 g — ) + A (E (X0, X0)
(r=F,r%)
CA (Xo,Xl)—f—Q[(Z (Xo,Xl)). (247)

Now, for k € Z, we have that v|(x-1 .+ is a simple function. Hence, f(rk,l _— dp =
log () (G +2A (X (X0, X1)). Pick any {&x},cp € 2 (Xo, X1) with & € f(v-k—l,r’c) v dp.
The previous fact paired with (2.45) yields
k k
[log (o + &) =log (r) [~a+ H__]
=[—y—r-1— 2]y < [Y—r—1]y + [2k]; = 0as k — oc. (2.48)

Thus u = v/ log (r) satisfies items (1) and (2). To prove (3), we take t € RT with
rF=1 <t < r* for some k € Z and estimate (using again Proposition 2.6)

7 (tu(t) (2.49)
<7 (r*, G/ log (1)) =log (r) ™" max { [yx —yr-1]o, " [z —25—1], }
<log (r)”" max {%(rk, )+ (r* L 2) decp+eck_1,
H(r*, x)—l—r«%/(rk*l,m)+sck+rsck_1}
<log (r) " max {206 (r*,z) +2e (t), (1+7) A (r*, 2) +(1+7) ep () }
<log (r) ' r(147) (A (t,z) +ep(t)). O

We now give important sufficient conditions for the satisfaction of the hypotheses
of Lemma 2.20.

Lemma 2.21. Suppose that (X;, []
seminormed spaces, s € (0,1), and
equation (2.41).

fori € {0,1}, are a weakly compatible pair of

i);
1<g<oo. Ifx e (Xo,X1) then x satisfies

5,q7

Proof. We appeal to item (5) of Proposition2.10; whence: 2 (t,z) < t*[z], . <

5,00 ~
t°la],, — Oast — 0% and t7'¢ (t,x) < oM [2], S t°7'[a],, — Oast —
00. O

With the lemmas in hand, we are now ready to prove the equivalence theorem
for the non-truncated interpolation spaces.

Theorem 2.22 (Equivalence of K method with ¢ = co and the J method). Let
(Xo, []y) and (X1,[-];) be a pair of weakly compatible seminormed spaces. Then for
s €(0,1) and 1 < g < oo, the spaces (XO,Xl)&q and (XO,Xl)&%j are identical as

subspaces of ¥ (Xo, X1), and the seminorms [, , = []202) and Hs%j are equivalent.

Proof. Suppose first that = € (Xo, X1), . Fix ¢ € R*. Then, since R* > ¢
t=* (t,z) € R belongs to LY (R", ) (where again u is defined in Section 1.3),
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x satisfies (2.41) from Lemma 2.20, thanks to Lemma 2.21. Define ¢ : R* — RT
via ¢ (t) = t5(1 + (log (t))? )_1. and observe that ¢ satisfies (2.42). Thus, we can
apply Lemma 2.20 to obtain a strongly measurable function u : Rt — A (Xq, X1)
satisfying items (1), (2), and (3) from the lemma.

We first show that u € D (x), which amounts to proving that u € £ (R*, u; X)
and x € fR+ u dp. Since Lemma (2.20) tells us that we may take u a step function,
there is a natural choice of simple functions to attempt to satisfy Definition 2.15.
For k € Z and t € [2F71,2F), there is some &, € A (X, X;1) such that u (t) = &.
Then for each n € Nt we define s, = Y77 &rxer-1,2¢) € simp (RT; X (Xo, X1)).
It is clear that s,, — u everywhere as n — oo. Also, according to Proposition 2.18
and item (3) from Lemma 2.20, we may bound

[ =5, du = [ s 7

R+\(2—n—l ’271)

g/ min {1,¢t7"} 7 (t,u(t))t™" dt
R+\(2-7-1,21)
<6 (log (2))" [/ H (t,x)min {1,471} ¢t dt
Rt\(2—n—1,27)
+ 5/ min {1, } () t—ldt} . (2.50)
Rt\(2—"—1,27)

To show that the right hand side of(2.50) tends to zero as n — oo, it suffices to
show that both integrands are integrable over R*. This is clear for the latter term
involving ¢. To handle the former, we use Holder’s inequality to bound

S (t,x)min {1,¢7 ¢ dt
R+
; sp 4p(s—1)1 4—1 1/p <
. (f]wml.n{t ,t Pt de) 1<g<o < o, (2.51)

@ | sup {min {¢*,t°71} : teRT} g=1

where p = q (¢ — 1)_1. Hence, u is 3 (Xo, X1 )-integrable, with x € fR+ u dp; indeed,
item (2) in Lemma 2.20 implies the limit: [ —Z (s,)]y, = 0 as n — oo holds.
Finally, we check that x € (XO,Xl)S’%/. If 1 < ¢ < oo, then again we use
Lemma 2.20 to see that

(@] q s < (/R+ (477 (@) " )
<6log (2)~" [[x]s’q + 5(/

R+

1/q

(14 log? () “¢! dt) Uq] (2.52)

The integral on the right hand side is finite. As ¢ € RT was chosen arbitrarily, we
can let ¢ — 07 and see that (Xo, X1), , = (XO,Xl)s’qu. The case for ¢ = oo is
proved in the same way.

On the other hand, let = € (XO,Xl)&q’/. Then, there is some u € D (x) by

hypothesis. Then for t € R* we use Proposition 2.18 to bound

H(t,x) < H(t,u ()Tt dTS/R+ min {1,t77'} 7 (r,u(r))7~"dr. (2.53)

R+
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In the case that 1 < ¢ < 0o, we use (2.53) and Hardy’s inequalities (see Lemma B.2)
to estimate

s 1 1 1,1 1/a
[z] /R+ t / mln{l tr— }/ T, u ( dr)t dt)
/ (7| su@)e dT) ¢! dt)l/q
R+ (0,t)

+ (/ ( / )tTflf (ryu(r)) ! dT)q tildt> e

§(371 +(1-s)" ) (/]R+ (™ 7 (tu(t) 't dt)l/q. (2.54)

Taking the infimum over all u € D (x) gives the case for 1 < g < co. For the case
q = o0, we consider some t € RT and use (2.53):

o )< [ min{e 0T g () e dr
R+

<esssup,er+7 °_ 7 (T,u(T))/ min {t*7°, ' 77571 77 A7 (2.55)
R+

Notice first that [p, min {¢ 7575, 1757571} 77V dr = L, min {75,771} 771 dr <
0o. Taking the supremum over ¢ € R*, and then the infimum over all u € D (z)
show that (X07X1)3 00, 7 — (Xo,Xl)s 00" O

Next, we show that we have a discrete characterization of the seminorm on
(X07X1)S7q,/~

Proposition 2.23 (Discrete characterization of the J-method). Let (Xo,[-],) and
(X1, [];) be a pair of weakly compatible seminormed spaces. For x € ¥ (X, X1) we
define the discrete decomposition set of x as

D (@) = { {&her A (X0, X1) + Lpez el < 00

lim [—2+ Y8 &)y = 0}. (2.56)

K—oo

Then for each r € (1,00) there is a constant ¢ € R such that for all x € ¥ (X, X1),

671 [.13}37(17/
Sinf{H{rSkf(Tikvgk)}kezneq(z;ﬂ@) Ak trez € @(33)} <cltl,y 5. (2:57)

Proof. Let x € <X07X1>s,q,/ and € € RT. Again, we take ¢ : Rt — RT to be
defined as in the proof of Theorem 2.22. By Theorem 2.22 we have that x €
(Xo, X1),,, with [z], < c[x}s’qf for some ¢ depending only on s and ¢. Thus,
we can apply Lemma 2.20 and then Theorem 2.22 again to find a step function
uw:RT — A (X, X1) with u € D (z), obeying the bound

{(f]R+ (=5 7 (tu (b))t 1dt) 1<g<oo
esssup;cpt {t7° 7 (t,u(t)) : t e RT}
<r(1+7)log (r)~" [[a], ,+Ce], (2.58)
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where C' is a constant depending on ¢, s, and g. Moreover, there is a sequence
{&}ver € A (Xo, X1) such that u (t) = &, for t € [r*~1,r%), and

/ [u(t)]y, du = log () Z [kly <00 and z € / u dp. (2.59)
RE keZ RE
Finally, item (2) in Lemma 2.20 implies that limg_, o [—2 + log (1) Zsz—K &kls = 0.

Thus {log (1) &k} ez € D (). Proposition 2.18 provides a constant ¢ depending on
s, q, and r such that

[{r** 7 (r=*,log (r) gk)}kGZH(ZQ(Z)

<5{(IR+ (S (Lu@) ) 1< (2.60)
esssup {t7° 7 (t,u(t)) : te Rt} ¢=o0.

Together, (2.58), (2.59), and (2.60) imply

inf{H{rsk/(r*k,Ck)}kezng(Z;R) : {Ck}kez S @(x)} < ms,qaf +Ce (2.61)

for all e € RT. Hence, the second inequality of (2.57) is proved.

Now suppose that z € ¥ (Xy, X;) is such that & # D (z) and choose {k} ez €
D (z). We define u : RY — A (Xo, X1) via u(t) = log (r) ™" 34 cp ExXprr-1,00) (1)
For n € Nt we take s, = u|(;-n ,n). Then s, € simp (R*; ¥ (X, X1)) and s, = u
everywhere as n — 0o, which shows u to be strongly measurable. The condition
> kez [Ekls, < 0o easily implies that [y [s, —u]y, du — 0 as n — oco. Then u
is ¥ (Xo, X1)-integrable. Moreover, x € [, u dyu, as the condition limg oo [—2 +
E?:J{ &k]s = 0 implies that lim,, o [—2 + Z (s,)] = 0. Hence, D (x) # @. Using
Proposition 2.18 once more, we see that

H{TSk/(T_k’gk)}keZHm(Z)

. c{(fR+ (7 (tu®) L a) 1<g<oo

esssup {t° 7 (t,u (1)) : t eRT} g =00 =claly, », (2:62)

for some constant ¢ depending on 7, s,q. This implies the first inequality in (2.57),
and the proof is complete. O

As a corollary to the results in this subsection we will prove that the well-known
reiteration theorem also holds in this seminormed setting under additional hypotheses.
First, we require a brief quantitative lemma.

Lemma 2.24. Let (Xo,[-],), (X1,[];) be a pair of weakly compatible pair of semi-
normed spaces, s € (0,1), and 1 < g < oo. Ift € RT and z € A(Xq, X1) then we
have the bound

2], < (1 - )V s +1/(1 = s))t™° 7 (t,x). (2.63)

Proof. Using the bound from equation (2.26) and then item (3) of Proposition 2.18,
we simply compute:

(1-— s)‘Hl/q [] ¢ S [z],, = / T8 ()T dT
, , ot

Sj(t,x)/ 7t min{1, 7t '} dr. O

R+
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We now present the proof of the reiteration theorem. The justification is marginally
more subtle than perhaps one would initially expect: we use crucially that the spaces
are complete and are compatible in a sense stronger than the weak compatibility
condition.

Theorem 2.25 (Reiteration). Let (Xo,[],) and (X1,[-];) be a pair of complete
seminormed spaces such that either A (Xg, X1) is complete or strong compatibility is
satisfied. Set also0 < 59,81 <1,0<r <1,s=(1—-r)so+rs1, and 1 < q,q0, 1 < 0.
We then have the following reiteration formula:

(XSO7QU7X517QI)7"7Q = (XOaXl)s,q (2.64)

for
Xsi,qiz{(XO’Xl)s“ql' s 2 {01} i€{0,1}. (2.65)

X, if si € {0,1}

Proof. By the symmetry (Ao, A1)g,p = (A1, A0)1-v,p for Ag, A1 weakly compatible
seminormed spaces, 0 < ¥ < 1, 1 < p < oo, it is sufficient to consider the case
0<sy<s1<1.

Let 2", ¢ and Ve 7 denote the K and J functionals associated to the weakly
compatible couples Xo, X1 and X, qq, Xs,,q,, respectively. [],  will denote the
seminorm on (Xo, X1)s,4 and [~];q will denote the seminorm on (X, 405 Xsy,q1)rg-

Suppose that z € (Xs).q0, Xs1,q1)r,q and decompose & = x¢ + 21 for z; € X, 4.

In the event that 0 < s¢ we use the inclusion estimate after equation (2.25) to bound
for t € RT:

H(tx) <A (txo) + A (Lwr) <70 [2oly, o +17 21, o0
= 73{1(2)1}%}{(%(1 - Si))l/qi}tso([m(ﬂso,qo T [371]51’(11)’ (266)

with the modification (g;(1 —s;))'/% = 1 when ¢; = co. On the other hand, if so = 0
then we modify the above estimate with J# (¢, z¢) < [z0],. In either case we find
there is a constant ¢ € Rt depending on s;, ¢; for i € {0,1} such that

__ 1/
[x]s,q < C(/R+ (t*T(S1750)<%/(tS17507x))qtfl dt) q = C(Sl - 30)*1/‘1 [f];q, (267)

with the obvious modification for ¢ = co. This argument justifies the inclusion
(Xso,qo’ XSl,Ql)r,q — (XO, Xl)SaQ'

Conversely, suppose that x € (Xo, X1)s,4. By Proposition 2.23 there is at least
one {&k}yez € D (z) (this latter set is defined in (2.56)). For t € RT we claim that
K (t,x) < Y peg H (t,&). Tt suffices to prove this claim under the assumption
that the right hand side is finite. If this holds then we use the completeness of
Y (Xso,q0> Xs1,q:) (justified by Propositions 2.3 and 2.9): thereis y € X(Xsy,405 Xs1,q1)
such that 2 (t,y — Yr ;&) = 0as K — 00. As 2(Xa g0, Xor.q1) = 2(Xo, X1),
we find Zsz_ka — z,y in 3(Xo,X1), so x —y € A(X(Xo,X1)). By Proposi-
tions 2.4 and 2.12 we may equate

A(X(Xo, X1)) = B(A(Xo), A(X1)) = A(E(Xso.00) Xs1.01))- (2.68)
Hence # (t,x —y) = 0. For K € N we then estimate:

H(tx) < H(tw—y)+H(ty— S )+ S £ (L&) (2.69)

Sending K — oo completes the proof of the claim.



5530 NOAH STEVENSON AND IAN TICE

With the claim in hand, we estimate the seminorm of x in the interpolation space
(Xs0,q0> Xs1,q1 )r.q using first the discrete characterization of Proposition 2.13:

[wlg SIH27H @720} g e < ND_277H @7 &) mer]

kEZ

<|{D_minf2mm, 207 7 (28 ) e[ (2.70)

kEZ

To each term in the innermost sum we next apply Lemma 2.24 with t = 2F/(s1=s0)
After a straightforward computation we arrive at the following inequality in the case
so > 0:

7(2k5 fk) - max{[ﬁk}quO 72k [gk]sl,ql}

< mae {(1— ) 7015 1/(1 = 59))27 0 ) g (20 g
1€10,

:CQ—sok/(sl—so)/(Qk/(&—su)’£k>. (2.71)

In the case that so = 0 the same argument gives the above inequality with ¢ =
max{1, (1 — s1)' "% (1/s; + 1/(1 — 51))}. In either case, we then incorporate this
information into (2.70) and recall that r = (s — sg)/(s1 — $p) in order to estimate

{3 ep min{277m, 2070k} 7 (2% 6)} ezl
SCH {Z min{2~"", 2(l—r)m—k}2rk2—sk/(s1—so) 7 (Qk/(m—so)’ &) Ymez qu

kEZ
:c”{zjezmin{Z*’“j’2(1*7’)j}2*8(m*j)/(81*50)f(Q(m*j)/(81*50)7gm_j)}mEZH@q
Sc(zmin{Q—M’Q(l—r)j})H{Q—sm/(sl—s())j(QM/(sl—SO))}mEZHZ ) (2.72)
JEL

Taking the infimum over all {{x}, o, € D(z) and using finally Proposition 2.23 gives
the remaining embedding. O

2.6. Sum characterization of the truncated K-method. The following the-
orem shows that the truncated spaces are the sum of the second factor and the
K-method with o = oo space between the two factors.

Theorem 2.26 (Sum characterization for truncated method). Let (Xo,[],) and
(X1,[]y) be a pair of weakly compatible seminormed spaces. Suppose that s € (0,1),
o € R, and 1 < ¢ < oo. Then we have the following equality of spaces and
equivalence of seminorms: (XO,Xl)Sq) = Z( (Xo, X1) Xl).

8,97

Proof. We begin by defining the functional ¢ : Rt x S((Xo,X1),,,X1) = R via

A (tx)=inf {[], +t[&; : 2=n+& 0,6 € (X0, X1),, x X1},  (2.73)

Note that for all t € RT, the map % (t,-) is an equivalent seminorm on the vector
space E( (Xo,Xl)S’q ,Xl).

First suppose that « € %((Xo, X1), ,,X1) C ¥ (Xo, X1), where the latter in-
clusion follows from Proposition 2.8. Pick y € (X07X1)57q and z € X such that
xr =y + 2. By Proposition2.10 we have the bound

(2147 < WIS + 121 < W + cna0 " L2y (2.74)

59 — 5,9 $,q
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where

—-1/q 1— —1/q 1<
Cs,q = {q ( S) Sas (275)

1 q = 00.

Thus, upon taking the infimum over all such decompositions of x, we arrive at the
estimate

[x]i‘;) <max {1,c, 4} A (%, 2). (2.76)

In particular, this implies that ( (Xo, X1), , ,X1) C (Xo,Xl)i"Tq).

On the other hand, suppose = € (XO,Xl)g. Let ¢ € RT. For each k € N we
may then find (ag, bx) € Xo x X; with the following properties:

x = ay, + by, and [ag], +027F [b], < H(027F, x) +e27F. (2.77)
Set n € X7 via 7 = bg. Proposition 2.8 gives the bound
nl, = [boly < o7 A (0,2) < e[2]) (2.78)

for some ¢ depending on s, ¢, and o. Note that (2.77) implies that for all £k € N we
have & = ap — ag+1 = bpt1 — b € A(Xo, X1). Hence, for m € N, we may use tele-
scoping sums to compute n+ Z}?:O & =n+ag—amt1 = T —am41. Proposition 2.13
provides a constant ¢ € RT such that ||{2%%.¢ (027", x)}keNHZ‘J(N) <c [w]gaq) < 00,
which means that limy_, oo % (U2‘k7 x) = 0. This and (2.77) imply that [a;,41], = 0
as m — 0o, and hence

lim [m —n— Z;nzofk} s <limy,e0 [@m+1]y = 0. (2.79)

m—r oo

For k € Z\ N we set £ = 0. Then (2.77) implies that
Z [€kls < Z lar — ap41]y < 2 Z lar]y <2 Z H(027F,x) + 4 < 00, (2.80)
kEZ keN keEN keN

where finiteness follows from the inclusion z € (X, X 1)5, 4 thanks to Proposition

2.13 and Holder’s inequality (see the proof of Theorem 2.22). We deduce from this

and(2.79) that {&x} ez € D (z — 1), where the latter set is defined in Proposition2.23.
Next we again use (2.77) and the fact that J# (-, z) is increasing to bound

F(027F, &) =max { [ag—aps1],027F [bpy1—by] } <2 (027, 2)+27F e (2.81)

for k € N. Since & = 0 for k¥ € Z\N we have ¢ (02_’“7&) = 0 in this case.
Combining these and using Proposition 2.23, we arrive at the bound

[z — W]S,q < C|H23kf(‘727k7fk)}kezneq(z)

SCH{stJ{(U2—’“, m)}keNqu(N) +2ce<c ([x]g”q) + 25) (2.82)

for a constant ¢ € RT depending on s,q and o, and possibly increasing from
line to line. Combining (2.78) and (2.82) then yields the estimate ¢ (1,z) <

[z —nl,,+M < C([] gdq) +2¢) for every e € R* and some C' € RT depending only
on s, q, and 0. Letting e — 07, we find that (XO,Xl)g‘,’q) = B((Xo,X1),,,X1). O

5,97

As a corollary, we have the following useful density result.
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Proposition 2.27 (Dense subspaces). Let (Xo,[],) and (Xi,[-];) be a pair of
weakly compatible seminormed spaces. The following hold for s € (0,1), o0 € RT,
and 1 < q < oo:

1. A(Xo,X1) is dense in (Xo, X1)

2. Xy is dense in (Xo,Xl)(Uq).

87

5,q°

Proof. For the first item we use the equivalence of the K and J methods from
Theorem 2.22 and then the discrete characterization from Proposition 2.23. Indeed,
for z € (X, Xl)s,q, the discrete decomposition set D (z) is nonempty, and we may
find {ék}kez - A (Xo,Xl) such that

H{QSk/(ka,gk)}keZHZq(Z) < 00 and nl;ngo [—z+ ZZ:—nfk]z = 0. (2.83)
Applying the discrete J method to —z + >_;__, &, we find that
[ -z ZZ:—N Ek] 5,q < CH {QSk/(27k7 é.k)}kEZ\{f’rL,...,n} ||ZQ(Z\{7n,...,n}) (284)

for some C' € R* some constant depending on s, q. Since ¢ < oo, the right side of
this inequality vanishes as n — oo. As it is the case Y ,_ & € A (Xo, X1), the
first item is shown.

To prove the second item we recall from Theorem 2.26 that (XO,Xl)i‘)’q) =
E( (Xo, Xl)sﬂ ,Xl). Since X is dense in X7 and A (X, X7) is dense in (X07X1)S,q

by the first item, the density of X7 in (Xj, Xl)gi’q) follows, and the second item is
proved. O

2.7. Examples of seminorm interpolation spaces. Here we record a few ex-
amples of spaces obtained via seminorm interpolation.

Example 2.28 (Nesting of factors). Suppose that (Xo, [-],) and (X1, [-];) are a pair
of weakly compatible seminormed spaces, and let ¢ € RT, s € (0,1), and 1 < g < 0.

1. If Xg — X1, then (XO,Xl)ifq) = X7 (equivalent seminorms). Indeed, by item
(4) in Proposition 2.10:

X1 < (X0, X1)!7) < 2 (X0, X1) = Xi. (2.85)
2. On the other hand, if X; < Xo, then (Xo,X1)\%) = (Xo, X1),, (equivalent
seminorm). Indeed, by Theorem 2.26:
(X0, X1),,, = (X0, X1)) = B( (X0, X1), ., X1)
‘—)E((Xo,Xl)S’q,A(X(),Xl)) — (X07X1)5)q~ (286)

Example 2.29 (Lebesgue spaces). Let (Y, 901, 1) be a measure space, (X, ||-||) be a
Banach space, and take 1 < p,q,r < oo and 0 € RT, s € (0,1). Then

(LP (V3 X); L7 (YV; X)) = 5 (LM (V3 X), L7 (Y X)), (2.87)

where the left factor on the right-hand-side sum is a Lorentz space and 1 <t < oo
satisfies % = % + 2. This follows from the sum characterization in Theorem 2.26

and the well-known characterization of Lorentz spaces as interpolation spaces (see,
for instance, Theorem 1.18.6.1 in [44]).

Our next example, which is a slight modification of the previous one, introduces
seminormed versions of Lebesgue and Lorentz spaces. These spaces essentially
consist of the classical spaces plus constants. Our motivation for introducing this
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somewhat odd variant is that they appear naturally in several places later in the
paper.

Example 2.30 (Seminormed Lorentz spaces). Let (X, ||-||) be a Banach space and
(Y, 0, 1) be a measure space such that u(Y) =oco0. Let 1 <p<ooand 1 <¢g< o0
be such that if p = 1 then ¢ = 1. In this range, the Lorentz spaces LP%(Y; X) are

Banach spaces (when p =1, 1 < ¢ < co they only have quasinorms), and contain
only the trivial constant function. We define the seminormed Lorentz space

PUY;X)={feLl (V;X) : dceX, f—ceLPIY;X)} (2.88)

with seminorm [f];,, = inf{||[f —¢| .. : ¢ € X}. Note that for each f €
LP9(Y; X) the constant ¢ € X such that f — ¢ € LP9(Y; X) is uniquely determined
since the only constant in LP9(Y;X) is 0, and as such we have that [f];,, =
lf —cllppa- If p=q we write L? (Y; X) in place of LP? (Y'; X) for the seminormed
Lebesgue spaces.

Suppose now that 1 < pg,p; < oo and 1 < qg,q1 < oo are such that ¢; = 1 if
p; = 1. We claim that for s € (0,1), 0 € RT, 1/p = (1—38)/po+s/p1, and 1 < g < o0
we have the seminormed interpolation identities:

(P00 (Y5 X), P (V3 X))y = £P9(V3 X) (2.89)
with equality of seminorms, and
(LPo (Y X), P9 (Y5 X)) () = B(LP9(Y; X), L2 (Y; X)), (2.90)
The latter formula follows from the former and the sum characterization in Theo-
rem 2.26, so we will only prove the former. The proof of the former for standard
Lorentz spaces can be found, for instance, in Theorems 1.18.6.1/2 of[44]. In proving
this we let #", %" denote the K-functionals associated to the couples LF*%(Y; X),
LPr91(Y; X) and LPo-%(Y; X), LPr%1(Y; X), respectively. The seminorm on
(Lo (Y5 X), L (Y5 X)) g (2.91)
is []; , while the seminorm on
(LPo® (Y X), P2 (Y5 X))s (2.92)

will be denoted [], .
Let f € LP’Q(Y; ), t € RT, and choose the unique ¢ € X such that f —c €

LP9(Y; X). If f —c = go + g1 for g; € LP»9(Y; X), then g; € LP>%(Y; X) and
[gi]LPivqi = ||gi||LT’iv‘1i7 and hence
Ji}(t, f) <lgo+ civoao + g1l iwr.ar = 90l oo + 1911 por.an

= (8, f) < H(tf o). (2.93)
Similarly, if f = go+g1 for g; € LP"% (Y'; X), then there exist unique ¢; € X such that
gi —¢; € LP»%(Y; X)) and ¢g + ¢; = ¢, which means that f —c¢ = (go — ¢o) + (91 — 1)
and

H (6 f =) <lgo = coll proao +tllg1 = cillpor.ar = 90l iroao +E[91]1or1an

Thus, for t € RT we have that (¢, f — ¢) = #(t,f), and we deduce from
this and the usual interpolation properties of Lebesgue and Lorentz spaces that



5534 NOAH STEVENSON AND IAN TICE

(flsg = f =gy = IIf —cllppa = [fljpa- A similar argument proves the same
identity for each f € (LPo%(Y; X), LP*9(Y; X))s. 4, from which the claim follows.

In our last example of this subsection we quantify a sense in which the space
of functions of bounded mean oscillation is a substitute for the space of essentially
bounded functions.

Example 2.31 (BMO and Lebesgue spaces). Recall that the space BMO (R"; K)
consists of f € L (R™;K) such that

loc

Flowo =5 gy [ 17 = gy [ /] < (295)

where the supremum is taken over cubes of the form Q = H;-lzl[aj, a;+¢]. This only
defines a seminormed space, as it is readily verified that the annihilator consists of
all constant functions.

Let 1 < p < ooand K € {R,C}. We claim that for all s € (0,1), 0 € R", and
1 < g < oo we have the formulae:

(L? (R™;K); BMO (R"; K)), , = L™ (R™; K) (2.96)
and

(L? (R™;K), BMO (R";K))\) =5(L" (R"; K) ; BMO (R"; K))

g

=% (L™ (R™;K), BMO (R™*; K)), (2.97)

for r = p/(1 — s) € (1,00) and the dotted spaces as in Example 2.30.

We first remark how (2.97) will follow from (2.96). Given formula (2.96) we
may apply the sum characterization (Theorem 2.26) to obtain the first equality
of equation (2.97). The second equality then follows from the following constant
shifting argument. For each f € Lra (R™; K) there is a unique ¢ € K such that
f—ce L™ (R K) and [f]j..q = || f — ¢l rq; if, in addition, g € BMO(R™; K) then
9lemo = 19+ dpmo- Thus f+g = (f —c¢)+ (9+ ) belongs to the right most space
in (2.97), and its seminorm is no more than [f]; ., + [g]gpmo- This argument shows
the embedding of the middle space within the rightmost. The opposite embedding
is clear, as L™(R"; K) < L"(R"; K).

The space on the left side of (2.96) was asserted to be L™4(R"™; K) in the paper [25].
However, there is a subtle error in the proof of this, Theorem 1 in [25], caused
by failing to recognize that (L? (R"; K); BMO (R"; K)), , is not Hausdorff due to a
nontrivial annihilator (see Proposition 2.12), and so limits in the interpolation space
are not unique, nor is the standard quasi-Banach reiteration theorem available for
use. Here we will give a variant of the argument used in [25] to correctly identify the
missing constants now present in the right side of (2.96). Note, though, that [25]
also seeks to identify the left side of (2.96) with 0 < p < 1, but we are unable to
address this question without further generalizing our work to spaces defined with
semiquasinorms.

We first prove (2.96) in the special case ¢ = r. Since L™ (R™;K) — BMO(R"; K)
it follows immediately that

L"(R™;K) = (LP(R™; K), L*(R™; K))s,p — (LP(R™; K), BMO(R™;K))s .. (2.98)
The right hand space has an annihilator consisting of exactly the constant functions

(Proposition 2.12 applies since the intersection of the factors is Banach). Thus, the
same embedding holds for L™ (R"; K).



TRUNCATED INTERPOLATION AND SCREENED SOBOLEV SPACES 5535

To prove the reverse embedding we need two tools from harmonic analysis. The
first is the decreasing rearrangement of a measurable function g : R™ — K, which
we denote by ¢g* : RT™ — [0, 00]. We refer, for instance, to Chapter 1.4 of [20] for a
thorough discussion of rearrangements and their relation to Lorentz spaces. The
main features we will need here are the estimates (go + g1)*(¢) < g&(¢/2) + g7(¢/2)
for gg, g1 : R® — K measurable, and

1/p
gl e = s tl/pg*@)s( / <g*<t>>pdt) gl (2.99)
teR+ R+

for 1 < p < oo and g € LP(R™; K), where on the left |||, is the quasinorm on
LP>°(R™; K) that is equivalent to the interpolation norm when p > 1. The second
tool is the ‘sharp’ function: given f € L (R";K) we define f¥:R™ — [0, o0] via

loc

1 1
fﬁ(w)Zng;W/Q‘f—W/Qf

where the supremum is taken over all cubes of the form @ = [[}_,[a;,a; + ¢ C R"
containing . We will employ two essential facts about the sharp function. First, if
1 < po, p < oo then there is ¢, € R* such that we have the control:

cp’1 e < HfﬁHLp , for all f € LPo(R™; K). (2.101)

7 (2.100)

In other words, provided that f belongs to some L0, the above inequality holds
in any L”. A proof can be found in Chapter IV of [40]. Second, (-)* has the same
boundedness properties as the Hardy-Littlewood maximal functions (see, for instance,
Chapter I of [40]). That is, the sharp map is weak type (1,1) and strong type (p, p).
This follows since the sublinear operators are related pointwise via (-) < 2M (-),
where M is the cubic maximal operator.

With these tools in hand, we can prove prove the reverse inclusion. Suppose
initially that

g € A(LP(R™; K); BMO(R™; K)) C (LP(R™; K), BMO(R™; K)),., (2.102)

and decompose g = go + g1 for go € LP(R™;K) and ¢g; € BMO(R"™; K). Using the
subadditivity of (-)* with the weak-type (p,p) boundedness of (-)¥ and the definition
of []gyo, We may estimate for t € RT:

t/P(gh)* (t) <t/P(gh + gh)*(8) < t1/7(go")* (£/2) + /7 (91 *)* (/2)
<27 |go* [ 1o e + PN F) N e < (g0l e + 87792 o)
<c(llgoll o + "7 [91]gmo0 ) (2.103)

where ¢ € RT is a constant independent of g. Taking the infimum over all decom-

positions of g shows that t%/?(gf)*(t) < c.# (t'/7,g) for t € R*. This, the identity

r = £- and (2.101) then allow us to estimate

o= </R+ t((gﬁ)*(t))rfl dt)l/r: (/w (t(ks)/p(gﬁ)*(t))rfldt)

<c( /R () dt)l/Tgcpl/T< /R T g))rfldf)l/r
—clgl,, - (2.104)

Cfl”g”LrSHQH

We now use (2.104) to deduce the general case via a limiting argument. Given
f e (LP(R™; K); BMO(R™; K)),,-, Proposition 2.27 asserts that there is a sequence
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{fi}ren € ALP(R™;K); BMO(R™; K)) for which

fe = f in (LP(R"; K); BMO(R™;K)), , (2.105)
as k — oo. For m,k € N taking g = fi — fin in (2.104) shows {fi},cy is a
Cauchy sequence in L" (R™; K). Let f denote its L"-limit. By Proposition 2.12 the
annihilator of (LP(R™; K); BMO(R™;K)),,, is the subspace of constant functions.
As L"(R™;K) is embedded within this former space we conclude that f — f is a
constant function (r}ote that it’s precisely at this point where the error appears
in [25]). Hence f € L™ (R™;K), and we can estimate:

Pl < 11, < N5 = £l
This completes the proof of (2.96) in the special case g = r.

To prove (2.96) in the general case we will use reiteration, and for this we
need the fact that the intersection of L? (R™;K) and BMO (R™;K) is complete,
which follows easily from the fact that convergence in LP implies convergence
in L' of every cube. Let u,v € Rsatisfy 1 < p < u < r < v < oo and set
9= (1/r—1/u)/(1/v—1/u) € (0,1). The above special case shows that

((LP(R™; K), BMO(R"™; K))1—p/uu, (LP(R™; K), BMO(R™; K))1—p/0,0)9,q
=(L*(R™;K), L"(R™; K))g.4- (2.107)
Example 2.29 informs us that the right hand side is the Lorentz-like space Lra (R™; K),
while Theorem 2.25 tells us the left hand side is equal to
(L (R"; K), BMO(R"; K)),., (2.108)

for o = (1 —9)(1 — p/u) + (1 — p/v). Using that p = (1 — s)((1 —9)/u +9/v)~*
we compute that o = s. Thus (2.96) is shown in all cases.

e T e [fulg, = cer[flg, as k — oo, (2.106)

3. Homogeneous Sobolev and homogeneous Besov spaces. We now use the
interpolation theory developed in the previous section to realize the homogeneous
Besov spaces as intermediate interpolation spaces with respect to members of the
scale of homogeneous Sobolev spaces. Along the way we will also develop frequency
space characterizations used later in the paper. Many of the results we present in
this section are essentially already known in the literature, and we have attempted to
omit as many proofs as possible. The proofs we have included are meant to highlight
the direct use of seminorms rather techniques employing spaces of distributions
modulo polynomials. The precise statements of the results in our notation will also
be essential in the following section, where we develop the theory of screened Sobolev
and screened Besov spaces. The reader already fluent in analysis of homogeneous
function spaces could skip to Section 4.

3.1. Dyadic localization. Here, for convenience of the reader, we recall the es-
sentials of dyadic localization and Littlewood-Paley theory. We refer the reader to
Appendix B.2 for the relevant notions of real valued tempered distributions and
multipliers.

Lemma 3.1 (Dyadic Partition of Unity). There exists a radial ¢ € C° (R™;R)
with suppy = B(0,2)\ B(0,271), ¥ (&) € RT for £ € B(0,2) \ B(0,271), and
> kez0oxp =1 on R™\ {0}. Note that the dox are the isotropic dilation operators,
as in Lemma B.5.

Proof. See, for instance, Proposition 2.10 in [5]. O
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This dyadic partition of unity leads to the creation of ‘projection-like’ operators
that localize a given distribution at a certain dyadic annulus of frequencies.

Definition 3.2 (Dyadic localization). Let ¢ be the special function from Lemma 3.1.
To each j € Z we define the operator m; : &* (R™; K) — C* (R™; K) N & (R™; K)

via 7, f = [(6259) f]V. This is well-defined by the Paley-Wiener-Schwartz theorem
(see Chapter 6, Section 4 in [46]) and Lemma B.7.

The following lemmas record some basic properties of these operators.

Lemma 3.3. The following hold:

1. Suppose that ¢ € & (R™;K) is such that 0 & supp $. Then Z;n:_m i — @
in & (R™;K) as m — oc.

2. If f € (R K), then for each ¢ € 7Z the sequence {Z;’;O ﬂj+€f}m€N
converges in * (R™;C) to g € * (R™;K) with the property that for all ¢ €
< (R™;C) with 0 & supp @

(f—9.0) = (T emifv) (3.1)

where the right-hand-side is well defined since (1t; f,p) =0 for all but finitely many
JEZ, <.

3. Suppose that f,g € * (R",K) satisfy 7;f = m;g for all j € Z. Then there
exists a polynomial Q : R™ — K such that f +Q = g.

Proof. The first item follows from standard properties of the Schwartz class, and the
second item follows from the first. We now prove the third item. If ¢ € . (R"; K)
is such that 0 & supp @, by the first item ¢ = ZjeZ ¢, with convergence in
< (R™; K). Consequently:

(9—f.0) =2 enl9— fimip) = e (mi(g—f).p) =0. (3.2)

Then g — f is a tempered distribution supported at the origin, and hence g — f is a
K-valued polynomial by, for instance, Corollary 2.4.2 in [20]. O

The next lemma shows that the operators are almost idempotent and almost
orthogonal.

Lemma 3.4 (Almost idempotence and almost orthogonality of dyadic localization).
The operators {ﬂj}jGZ from Definition 3.2 are ‘almost idempotent’: if j € Z and

f e (R K), then for all m,k € NT we have that
k k
[ = (Zz}mﬂﬁe) = (Ze:—mﬂj+f) f (3.3)
They are also ‘almost orthogonal’: if j,k € Z and |j — k| > 1, then mjm, f = 0.
Proof. These follow immediately from the properties of ¢ from Lemma 3.1. O
Next we recall the Littlewood-Paley characterizations of LP.

Theorem 3.5 (Littlewood-Paley inequalities in LP). Let 1 < p < oo. The following
hold:
1. Prequency characterization of LP (R™;K): For f € * (R™;K) write

ez = || (Ssez |7rjf|2)1/2 | elo,o0). (3.4)

There exists a constant c € R™, depending only on n and p, such that the following
hold:
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(a) If f € LP (R™K), then ¢t [f]0 < [[fll1.-
(b) If f € 7" (R™;K) is such that [f];» < oo, then there exists a unique polyno-
mial @ : R™ — K such that f — Q can be identified with an LP (R™;K) function, and

1f=@Qllp» <clflpe-
2. Vector-valued inequality: Let ¢ € L* (R™;C) N C* (R™;C) satisfy

0= ) ¢and sup (1+ )" (|6 ()] + |V (2)]) < oo (3.5)

For f € LP (R™;C) and j € Z we write ﬂff = (695¢)" % f. Let 1 <r < co. There
is a constant ¢ € RT, depending only on n, p, v, and ¢, such that for any sequence
{fr}rez € LP (R™;C) we have the bound

P 2\r/2\1/r -
|(Ssee (Srea s ) ) ], = o (Beatiar)
Proof. See Theorem 6.1.2 and Proposition 6.1.4 in [20]. O

WH (3.6)

e

3.2. Homogeneous Sobolev spaces. Our primary goal in this subsection is to
develop frequency-space characterizations of the homogeneous Sobolev spaces.

Definition 3.6 (Homogeneous Sobolev spaces). Let 1 < p < oo and define the
homogeneous Sobolev space

WP (R™K) = {f e LL . (R;K) : Vje{l,....,n}, 8;f € L? (R K)}. (3.7)

This vector space is endowed with the seminorm []y1,, : W2 (R K) — R given
by [flvre = 225-1 10if1l Lo-

Next we recall some useful facts about homogeneous Sobolev spaces. The first
fact is a density result.

Lemma 3.7 (Density of compactly supported smooth functions in the homogeneous
Sobolev spaces). For 1 < p < oo the following are equivalent:

1. C® (R K) € WP (R™;K) is dense: for every u € WP (R";K) and e € Rt
there exists w € C (R™; K) such that [u — w] .., <e.

2. 1<porn>2.

Proof. See Theorem 4 in [24]. O
The second shows that functions in W'? define tempered distributions.

Lemma 3.8 (Members of homogeneous Sobolev spaces are tempered). Let 1 <
p < 0o. Then the inclusion WP (R";K) C .#* (R";K) holds. More precisely, if
f € WhP(R™;K), then the mapping

S (R"C) s ¢ feecC (3.8)
R’n

is well defined, continuous on . (R™;C), and defines a K-valued distribution.

Proof. If 1 < p < n, then the Gagliardo-Nirenberg-Sobolev embedding (see, for
instance, Theorem 12.9 in [28]) implies that each member of W1? (R”; K) is the
sum of a constant function and an L4-integrable function with ¢ = n"—i), and thus
defines a tempered distribution. If p = n, then Whn (R™; K) — BMO (R™; K) by,
for instance, Theorem 12.31 in [28]. The fact that functions of bounded mean
oscillation are tempered is a consequence of item (4¢) in Proposition 3.1.5 in [21].
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Next if n < p < oo, then WP (R™; K) < C%1="/P (R™;K) (the latter space is the
homogeneous Hélder space defined in Section 1.3) thanks to Morrey’s embedding (see
Theorem 12.48 and Remark 12.49 in [28]). The Holder space is tempered since its
members grow at most linearly. Finally Wl’oo(R"; K) is tempered since its elements
may be modified on a null set to obtain a Lipschitz map - and hence tempered
distribution (see the proof of Lemma 3.17 below). O

The third result concerns the completeness of this space.

Lemma 3.9 (Completeness and annihilators of homogeneous Sobolev spaces).
Suppose that 1 < p < oo. Then, the space WLP (R*;K) is semi-Banach. Moreover,
A(WP) = {constant functions}.

Proof. This follows from the completeness of the Lebesgue spaces paired with
Poincaré inequalities on cubes. 0

We now prove a strong compatibility result.

Lemma 3.10 (Strong compatibility). For 1 < p < oo, the seminormed spaces
LP (R™;K) and WP (R™;K) are strongly compatible in the sense of Definition 2.1.

Proof. This result is an easy consequence of Proposition 2.4. We view LP (R™; K)
and WP (R";K) as simultaneously belonging to L{.  (R”;K). Let X denote the
vector subspace consisting of their sum. Notice that A(Lp (R™; K), Whe (R™; K) ) =
WP (R™;K) is a Banach space. Hence the annihilator of X, 21 (X), is the sum of the
annihilators of each factor. This is exactly the collection of constant functions. There-
fore L? (R™; K) , WP (R K) — X, and 2 (X) = A (L? (R™; K))UA(W'» (R K) ).
This shows that the pair L? (R™; K) and W'? (R"; K) are strongly compatible. []

Now we explore the precise relation between the scales of homogeneous Sobolev

spaces and the Riesz potential spaces. This yields a Fourier characterization of the
former.

Definition 3.11 (Riesz potentials and spaces). Let s € R. If f € * (R™; K) is such
that 0 & supp f, then we define ASf € .* (R™ K) via: (ASf, @) = <f, ol® <,b> eC,
where o € C* (R") is any radial function satisfying ¢ = 1 on supp f, and o =0
on B (0,x), £ = min {1, dist(supp 1, 0)} € RT. The purpose of the cutoff function
0 is to guarantee that o|-|* ¢ € . (R™; C). It’s straightforward to verify that this
definition of A® is independent of o; hence, A® defines a linear map on its domain

that preserves the property of being K-valued. For 1 < p < oo we define the Riesz
potential space

H*? (R™";K) = {f € " (R™;K) : for which the sequence
{Ej:,jAsTfkf}jeN C L? (R™;K) is convergent}. (3.9)
We equip this space with the seminorm [-| ., — [0,00) defined by

s = Jim [ Sl pomef| | = [[timyoe Sho_pom]| - (810)

Lr

We first present a Littlewood-Paley characterization of H5? that gives a more
useful seminorm to work with. The proof is similar to that of Theorem 1.3.8 in [21],
but here we work directly with the seminorms and avoid the technique of quotienting
by polynomials.
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Theorem 3.12 (Littlewood-Paley characterization of the Riesz potential spaces).
Let 1 < p < 0o and s € R. Define the extended seminorm [, : & (R";K) —
[0, 00] wia

Uiren = || (Zjez (29 |ﬂjf|)2>1/z) iy (3.11)

Then there exists ¢ € RY, depending on s,n,p, such that following hold:

1. If f € H>P (R™;K), then [f]g.., < c[flgen-

2. If f € & (R™; K) satisfies [f] .., < 00, then f € HsP (R™; K) and% [flgen <
[f17e-

Proof. Suppose first that f € H*? (R™; K). By hypothesis, there exists f; €
L? (R™;K) such that Z;"‘:_m Amif — fs as m — oo in LP (R™;K). Consider
¢ € C*(RR) C 7 (R™;C) defined via ¢ (§) = [£]° ¢ (€) (recall that 1) is the
special function from Lemma 3.1). Observe this function is radial and that for j € Z
it holds that

2 f =29 (8 [(117w )] F)
=29 (6 [(H7 0 17)] (Shmbew) £)
= (0 1 (Shstnet) ) =m0 (Shmarone) £ = 312)

Hence by item (2) from Theorem 3.5 we obtain the bound

e = [ (Sseca [tV 2100 = Pl 319

On the other hand, suppose that f € .#* (R™;K) satisfies [f]7., < oo. We
again use Theorem 3.5 to show that the sequence {Z;”zfm A7 fen is LP (R™; K)-
Cauchy. To begin, we claim that the sequence is actually contained within L? (R™; K).
Indeed, the bound [f]}., < co implies that 7; f € L (R™;K) for all j € Z. Then
the annular frequency support of 7t; f implies that the multiplier defining A® can be
taken to be smooth and compactly supported, and thus satisfying the hypotheses
of Theorem B.6. The theorem then guarantees that A°m;f € L? (R*;C). To
complete the proof of the claim note that this sequence is K-valued by the results in
Appendix B.2. Let m,k € N with m < k. Using Lemma 3.4 shows that for j € Z
we have

k m
m; (Z ANy f — Z Asmf>

=—k =—m
Asm f m+1<|j|<k—-1
0 il >k +2, [j| <m
T 1 AT, f j=k+1
Mk AT f j=—k—1
I J=m (3.14)
TNy 1 f j=-m
(1 + ) A5 f j=k
(T_ g1 + 7T_g) AT f 7 =—-k
(Ttm41 + Tong2) AT 1 f J=m+1
(1 + Te—2) Aty 1 f j=—m—1.
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Hence, by item (1) from Theorem 3.5 (due to LP inclusion, there does not appear a
polynomial) we may bound

HZ’;:_kAwf - ZT:_mASmeLP S H (Zm+1<|j|§k—1 |AS7ij|2>1/2 ’ o

+ 11 AT fl| o + [Tkt ATk fll o + (1T AT fll o 4 (e AT 1
+ 17— + 70e) A7 fl| o + [ (Tigr + 70) ATk f

[Tt 1 + Tomr2) AT fll o + (Tt + Togn2) AT 1 fl 0 - (3.15)

By Theorem B.6 applied to 1) and then Lemma B.5, there is a constant ¢ € R,
depending only on v, n, and p, such that for all j € Z it holds that ||(52j¢||/,{p =c.

Therefore the bound (3.15) implies that

k s m . . 9\ 1/2
|zt pomes = pemed || S |(Smeppen ot ) T (316)

Now let v € C° (R™;R) C . (R™;C) be the radial function defined via v (§) =
|€]7 4 (€); the properties of 1) guarantee that f]R" v = 0. Arguing as in (3.12) shows

that A’m; f = 25j7r]Vf; moreover, Lemma 3.4 implies that 7/ = 7t/ Z;Zil T4 for
each j € Z. Hence, (3.16) paired with item (2) of Theorem 3.5 yield the bounds

DS TS v Y
, o (11/2

N (Smeiiier @157 |,

1 > 2 1/2
SZZ:AH(Zm<\j|§k(2”|7‘?”j+ef|) ) ‘Lp

1 —st v s(j+¢€ 2 1/2
=3, 42 (qujlgk‘ﬂjnﬁgz G+0) f| ) ‘Lp

. —e o\ 1/2
<D m427° (quqr\gkﬂ S melii<k |27 f| ) ’

<l (Znrciienn @ er?) |

Since [f] .., < 00, we can now show that as m — oo the final expression in (3.17)

tends to zero. Indeed, for a.e. x € R™ the sum ___, (2°" |7, f (z)])? is finite. For
such x we have that

1/2
(Zcicpiars @I f @D?) T = 0asm<k—oo.  (318)
The limit in L? (R™; K) follows now from the dominated convergence theorem. We
deduce then that the sequence { Z;n:_m Asnjf}jeN is Cauchy in L? (R™;K), and

hence f € Hs»p (R™; K). We can now argue exactly as above to deduce that for each
m € N it holds that

HZTz_mAsnijLp Sonwat || (Syez @9 Imi 1) )UQHLP. (3.19E)]

Lp

(3.17)

e

Using the Littlewood-Paley characterization of the Riesz potential spaces, we are
now able to see that the spaces HY and WP essentially coincide. The proof of
the following result is technical refinement of Theorem 6.3.1 in [9] in the sense that
we do not require the Fourier transform of f to vanish near the origin.
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Theorem 3.13 (Frequency space characterization of W), Let 1 < p < oo. There
exists a constant ¢ € RT, depending only on n, p, and 1, such that the following
hold:

1. If f € W2 (R K), then ¢ [l g1 < [flyirs

2. If f € HP (R™;K), then there exists a K-valued polynomial @ with the
property that f — Q can be identified with an WYP-function and If = Qlyrs <
c[flgrn. Moreover, the coefficients of terms of degree 1 and higher of Q are uniquely
determined.

Proof. Suppose first that f € H? (R™;K). Let us first show that the sequence
{ Z;n:fm T[jf}mGN is Cauchy in WP (R™; K). This sequence of tempered distribu-
tions is identified with a sequence of locally integrable functions since each member
has compactly supported Fourier transform (see the Paley-Wiener-Schwartz theorem
in, for instance, Chapter 6, Section 4 of [46]). If k € {1,...,n} the mapping R™ >
€ — i€, |€] 7" (a scalar multiple of the usual Riesz transform) belongs to A, (R™;K)
by Theorem B.6 and Lemma B.7; therefore, since Z;n:_m Al f € LP (R™K) it
then holds that

Hz;’; O fHLP S [ S fHLp < oo formeN (3.20)
and so
m . i71,p n.
{Z]}m njf}meN c Whr (R™K). (3.21)

The above argument, supplemented with ideas from the latter half of the proof of
Theorem 3.12, yields for m, k € N with m < k:

|| Sk i = S |
S | S A = X A

s 2\ 1/2
S”vpﬂ/) H (ZnL—1<|T'|§k+1 (2 |7T7”f|) )

This estimate paired with Theorem 3.12 shows that the sequence in question is
indeed Cauchy in the space WP, As this seminormed space is semi-Banach thanks
to Lemma 3.9, we are assured of the existence of g € W1 (R™; K) with the property
that for each £ € {1,...,n}

842?1:77%7'@]“ — Opg in LP (R™;K) as m — oo. (3.23)

Theorem B.6 assures us that for all j € Z, ; € £(L? (R";K); LP (R";K)). This
fact, paired with Lemma 3.4, shows that

;009 = ;0 f for all j € Z and for all £ € {1,...,n}. (3.24)

Hence Lemma 3.3 implies that Vf = Vg + P for a K"-valued polynomial P. By
Poincaré’s lemma there is K—valued polynomial @) such that VQ = P. We are free
to adjust the constant term of @ so that f = g + Q. If Q were another polynomial
with the property that f —Q € Wb (R™; K). Then Q — Q would also belong to the
space WP (R™; K). Hence V(Q — Q) is necessarily zero.

We now estimate [f — Q]}j1., using again the fact that £ — i, 1€]7" belongs to
My (R K) for all £ € {1,...,n}:

[ = Qs S Jim [ S5, V]| S limsupy, oo ||, AN ]

(3.22)

e

e
(3.25)
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The proof of Theorem 3.12 shows that for each m € N we may bound
m . 2\ 1/2
=i ], S [(Saee @ ir)*) - @20)
Thus, the proof of the second item is now complete.
On the other hand, suppose that f € W'? (R™K). Let p € C (R;R) be an
even function that vanishes in the interval [ Lp-1/2, 1 -1/ 2] and is identically 1
outside of (—n~1/2,n!/?). Consider the multlphers mo, m; : R” — R defined via

mo(€) = o160~/ le] (Siap (&) 6] ) and mu(€) = S_yp (&) &l (327

Observe that mg is smooth, vanishes in B (0,1/2) C R", and agrees with £ —
€] (20, p (&) 1€])™" for €] > 1. One can verify that mg € .4, (R™;K). Now if
m € N, then B (0, k,,) C R™\ suppﬁ(zgnz_m 7, f) where ki, = 27™"2. This tells
us that

Alzgn:_mﬂjf = Km (5Km,m05/<mm1)v * Z;‘nz_mﬂjf' (328)
In turn, by Lemma B.5 we can bound

(;K,m m;y ZWL__

= o lm0ll g, || (Bemn)” 5 7, i f

||| < 10,0l

)Lp. (3.29)

Finally, the fact that for each £ € {1,...,n} the map (and its dilates) £ — ¢4 ‘E‘fl p (&)
belong to ., (R™; K) yields the bound

| Grm)” s 7 mif || S nm-lz;?_l\\aez;ﬁ_,mm

— o | mmasz (3:30)
Since 7; € L (L? (R™; K) ; L? (R™; K)) for each j € Z, the estimates (3.29) and (3.30)
imply the inclusion { i Alﬂjf}meN C LP (R"; K).
To see that this sequence is also Cauchy, we apply the argument in (3.28), (3.29),
and (3.30) to the function Zfsz Amf — S m A'm;f for k > m, m,k € N.
This shows that

[ s =], S S| Samae],, )

The term above on the right can be universally estimated using item (1) of Theo-

rem 3.5 (due to LP inclusion, there does not appear a polynomial) and Theorem
B.6:

n n 2 1/2
S| Smcinmioes | Snow ict|[( Smeipenmitef ) | 332)

As a consequence of item (1) in Theorem 3.5, we have the equivalence for each

te{l,...,n}k

|(Seztmtnr) | <o e, <00 (3.3)

Therefore equations (3.31) and (3.32) show the sequence { Z;—fm 17tjf}m€N to
be L? (R™; K)-Cauchy.
Finally, (3.29), (3.30), and Theorem 3.5 imply that
. m 1
lim HZ].:_WA ﬂjf‘ o

m—r 00
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1/2
. 2
Snpw h;njgop ZZ:lH (Z;n:—m |70 f| ) HLP =npw 2ot 10ef |l 1o - O

The generalizations of Theorem 3.13 for the pairs of spaces H™P (R™;K) and
wmP(R™; K) hold for m € N\ {0,1} and 1 < p < oo and are proven in essentially
the same way as above.

3.3. Homogeneous Besov spaces. We now turn our attention to the scale of
homogeneous Besov spaces.

Definition 3.14 (Translations, difference quotients, moduli of continuity). Let
1<p<oo

1. For h € R™ we define the h-translation operator, 7,, and the h—forward
difference operator, Ay, as follows. Given f : R™ — K, we let 7, f, Apf : R* - K
be given by 7, f (x) = f(x — h) and Ay f () = (17— — 1) f ().

2. We define the LP-modulus of continuity to be the functional w, : Rt x

Li. (R™K) — [0, 00] with action wy, (¢, f) = sup { |[Anfll,» : h€ B(0,t) C R"}.

loc
Definition 3.15 (Homogeneous Besov spaces). Let s € (0,1) and 1 < p,¢q < co. We
define the homogeneous Besov space Bi? (R™;K) = {f € L] (R K) : [flgsr <
0o}, where [ 2%t Lige (R™;K) — [0, 00] is defined by

loc

e e e ) AT 1< g <00
[ = {Suﬂé () (1) - tERY) g oo (3.34)

The following equivalent seminorm is occasionally useful.

Definition 3.16. Let n € NT, s € (0,1), 1 < p,q < oco. We define HE;P :
Ll (R™;K) — [0,00] via

loc

(o (1 1807150) 17" an) ™ 1< <00

) (3.35)
esssup{|h| WALl e - hER"} g=00

[flgzr =

Proposition 17.21 in [28] shows that []5.» is equivalent to [] s

The proof of the following lemma is a slightly modified excerpt from the proof
of Theorem 17.24 in [28]. We include it to emphasize the connection between the

K-functional on the sum of L? and W'? and the L? modulus of continuity on L ..

Lemma 3.17 (Relation between K-functional and moduli of continuity). Fiz
1 <p<o0. Let  denote the K-functional, from Definition 2.5, corresponding to

the space LP (R™;K) and WP (R™K). Then for all (t,u) € R* x LL (R™K) we
have the equivalence:
27w, (tu) < A (tu) < (1403w, (tu). (3.36)

Proof. First, we prove the left inequality in (3.36). We may reduce to proving this
under the extra assumption that u € $(L? (R"; K) ; Whe (R™; K) ) since otherwise
the right-hand-side is infinite, and there is nothing to prove. Assume this and let
t € RT. Suppose that (v, w) € L? (R";K) x WP (R";K) are a decomposition of u,
that is: u =v + w. For any h € B(0,t) the estimate ||Apv||;, < 2]v||., is clear by
the triangle inequality and invariance of the LP-norm under translations. On the
other hand, we have that [|Apw||,, < |h|[w]}j1.,. In the case that 1 < p < oo we let
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{@etec(o,1) C C° (B(0,1)) be a standard mollifier. Then for € € (0,1) we can use
the fundamental theorem of calculus and Minkowski’s integral inequality to bound:

(/n [w e (@ + h) —w* e (2)|” d:z:>1/p

(L

1/p
< || (/ IV (w % 02 (& + oh)|P dx) do
(071) n

=[Pl [w * @elyiprn <[] [w]yis - (3.37)

P 1/p
V(w*¢:)(x+0oh)-h da‘ dx)

Letting ¢ — 07 and using Fatou’s lemma gives the claim. On the other hand
if p = 0o we repeat the same argument and use lower semicontinuity of weak-x
convergence in L™ = (L)* of the mollified functions in place of Fatou’s lemma.
Note that since the sequence of mollified functions converge pointwise a.e. the
argument also shows W1 (R™; K) — C%'(R™; K).

Now we take the supremum over h € B (0,1): |Apull;, < 2(||v] 0 +t[w]yir,) =
wp (t,u) < 2(||v]| L, +t]|Vwl| ;). We then take the infimum over all such decompo-
sitions of u to see that wy, (t,u) < 2.2 (t,u).

Next, we prove the first inequality in (3.36) in the case that 1 < p < co. Suppose
that t € R, and u € L{ _ (R™;K) is such that w, (¢,u) < oo (if this is infinite, then

loc

there is, again, nothing to prove). Let Q(O, n_%t) denote the cube centered at the

origin with sides of length n~2t which are parallel to the coordinate axes. Consider
v,w : R" — K given by

n

v(z) = /Q(o,n . Ayu(z) dy

- 4
w(x) = o /Q(O nfét) T_yu(z) dy. (3.38)

By construction we have that u = v +w. We estimate v with the Minkowski integral

inequality:
n3 p F
ol = ([ 5 [, Ao af a0)
R Q(om‘ﬂ)

n?2
—tT Q(O,nfét ||Ayu||Lp dy < Wp (t’ u) ) (339)
where in the last inequality we used that Q(O7 n_%t) C B(0,t). Next we estimate w
in WP (R";K) (see also Lemma B.1). Let j € {1,...,n}. For z € R" we adopt the
following notation: the canonical basis of R™ is the set {ej,...,e,} and z = (z;, zj),
zj €R, 2} € R™ 1, and 2t =(21,...,2j-1,%j+1,-- -, 2n). By a change of coordinates
we have that

u (2 +yj, 25 +y;) dy;

u (2 4y, 7) dr. (3.40)

:/ , -1 I
(——n 2t+wj7§n 2t+wj)

2
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Then for a.e. z € R™ we have that
/ / / 12 1
0 /(nét n*%t) U (xj—|—yj, J:j—|—yj) dy; zAn_%teju (ch+yj,mj—n 215/2) . (3.41)

Thus, upon differentiating under the integral and applying Fubini’s theorem, we find
that for a.e. z € R"
djw (x) =

n
nz

7/ A L
" Ja(om i) b

1
u(zl 4y, x5 — §n_%t) dy;. (3.42)
Where Q(O, n_%t) C R"~! is the cube centered at zero with sides parallel to the

coordinate axes of length nzt. Again Minkowski’s integral inequality and the fact
that wp (-, u) is increasing show that

s N (WS CR R T
Snl/ztflwp (t,u). (3.43)
Synthesizing (3.39) and (3.43), we deduce that
H (t,u) < oll g + 3270 105wl 1, < (1402w, (tw) . (3.44)

With the first bound and the estimate (3.44) in hand, the proof is complete when
p < oo.

On the other hand, if p = co we again decompose u = v+ w as in equation (3.38).
In this case it is straightforward to see that ||v||;e < woo (t,u) and for all j €
{1,...on} 0w e < Y2 W (B, u). O

From this equivalence we can characterize the homogeneous Besov spaces as
seminorm interpolation spaces.

Corollary 3.18 (Interpolation characterization of homogeneous Besov spaces). For
all s € (0,1) and 1 < p,q < oo we have the equality of seminormed spaces with
equivalence of seminorms:

(L (R™ K); WHP (R™K)), g = By? (R K) . (3.45)
Consequently, the following hold: Bg’p (R™;K) is a semi-Banach space with an-
nihilator QL(B;;”’ (R";K)) = {constants}; if p,q < oo, then C* (R™;K) is dense
in B(j’p (R™; K), we have the inclusion B;p (R™;K) C * (R™;K), and finally the
reiteration formulae

(LP(R™K), Bi? (R K))s,g = ByP(R™; K),

(BP(R™K), WHP(R™ K))sq = By P (R K),

(Bl (R™K), Bl P (R K))s g = By*P(R™ K) (3.46)
hold for 0 < t,to,t1 <1, 1 < r,rg,m1 < 00, ugp = (L — 8)t, uy = (1 — 8)t + s, and
U2 = (]. — S)to + Stl.

Proof. Equation (3.45) is an immediate consequence of Lemma 3.17 and the definition
of the seminorm on BjP. The several consequences follow from the results on
interpolation of seminormed spaces from Section 2. O

We now explore frequency space characterizations of the homogeneous Besov
spaces.
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Definition 3.19 (Homogeneous Besov-Lipschitz spaces). Let s € R, 1 < p < oo,
and 1 < ¢ < co. Then we define the space ,By* (R";K) = {f e * (R K)
FN-TEIRS oo}, where [], 52w« " (R";C) — [0,00] is given by

s = {27 175110}

The following theorem shows that the theory of seminormed space interpolation
applied to pairs of Riesz potential spaces yields the homogeneous Besov-Lipschitz
spaces. We note that the following result appears as Theorem 6.3.1 in [9], where the
proof is abbreviated.

: 3.47
(2 (3.47)

Theorem 3.20. Let 1 < p < oo and sg, s1 € R with sg < s1. Then for a € (0,1)
and 1 < q < oo we have the equality of seminormed spaces with equivalence of
SEMINOTMS:

(H*0P (R K), HYP (R K))ag :,\B;’p (R™;K), where s=(1—a) sgtasy. (3.48)
Proof. The pair of seminormed spaces H*? (R";K) and H*' P (R"; K) are weakly

compatible as witnessed by the space of tempered distributions. Suppose that
fe (HSM’ (R K), Ho+P (R™; K) )a . Let f = fo + f1 be a decomposition with

fe € HoP (R™;K) for £ € {0,1}. We first claim that we have the universal bound
175 fell o Snpow 2759 [fe) jreew » for j € Z and £ € {0,1}. (3.49)

This follows from the Littlewood-Paley characterization of the Riesz potential spaces
from Theorem 3.12. Thus,

1 o_s,i
1765l e Snpar 2o0=02 " [fel provw
= 27|17 fll 1 S 2701 A (27170 ). (3.50)
Therefore by Proposition 2.6 and Proposition 2.13,
[f]AB;p Sn’pﬂ[’ H{2a(51_80)j'%/(2_(81_80)ja f) }jEZHZ’J(Z) Sn,P”‘P’So,Sl [f]a,q : (351)

On the other hand, suppose that f € /\Bg’p (R™; K). Then, we will see that for all
j € Z it holds that 7; f € A(H*o? (R K), H* (R";K)). In fact, we claim that
the sequence {njf}jez belongs to the discrete decomposition set of f, D (f). For
j €Z and k € {0,1} we estimate via Lemma 3.4 and Theorem 3.12:

1 (i ;
175 £l ion Snpot Dope 1 259 40t fll 1 Snpipise 297 1T Fllp - (3:52)

In turn, we have that
S (2776700 f) = max {175 £ | geg.w » 277075 |17 £l oy }

Snppsorst 2% N7 fll o - (3.53)
Then (3.53) and Proposition 2.18 imply that the following series converges absolutely:
ZjeZ [ fls (3.54)

< 5 epmin {121} g (2750,
sn,p,d),so,m Ejez min {2j(so—s)7 2j(51_s)}23j ”T[jf”Lp
< H{min{Qj(SOiS)a 2j(5178)}}j€Z||gq’(N)H{QSj Hﬂjf”Lp }jGZHm(N)' (3'55)

Next we show that lim,, [Z;n:_m i f— f] « = 0. We decompose f = f~+ f*
where f* =3, 7, f (and f~ = f — f*) with the series converging in #* (R"; C)



5548 NOAH STEVENSON AND IAN TICE

by virtue of Lemma 3.3. Both factors in this decomposition are K-valued, thanks to
Lemma B.3. Then for m € N\ {0, 1} we have the bound

o = fls
<[Z;—_mﬂ1f T e + 22020 = 1] g =5 Lo + 1 (3.56)

We prove that lim,, ., I, = 0. The argument that II,, — 0 as m — oo follows
similarly. With the aide of Lemma 3.3 and Lemma 3.4, we compute the action of
the family {7}, o, on the expression appearing in I,

i 5 mi 1) =m( S it - f)

j=—m i=m
0 k>—-m
o R=-m o e
— (Mo + 1) T f k=-m—1
—T. f E<—-m-—1
Thus by Theorem 3.12, Theorem B.6, and Lemma B.5
L Snpw | j_—lfm’n]f I ]Hsl » (3.58)
<27 1 fll e + 27 D (g + 1) -1 fl 1o
/2 —m—1 ; 2\1/2
(S @) S| (S5 )

To obtain good bounds on the last expression in (3.58) we break to cases on the
size of p. Suppose first that 1 < p < 2. In this case the mapping RT U {0} > 5 —
n% € Rt U{0} is subadditive. Therefore since sy < s < s; we may use the inclusion
{9 — (P for ¢ < p and Holder’s inequality otherwise to deduce that

[ @m) ™| < (sl @oma))” @59

. 1/q
9(s1-5)(m—1) (E—j"‘l (2% HmfIILp)q) 9=p

H{2j(5175 }j‘_m—l {227 17 £l o J_,OOH 4 5 =3+

The finiteness follows from the hypothesis that f € /\B;’p (R™; K). Notice also
that the final expression in (3.59) tends to zero as m — co. Thus I,,, — 0 as m — oo
in the case 1 < p < 2.

On the other hand, in the case that 2 < p < oo, we bound via Minkowski’s
integral inequality:

. _ 1/2 e o 1/2
| (st eomi)®) 7, < (St @0 i ,,)°)

L
_ 1 . —m—1 : _ —m—1
<2 G Al < {27 il e 352l {27 =} 2 - (3:60)
This bound again implies that L,, — 0 as m — oo.
Thus, we learn that {m; f }j cz € D(f). Using the discrete characterization of

the J-method in Proposition 2.23 and equation (3.53) we obtain the estimate that
completes the proof:

[f]aq <o H{2a(51 s0 J/ (2™ J(s1—s0) TG f) }jeZHM(Z)

< oQ.

S =
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Sn,P,SmSMﬁ H{2Sj ”T[jf”[,p }jeZHéq(Z) = [f]ABgvp . O
We can now relate B(jvl’ (R™; K) and ABg’p (R™; K).

Corollary 3.21. For each s € (0,1), 1 < p < 00, 1 < q < oo, there exists c € RT
with the following properties: )

1. 1f f € B3P (R™K), then f € ABy? (R™;K), and [f] ger < c[f]pzo.

2. On the other hand if f € ABg’p (R™; K), then there exists a K-valued polynomial
Q such that f—Q is identifiable with a member of Bg’p (R K) and ¢t [f — Q]Bg,p <
[f]AB;*’" Moreover, the coefficients of Q, aside from the constant term, are uniquely
determined.
Proof. The first item follows at once from the embeddings L? (R"; K) < H%? (R"; K)
and WP (R™; K) — H'? (R™;K) (see Theorems 3.5 and 3.13) and the interpolation
characterizations of Bg,p (R™; K) (Corollary 3.18) and /\BS,p (R™; K) (Theorem 3.20).

For the second item, we let f &€ /\B(‘;”’ (R™; K). The finiteness of [f]ABS”’ implies
that for each j€Z we have 7; f € L?(R"”;K), and so then Theorem B.6 implies that
m;f € WP (R™; K). Using the Littlewood-Paley characterization of W» (R™;K)
(Theorem 3.13) and the almost orthogonality of {r;},_, (see Lemma 3.4) we learn
that

2\1/2 ,
73 i St || (S @ i f)*) | Snpw 2 M8, (3:61)

where here we can neglect any polynomial terms on the left when using Theorem
3.13 since 7t; f € WP (R"; K). Consequently we have the absolute convergence:

Zjez [T[j.ﬂz(Lp,lep) < ZjeZ min {17 Zj} max {”ﬂijLp ’ 277 [Tfj.ﬂwlyp}
Sﬂhpﬂ/) ZjeZ min {L Zj} ||7[ijLp

< [{min{277, 2079} Ml ) (], ow < 00 (3.62)

Proposition 2.3 ensures that E(Lp (R™; K) ,Whe (R™; K)) is semi-Banach. Hence,

there exists f belonging to this sum such that [Z;.n:_m U — 0 as

f*f]mlem)N
m — co. Moreover, {; f}j ¢z belongs to the discrete decomposition set of f, so we
are free to estimate the seminorm of f in the interpolation space B;,p (R K) =
(L? (R™;K), W (R™ K) )S , Via the discrete characterization of the J-method (see

Proposition 2.23) and (3.61):
[/] ByP Ssq {29 7 (277, 7, f) }jeZHeq(N)

gn,p,w || {QSj ”chfHLp }jeZ HKQ(N;]R) = [f]AB;” . (3~63)

It remains to show that f and f differ by a polynomial. As the family of operators
{7}z are continuous on both LP(R™; K) and WLP(R"; K) (and hence their sum)
we find that [7Tj Zzl:_m 7ij — ﬂjf]E(LP,Wlfp)

if m > |j| then Lemma 3.4 tells us that 7t; > 7 f = 7 f. Therefore

— 0 as m — oo for each j € Z. But

i (f - f) € Ql(Z (Lp (R™;K), WhP (R™; K)) ) = {constant functions}  (3.64)

for all j € Z. Since supp Zm; (f — f) C R™\ B(0,27-2) and constant functions

are supported at the origin on the Fourier side, we must have 7;f = m; f for
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all j € Z. Thus Lemma 3.3 provides us a K-valued polynomial @ such that
f—Q=fe By R"K).

If P,Q are two polynomials such that f — Q,f — P € B‘jv” (R™;K), then P —
Q € B;? (R™";K) is a polynomial which implies that P — Q € B? (R™;K) is a
constant. O

4. Screened Sobolev and screened Besov spaces. Recall from the introduction
that [29] defines the screened Sobolev space VT/(‘SU’)’ (U) as the collection of locally
integrable functions f : U — R for which (1.3) holds. In this section we introduce a
generalized scale of spaces, the screened Besov spaces, and use our previous seminorm
interpolation theory to study their properties.

4.1. Motivation, definitions, and basic properties. In an effort to better un-
derstand the screened Sobolev spaces, we introduce the following scale of screened
Besov spaces with constant screening function.

Definition 4.1 (Screened Besov spaces). Let K € {R,C}, 1 <p,q < o0, s € (0,1),
o € Rt and let @ # U C R” be open. For h € R™ write Uy, = U N7_,U. We define

the extended seminorm []gq)p : L. (R K) — [0,00] via
q 1/q
h|”%||A . R|7™ dh 1<¢g<
), = (Jo0) (P 180 lr) 11" dh) 1 <g<o0

esssup 1 |h|”° A oy = hEDB (0,0)} g < oo

The screened Besov space, (U)Bg’p (U;K), is the subspace of Li _(U;K) on which

loc
the above seminorm is finite. When ¢ =1 we write By” (U;K) and [-] . » in place

iy )
of (1)yBy* (U;K) and []5;

We begin by providing an equivalent seminorm that utilizes the LP?—modulus of
continuity.

Proposition 4.2. Let 1 < p,q < oo and w, be the LP-modulus of continuity from
Definition 3.14. Then for all f € L . (R™;K) and all s € (0,1), 0 € RT we have
the equivalence

1/q
s q,-1
[f](Bgs),P(Rn-K) =n,s (f(ovg) (t “p (t’ f)) t dt) lsg<eo . (42)
¢ ’ sup{t—*w, (¢, f) : t€[0,0]} q=

Proof. The result is trivial when ¢ = oo, so we only prove the case 1 < ¢ < co.
Using spherical coordinates we write:

5= (. (18, e an) ™

1
([ [ iAo ) (4.3)
(0,0) JOB(0,1)
The ‘<’ inequality in (4.2) then follows from (4.3) and the simple bound

/ / 1AL, AR (2)e o s
(0,0) JaB(0,1)

<H""' (0B (0,1))/(0 )(t—mp (t, £) ¢ dt. (4.4)
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For the ‘>’ inequality in (4.2), we pick ¢t € (0,0) and let h € B (0,t) \ {0} and
&€ € B(h/2,|h]/2). Observe that Apf = Aef +7_¢Ap_¢ f, and hence ||Apfl|;, <
1Aefll 1o + |1AR—cfll ;- We then average over £ € B (h/2,|h|/2) and use a change
of variables to arrive at the bounds

1w, 27" (B (0, 1)) b / (1861, + 1 Dn_cfl,) dé
B(h/2,|h|/2)
<omHien (B(0,1)) || / 1Acf],, de
B(0,|h])

<2 BO.) [ I8l I e

i

< (BO.D) [ Al l (45)
B(0,t)

In this expression we take the supremum over h € B (0,t), raise the result to the

¢*™® power, then multiply by t~!7%¢, and finally integrate over (0, c); this results in

the following chain of inequalities, in which we also employ Lemma B.2, Holder’s

inequality, and (4.3):

/ (twy (¢, f)) ¢t de
(0,0)

< e@o) [ ([ 18l ae)' o ar

q
~ e ) [ ([ Al an i@t
(0,0) (0,t)J9B(0,1)

q
<(one o) [ ([ Al @) et
(0,0) 0B(0,1)
<(s~12™1e"(B(0,1))" (H" 1 (0B (0,1))" (1A1L).)" 0
q
Proposition 4.2 leads us to define the following equivalent extended seminorm.

Definition 4.3. Let 1 < p,q < o0, 0 € RT, and s € (0,1). We define ° [-]gs),p :
LL (R™;K) — [0,00] via

loc
1/
(1150 = (Jom o 1) a) ™ 1<g<o0 g
! sup{t *w, (¢, f) : t€[0,0]} q=00

Note that Proposition 4.2 ensures that this seminorm is equivalent to the one from
Definition 4.1.

4.2. Interpolation characterization of screened Besov spaces. Using the
equivalent seminorm on the space (U)Bé"’p(R"; K) from Definition 4.3, we can realize
that the s, ¢, o-truncated interpolation space between L?(R"; K) and W1?(R™; K) is
equal to the screened space (U)Bg’p(R”; K). Precisely, we have the following theorem.

Theorem 4.4 (Interpolation characterization of screened spaces). Let 1 < p,q < oo,
s€(0,1), and 0 € RT. Then we have the equality of vector spaces with equivalent
SEMINOTmMSs:

(@ B2? (R K) = (I? (R™K), W7 (R K) ) (4.7)

5,q°
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In fact, for all f € E(Lp (R™;K), Whr (R";K)) we have the equivalence

27 [ < 116 < (L4 n*)° (1150, (4.8)

Proof. Let 2 denote the K-functional on the sum of L? (R™; K) and Whr (R™; K)
and note that the strong compatibility of these spaces is shown in Lemma 3.10. It is
sufficient to observe that for all ¢ € (0,0) and all f € S(L? (R™;K), Wh? (R™;K))
we have the equivalence

27w, (4, f) S H (8, f) < (L+n¥?)w, (t, f) . (4.9)
This is a consequence of Lemma 3.17. O

This interpolation characterization has numerous important and useful corollaries
that we can read off from the abstract theory of seminorm interpolation presented
previously. The first is that we can now can build an explicit bridge to well-studied
function spaces.

Corollary 4.5 (Sum characterization of screened spaces). Let s € (0,1) and 1 <
p,q < 0o. The following hold:

1. If o,7 € R, then we have the equality of vector spaces with equivalence of
Seminorms:

() B? (R™K) = % (B;’P (R™; K); WP (R”;K)) = B (RHK). (4.10)

2. If p < o0 and o : R® — RT is a screening function with logo a bounded
function, then we have the equality of spaces with equivalence of seminorms:

Weh (R R) = £ (B? (R™;R), W7 (R™R)) . (4.11)

Proof. Given Corollary 4.4, the first item is immediate from Theorem 2.26. For
the second item we set o = supo and o_ = inf o. By hypothesis, these are both
positive. It is a simple matter to observe that:
(00)By? R™R) = WPy (R R) =W (R R)
SWEP) (R™R) = (o) By? (R™R). (4.12)
Thus the second item follows from the first. O

The next corollary shows us when we have density of smooth and compactly
supported functions in the screened spaces. This result is, in fact, sharp, as we will
see in the next section.

Corollary 4.6. Let s € (0,1) and 1 < p,q < co. Then C* (R*;K) N Bg’p (R™; K)
s dense in Bg’p (R™; K). Moreover, if n > 2 or 1 < p, then C (R™;K) is dense in
BP (R™; K).

Proof. This is a consequence of Corollary 4.5, Lemma 3.7, and Corollary 2.27. [

We also learn that the screened spaces are semi-Banach and their annihilator is
nothing more than the space of constant functions.

Corollary 4.7. Let s € (0,1) and 1 < p,q < co. Then Bg’p (R™; K) 4s semi-Banach
with annihilator 2[(3371’ (R™;K) ) = {constant functions} .

Proof. This follows from Theorem 4.4, Propositions 2.9 and 2.12, and finally Lemma
3.10. O
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We note that Corollary 4.7 appears in [29] for the scale of screened Sobolev spaces
with general screening functions.

4.3. A concrete decomposition. The previous subsection shows that the screened
Besov spaces coincide with the sum of a homogeneous Sobolev and a homogeneous
Besov space. In either case the seminorms are, at best, tedious to work with. The
purpose of this subsection is to show that we achieve a nearly optimal decomposition
into the summands in a simple way. We then use this decomposition to show that
compactly supported smooth functions are not dense in the space B;”l (R;K) for
any s € (0,1), 1 < g < co.

Definition 4.8. Let Q = (—1/2,1/2)" C R" and define the operators H, 1L :
Li  (R%K) — LL _(R™;K) via

loc loc

Hf@) = [ (F) = f @) dyand L) = [ flovy) di 419
Notice that the sum of H and LL is the identity.
The following theorem utilizes these to arrive at another equivalent seminorm.

Theorem 4.9 (Fundamental decomposition of screened Besov spaces). Let 1 <
p,q < oo and s € (0,1). There exists a constant ¢ € R such that for all f €

Lipe (R™;K)
M fgpr < WEF | ger + Ll < e[flz0- (4.14)
In particular, we have the equality of seminormed spaces
RS, n. _ s, n. 17, n.
By? (R™;K) = %(By? (R K); WP (R™; K)) (4.15)

with equivalence of seminorms.

Proof. By the sum characterization of Corollary 4.5 together with the embedding
ByP (R K) — B;p (R™; K), it is sufficient to prove the second inequality in (4.14).
Suppose that f € Bg’p (R™;K). By Lemma B.1, we have that Lf € I/Vﬁ)cl (R™; K)
and for j € {1,...,n} and a.e. z € R™ it holds that

L= [ A (s = 1/2) (116)

where Q (z) = [[;_, (-1/2+23,1/2+ 2;) and II; = (I —¢; ® ¢;). Then when
1 < p < oo an application of Minkowski’s integral inequality, Proposition 4.2, and
Proposition 2.8 show that

oL fl <( [ 18 @ o) <
<20 (1,f) <2¢7 Y9 (1—s)" Y1) (4.17)

5,9

When p = oo it is similarly clear that ||9;Lf|;. < 2 [f](lgo Note that J# is the

K-functional associated to the sum X(L? (R™;K), W'? (R";K) ) and that [](1)
(

the seminorm on the truncated interpolation space ( L? (R™; K), Whe (R™; K) )213.

Theorem 4.4 and Corollary 4.5 ensure us that [] ) < [|gs». Hence, [Lf]ji, <
c [f]Bg,p for some ¢ € RT depending only on s, p, and n.
With another application of Minkowski’s integral inequality, we find that

Sl Le < wp (L) S [flpg7 - (4.18)
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Thus, to show that Hf € By? (R";K), with a good estimate, it remains to bound
[Hf]%s.». Note that this seminorm is defined in Definition 3.16. First we note that
for all h € R" (4.18) implies ||ApHf||,, < 2|Hf|[,» < [f]5;»- Hence,

Athf(w)=/Q(f(w+h)—f(af+h+y)—f(w)+f(m+y)) dy

= [ARHS] L, S min{ [f]ges, [AnfllL0 }- (4.19)
Now, if 1 < ¢ < oo we use (4.19) to estimate
[Hf]z:r

S(/Rn (|h|_s ||Ah1Hf||Lp)q |h| ™" dh)l/q
SWlir (/]R"\B(O 1) L dh)l/q+(/3(o ) <|h|_s HAthLp)q A" dh>1/q

1
Sflper - (4.20)

The same estimates work when ¢ = co as well.
Now that(4.14) is established, the embedding

S, n, s, n, 1AL, n.

By? (R™;K) — %(By? (R™; K); WP (R™; K)) (4.21)
is clear. The opposite embedding is a consequence of Corollary 4.5 item (1) and the
embedding B;? (R"; K) — B (R™; K). O

As a corollary, we show that the density of compactly supported continuous
functions fails in the cases not covered by Corollary 4.6.

Corollary 4.10. Let s € (0,1) and 1 < g < oo. Then

B

By (R;K) \ € (R;K) N By (R; K) o (4.22)

Proof. Take x € L'(R;K) with fR x = 1 and let v : R — K be defined via
u(@) = [, X (t) dt. Notice that u € WL (R;K) and hence u € B3 (R;K) by
Corollary 4.5. Suppose, for the sake of contradiction, that there exists a sequence
{tm}pen € C2 (R;K)NBS! (R; K) with the property that limy, oo [tm — u}Bg,l =0.
Theorem 4.9 then implies that lim,, o [Ltty, — Lul 10 = 0. The compact support
of each wu,, would then tell us that Lu,, € C!(R;K). Hence, the fundamental
theorem of calculus implies that

1= / (Lu) = lim | (Lu,,) =0, (4.23)

R

m—r oo R

a contradiction. This shows that u cannot belong to the closure of CY (R;K) N
B! (R; K). O

4.4. Frequency space characterizations. Our goal in this subsection is to syn-
thesize the sum characterization of the screened Besov spaces and the frequency
characterizations of the Riesz potential and Besov-Lipschitz spaces. We find that
the ‘low mode’ part of the function behaves no worse than a general W? function
while the ‘high mode’ part behaves like a general By? function. To achieve this
we will generalize yet again and characterize the frequency behavior of truncated
interpolation spaces between certain pairs of Riesz potential space pairs. We then
read off the specifics for the screened Besov spaces.
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Definition 4.11. Recall that for j € Z the operators {7;};cz are given in Definition
32, Let 1 < p<oo,1<q< o0, and r,s € R. We define [']B;gv[']ﬁ;; :
(R K) — [0, 00] via

oy, = H (Za‘eZ\N (29 1 1)° ) 1/2‘

Lr * H {QTj ”nijLP }jeN H(ZQ(N;]R) (4.24)

and

, ) 1/2
g = 1427175 £l } jean leaanmmy + H (EjeN (2*7 |7ij|)2) HLP- (4.25)

We define B;;; (R™; K) and ]EI;:; (R™; K) to be the subspaces of .* (R™; K) on which
[1p7« and [] g7 are finite, respectively. We refer to these scales as the generalized
screened Besov spaces and the generalized screened Riesz-potential spaces.

The following theorem characterizes these spaces as interpolation spaces.

Theorem 4.12 (Truncated interpolation of Riesz potential spaces). Let 1 < p < oo,
1<qg<oo,ac(0,1), 0 €eRT, and r,s € R with r < s. Then we have the equality
of spaces with equivalence of seminorms:

. . (o) -
(H”’ (R™ K), H>P (R™; K)) — BLS (R™K), where t = (1—a)r+as. (4.26)
«a,q

If, on the other hand, we suppose that s < r, then we have the equality of spaces
with equivalence of seminorms:

(@)

a,q

(F7e (RS K) 5 97 (RS K)) = Yy (R™K), where t = (1— )7+ as. (4.27)

Proof. We will prove only (4.26), as (4.27) follows from similar arguments.
Let [ : E(,\Bfl’p (R™;K), H5P (R";K)) — [0, o0] via

[fly = inf {[fo]g;vp + filgew + f=fo+ f1, and
(fo 1) € ABL? (R K) x HOP (R K) }. (4:28)

The sum characterization of the truncated interpolation spaces, Theorem 2.26,
and the interpolation theorem of Riesz potential spaces, Theorem 3.20, ensure the
equality of seminormed spaces with equivalence of seminorms:

(@)

a,q

(H"’p(R";K);HS’p(R";K)) =E(ABé’p(R”;K),H‘“’”’(R";K))- (4.29)

Therefore, [-]y, is an equivalent seminorm on the truncated interpolation space on
the left side of (4.29).

Now let f € (HT*P(R”;K),HS’P(R”;K))SQ and decompose f = g + h with
g € AB};*’(R";K) and h € H*P(R™;K). We estimate each factor in the space
B;:Z(]R”; K), beginning with g:

1/2 .
(Zsemm @7 Imig)* ) |, + 1429 1300}y Nengr

(S ez (29 mig)’ )1/2‘ +19, e - (4.30)

Lp
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To handle the remaining term controlling the low modes, we can break into cases on

the size of p. First, suppose that 1 < p < 2. Then the mapping RT U {0} 3 n —
nP/? € RT U {0} is subadditive, and hence ¢ < s implies that

1/2
| (Sie 2 imia*) ],

s 2 p/2\1/p s
([ (Sremn @ )" )" < (S 27 Il

1/p

1/q
< ( jGZ\N ”T[]gHLp) ) q<p
H {2J é t)}jGZ\N £u(Z\N) H {2 o ||7t19||Lp}Jez\N Heq @y P<e p = % + %
Slol, s - (4.31)

On the other hand, in the case that 2 < p < 0o, we can apply Minkowski’s integral
inequality to switch the sum and integral:
Lr

) 1/2 ) ; 1/2
H (ZjeZ\N (2*7 |7[j9‘)2> ’ < (ZjeZ\N (260 H2t]7tngLp)2)
1/q

< (Srenw (2 Im0ll)°) g2
H {QJ(S_t)}jGZ\N qu(Z\N)H {Qﬁ 79l 1 }jeZ\N qu(z\N) 2 <q, % = % + %
(4.3

Slal e 2)
Next, let us show the estimates of h.
, 5\ 1/2 ,
g, =|| (Tyezer @ 1min)® ) | + 1429 Imihl 1o s oy
< P + {27 176500 10} e ey (4.33)

Again, we break into cases based on the size of p to control the high mode term. Let
w € Rsatisfy t <w < s. If 1 <p <2, then

H {Qtj Hﬁjh||L1’}jeN Heq(N)
SZJENQtj ||7TthLp < (ZjGNQ%(t w) / Z]eN |2w 7T_7h| )
(p— 1)/1? 1/p
:(Z 211 (t w)J / Z]EN u) s |2Js7.[ h| )

P ()i (p /p =2\ (2-p)/2p
g(ZjGszfl@ )J) (ZJ_GN (2p(w S)]) 2 p)
. 2 p/2\1/p ~
([ (S i) S e
In the case that 2 < p < oo we bound
{2 Iihll o } e H@(N)

) (p 1)/p
<y Il < (a2t ) ([ Sy lrim?)
g\ P/ o p/2\1/p ~
(S () (Z]—EN (29 1mhl)*) ") S W (435)

(p 1/p
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Thus we have shown that there exists a constant C € R™ depending on «, r, s, n, q
and p such that

[faey < l9lgys + (Rayy < C(lgl, por + (Rl ). (4.36)

Upon taking the infimum over all decompositions of f, we arrive at the embedding
(o)
a,q
On the other hand, let f € B;:Z(R";K). Set h = ZjeN m;fand g = f —h. We
will prove that h € B;*p(R";K) and g € H*P(R™;K). Note first that the series

defining h is a well-defined tempered distribution, thanks to Lemma 3.3. We now
compute the action of the family {ﬂj}jez on h using almost orthogonality, see

Lemma 3.4. For j € N7 it holds 7Tjh = 7'[jf, Toh = 7T02f + 7'[()7'(1]07 m_1h= 7'[_17'[0f7
and finally if Z 5 j < —1 then 7;h = 0. This allows us to then estimate

[h]AB;’P
=[[ {2 Il . }jeZ Hm(z)
<27 Imoamo fl e + I(mo+mm) mofll o + ([ {29 17 Fll o s gy (4-38)

(e g 217 (R 0)) ) B (RS (437)

We apply Theorem B.6 and Lemma B.5 to the first two terms on the right hand
side to find a constant ¢, depending only on n, p, and 9, such that for £ € {—1,0,1},
lemo fl o < €ll7of| »- Plugging this into (4.38) yields the bound

(], e S Mol + 127 175 Fl o b s enve Moy < 211 52s - (4.39)

We now handle the estimates of g. Again we use Lemma 3.3 to see that for
j € NT we have mjg = 0, mog = m_17f, m_19 = m_1*f + m_om_y f, while for
j€Z\ (NU{-1}) we have m;g = 7t; f. Thus with ¢ as before, we find that

e =||(Zyez @ 1ms0)?) | < imom £l

_ . 1/2
127 (g ) ol | (S 2 1))
< (1 + (1 + 27s+1) E) [f:lB;”Z (4.40)

Together, estimates (4.39) and (4.40) prove the other embedding: th;)‘; (R™; K) —

(™ (R™K), H Svp)igé.we have not corrected since it would possibly change the
page layout O

The following result should be contrasted with Theorem 4.9

Corollary 4.13 (Fundamental decomposition of generalized screened Besov and
Riesz potential spaces). Letr,s € R, 1 < p < 00, and 1 < g < oco. Consider the high
and low pass filters PT P~ : * (R"; K) — .7* (R™; K) defined by PT f = > jenTif
and P=f=f-Prf=I—-P)f=(I- ZjGNﬂj)f' These are well defined thanks
to Lemmas 3.3 and B.7. The following hold:
1. If r < s, then for all f € é;:fl (R™;K) we have PTf € ABg’p (R K), P~ f €
H*? (R™;K), and
[f]é;:g = [IPJrf]ABg)p + [Pif] s ° (4'41)
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2. If s < r, then for all f € Hp?(

P fe AB;”P (R™; K), and
[f]ﬁ;;-; = [P f] g + [P_f]AB;,p (4.42)

Proof. Again we only prove the first item, as the second item follows from sim-
ilar arguments. A consequence of Theorem 4.12 is the sum characterization:
(2 B1P (R™K),

Hsp (R™; K)) = B;; (R™;K). Therefore the ‘<’ inequality appearing in (4.41) is
handled. As for the ‘2’ inequality, we see that this is covered in the latter half of the
proof of Theorem 4.12. There we showed that for f € B;:fl (R™; K) we can decompose
f=PT f+P~ f, and the seminorms of the factors in /\Bg’p (R™; K) and H*? (R™; K),
respectively, can be bounded above by a universal constant times [f] B O

R™; K) we have PTf € H%P (R™;K) and

Next we obtain another characterization of the screened Besov spaces.

Corollary 4.14 (Frequency space characterization of screened Besov spaces). Let
s€(0,1),1<p<oo, and 1< q<oo. The following hold:

1. B;;’p (R™; K) — B;;; (R™; K), where the latter space is from Definition 4.1.

2. Iffeé;;é (R™;K), then f is identified with a locally integrable function and
there exists a polynomial Q@ whose coefficients, aside from the constant term, are
uniquely determined, with the property that f—Q EBSW (R™;K). Moreover, there exists
a constant c€R™ depending only on s, p, q, and n such that: [f—Q]B;,p <c [f]B;jé'

Proof. Corollary 4.5 and Theorem 4.12 gave us the identities:
n T n (1) RS n
(LP (R™K); W (R™K) ), = By? (R K),

(H°7 (R™K): 7 (R K) ) (1) = Byih (R™K). (4.43)

5,9
Theorem 3.5 shows that LP(R";K) — H%?(R";K), and Theorem 3.13 shows that
WhP(R™; K) < H%P(R";K). These combine to prove the first item.

On the other hand, if f € B;:; (R™; K), then Corollary 4.13 tells us that P f €
ABS*” (R™;K) and P~ f € H"? (R*; K). The former has Fourier transform supported
away from the origin and hence (by Corollary 3.21) PTf € B(«;,p (R™;K). The
second conclusion of Theorem 3.13 gives us a polynomial @) such that P~ f — Q €
WP (R*;K), and hence f — Q € Bg’p (R™;K). Moreover, from Corollary 3.21,
Theorem 3.13, and Corollary 4.13 we obtain the universal bound

[f = Qlagr < [P7F = QL + [P e

S [IP_f] e + [P+f] ABOP 5 [f]B;:}Z . (444)
Finally, if P, Q are both polynomials such that f —Q,f— P € B;’P (R™; K), then
P-Qe f?;’p (R™; K), which then implies that P — () is a constant. O

4.5. Embeddings. In this subsection we shed some light on the nature of the
Sobolev embeddings for the screened Besov spaces. Recall the notation for the
homogeneous Holder spaces, C%%, defined in Section 1.3. We start in the subcritical
case.

Proposition 4.15 (Subcritical embedding). Suppose that n € N\ {0,1}, 1 <p < n,

1 <u<oo ands € (0,1). Set g = n"_pp and v = nﬁip. Then there is a
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constant ¢ € RY such that for all f € Bi’p (R™; K) there exists a € K such that
f—aeX (L (RYK), L™ (R K)), with the estimate ||f — allg po pruy < ¢[flgo-

Proof. First, we claim that if f € E(Lp (R™;K) ; Whe (R";K)) there is a unique
a(f) € K such that f —a(f) € (L (R™;K), L7 (R";K)). Uniqueness is clear
since if f —a,f —b € X(LP (R K), L7 (R™;K)), for a,b € K, then a — b €
¥ (L (R™;K), L1 (R™;K)), which can only happen if a = b. Existence is a con-
sequence of the Gagliardo-Nirenberg-Sobolev inequality (see, for instance, Theorem
12.9 in [28]): there is a constant ¢ € Rt such that for all w € W? (R”; K) there
exists a (w) € K such that w —a (w) € L? (R™;K) and ||w — a (w)]| ;o < c[w]jim-
Thus, if u € B(LP (R™;K) , W (R™ K) ), then we can take a (u) = a (w) for any
decomposition u = v 4 w, with v € L? (R*;K) and w € W? (R™; K).

Next we define ¢ : X (LP (R™; K) WP (R™; K)) — =(L? (R";K), L? (R K) ) via
vf = f—a(f). The dependence of a (f) on f is linear, so ¢ is linear. It is also the
case that ¢ is continuous. Indeed, for any f € £(L? (R";K); W? (R*;K)) and any
decomposition f = v+ w for v € LP (R™; K) and W'? (R™;K), we may estimate

efllsyzr,zay < I0llpe + 1w —a (W)l[pe < (L +€) [fls (o i) - (4.45)

Similar arguments show that ¢ continuously maps L? (R™; K) to itself (and, in fact,
equals the identity mapping) and continuously maps W'? (R”; K) to L7 (R™; K).

Now we use the fact that the screened spaces are interpolation spaces (see
Theorem 2.11). This implies, by the abstract sum characterization in Theorem 2.26,
that

v By (R K) = (L7 (R™ K) , L (R™ K))\) =% (L (R™ K) , L™ (R K)) (4.46)

is a continuous linear mapping. Here we have used the fact that BZJ’ (R"K) =
(LP (R K) , Wi (R K) )" by Corollary 4.5 and Theorem 4.4, and that

(L7 (R™K), L (R™ K))\) = 2 (L9 (R™; K) , L™ (R™; K)) (4.47)
by Theorem 2.26 and Example 2.29. O

Next we consider a first mixed case.

Proposition 4.16 (Mixed subcritical/critical embedding). Let 1 < ¢ < oo and
5 € (0,1). Then there exists c € RT such that for all f € By™ (R™;K) we have the
bound [f] < ¢ [f]]g;,n, where X = S (L™ (R™; K),BMO (R K) ) andr =n/(1—s).

Proof. By Theorem 12.31 in [28] we have the continuous embedding W™ (R"; K) —
BMO (R™; K). Example 2.31 shows that
1 r

(L” (R™;K), BMO (R";K)){") = £(L™ (R"; K) , BMO (R";K) ). (4.48)
The result now follows from Theorem 2.11 applied to the inclusion mapping from
S (L (R K) ; Whn (R K) ) to B(LP (R™K) , BMO (R™K) ). O

The next mixed case follows.

Proposition 4.17 (Mixed super/subcritical embedding). Let s € (0,1) and n < p,

but sp < n, and 1 < q < co. Set r = n’_”;p and a =1 — 2. Then we have the
continuous embedding

By? (R™K) = (L™ (R™K), C (R™K)). (4.49)
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Proof. Theorem 4.9 tells us that we have the equality of spaces with equivalence of
seminorms: )

By? (R™;K) = S(WH? (R K), B)? (R K) ). (4.50)
The Morrey embedding yields W' (R*;K) < C%* (R";K) and the subcritical
embedding of the Besov space yields By (R™;K) < L™ (R";K) (see Lemma 12.47
and Theorem 17.49 in [28]). O

‘We now handle the final mixed case.

Proposition 4.18 (Mixed critical, supercritical embedding). Let s € (0,1), n < p,
n

with sp=mn, and 1 < g < o0o. Setp <r < oo andazl—;. Then we have the
continuous embedding

By (R™K) = B(L7 (R™K), €O (R K)). (451)

Proof. Again Morrey’s embedding implies that W1 (R?; K) < €% (R"; K). The

critical embedding of Besov spaces (see, for instance, Theorem 17.55 in [28]) implies

that By? (R";K) — L" (R™; K). O
Finally, we consider the supercritical case.

Proposition 4.19 (Supercritical embedding). Let s € (0,1), n < p with n < sp,
and 1 < g<oo. Seta=1—2 and f = s— %. Then we have the continuous

P
embedding ~ ]
By? (R™K) < B(CO° (R K), % (R K)). (452)

Proof. The hypothesis on s and p ensure that W1? (R K) — Ccoe (R™";K) and
Bs? (R™;K) — C%F (R™; K), thanks to Morrey’s embedding and Theorem 17.52 in
[28]. O

4.6. Behavior on spaces of codimension 1. We now prove a a result charac-
terizing how restriction to codimension 1 subspaces behaves in screened Besov
spaces.

Theorem 4.20 (Restriction). Letn > 2,1 <p < oo, 1 < g < oo, and s € (0,1).
Suppose that p~* < s and set

X =3(B;7Y/P? (R™LK), By /PP (RHK) ). (4.53)

Define the restriction map R : & (R";K) —» & (R”fl;K) via Rf(y) = f(y,0) for
y € R"~L. Then there exists a continuous linear map R : Bj’p (R K) — X with
the property that R = R on & (R™;K). Moreover, there exists a continuous linear
lifting map € : X — B;’p (R™;K) such that RE =1 on X.

Proof. The trace theory in Section 2.7.2 of [45] and Chapter 18 of [28] provides contin-
uous linear maps R* : By (R™; K) — B;_l/p’p (R"" %K) and R~ : Wt? (R K) —
le,fl/p"p (R"~1;K) such that R*u = Ru = R~ u for all u € . (R"; K). Moreover,
the restriction of R~ to W (R"; K) maps continuously into lefl/p’p (R K).
We claim that R* =R~ on A(B;? (R™;K), W'? (R";K)) = WP (R";K). Let
uwe WP (R") and take {un},, oy C & (R™;K) such that uy, — u in W7 (R™;K)
as m — oco. Then R*u,, = Ru,, = R u,, converges to both R in the space
B;_l/p’p (R"%K) and R™w in the space B;_l/p’p (R™; K) as m — oco. These are
strongly compatible Hausdorff vector spaces, so RTu=R"u, and the claim is proved.
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Corollary 4.5 showed that B3? (R™;K) = S(WhP (R";K), B? (R K) ), so if
u € B;’P (R™;K) we may decompose it as u = v+w for v € WH? (R"*;K) and
w € By (R™;K) as above. Given two such decompositions, u=v+w=0+w, we
have that v—0=w—w € A(Wl’p (R™;K), B3P (R™; K) ), and so the above claim
shows that R~ (v — 0) =R™ (w—w), and hence R0 + RTw=R v+ R*w. This
allows us to define the linear map R : E;’p (R™;K) — X via Ru=R™v+R*Tw where
u=v+w is a decomposition as above. This map takes values in X and is continuous
due to the mapping properties of R*. Clearly, R=R on the Schwartz class.

We now construct €. The results in Chapter 18 of [28] and Section 2.7.2
in [45] provide continuous linear maps £~ : B,l)_l/p’p (R 1K) — Wh? (R™; K)
and £7 : B;_l/p’p (R”fl;K) — ByP (R";K) with the property that for all v €
Byt (R" LK) andw € Bi/er (R"1;K) wehave R™E v =vand RTETw =
w. We paste LF together with the use of the high and low pass filters P* from
Corollary 4.13. Indeed, we define £ : X — B;’p (R K) viaEf = L7P~f+ LTPTf.

Arguing as in the Corollary 4.13, we have that P+ : X — B /P (R™K)

and P~ : X — By~ /PP (R";K) are continuous linear maps. Hence, € is as well.
Moreover, for any w € X we can compute

RLw=R L P w+RLTPTw = (]P7 + IP+) w = w, (4.54)
and so & is the desired right inverse for R. O

Appendix A. Vector topologies. In this appendix we recall notions of topology
in vector spaces with a particular interest in seminormed spaces. We will state
several elementary facts and not attempt to provide proofs. The interested reader is
referred to Taylor’s book [43] or to Section 2.4 of [29].

Definition A.1 (Topological vector spaces and annihilators). Suppose that X is a
vector space over K € {R,C} equipped with a topology 7.

1. We say that (X, 7) is a topological vector space if the vector operations,
+: X xX —> Xand - -:Kx X — X, are continuous.

2. We define the annihilator of 7 to be the set (X)zmT, i.e.the 7-closure of 0.

Note that some authors enforce that topological vector spaces are a priori Haus-
dorff. We do not build this into our definition since our interests include vector
spaces topologized by seminorms. The annihilator of a topological vector space
measures how far away the space is from being Hausdorff. The following proposition
quantifies this precisely.

Proposition A.2. Suppose that (X, T) is a topological vector space in the sense of
Definition A.1. Then 2 (X) is a closed vector subspace of X that measures the failure
of (X,7) to be a Hausdorff space in the following sense. If (Y,T) is a topological
space, f 1Y = X, yeY, xo,z1 € X, and f(2) = a9 and f(2) = x1 as z — y,
then xo — 1 € A(X).

A topological vector space may be equipped with various notions of size. On way
of doing this is through a seminorm.

Definition A.3 (Seminormed spaces). Suppose that K € {R,C} and X is a vector
space over K. We say that a function [-] : X — R is a seminorm if the following
properties hold: nonnegativity: [x] > 0 for all z € X; subadditivity: ¥V z,y € X,
[z + y] < [z] + [y]; homogeneity: Vo € Kand V z € X, [ax] = |a| [x]. We say that
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the pair (X, []) is a seminormed space. This space is endowed with the topology
7={[]7"(U) : UCRisopen}. Note that this is the smallest topology in which
[[] is a continuous mapping.

Seminormed spaces are topological vector spaces and we have the following
realization of their annihilators.

Proposition A.4. If (X,[]) is a seminormed space, then the topology T from
Definition A.3 makes (X, 7) a topological vector space in the sense of Definition A.1.
Moreover, A (X) ={x € X : [z] =0} is a closed vector subspace.

Note that seminormed spaces are, in particular, semimetric spaces. Hence, we
can quotient out be the annihilator of the seminorm and the resulting structure is,
at the least, a metric space; but actually, this quotient space results in a normed
vector space.

Proposition A.5 (Quotient by annihilator). Let (X,[]) be a seminormed space.
We make the following definitions:

1. For z,y € X we say that x ~ y if x —y € A(X). This obviously defines
an equivalence relation on X. Let X/ (X) denote the resulting set of equivalence
classes.

2. We define the function |[}]| : X/2A(X) = R via |[Y]| = [y], wherey € Y €
X/ (X).

Then, it holds that |[-]| is well-defined and equipping X /A (X) with |[-]| results in
a normed vector space.

This leads us to a natural notion of completeness in seminormed spaces.

Definition A.6 (Semi-Banach spaces). We say that a seminormed space (X, []) is
semi-Banach or complete if the normed quotient space (X/2(X),|[]|]) is complete
or Banach as a normed vector space.

The following characterization of completeness in seminormed spaces spaces is
often useful.

Lemma A.7. Suppose that (X,[-]) is a seminormed space. Then, (X,[]) is semi-
Banach if and only if ¥V {zx}req C X Cauchy, there exists z € X such that
limy o0 (@ — 2] = 0 if and only if V {xx}req C X such that Y ;- [xx] < oo there
exists x € X such that [x - ch\/[:o :vk} — 0 as M — oo.

We now turn our attention to linear mappings between seminormed spaces.

Proposition A.8 (Properties of linear mappings). Let (Xo,[-],) and (X1,[];) be
seminormed spaces, and T : Xg — X1 be a linear mapping. Then T is continuous if
and only if there is a constant ¢ € RT such that for all x € Xy we have the bound
[T'x), < clx],. If either condition holds, then T (Xq) C A (X1).

A particularly common linear mapping between seminormed spaces is an embed-
ding.

Definition A.9 (Continuous embeddings and equivalent seminormed spaces). Let
(Xo, []y) and (X1, [-];) be seminormed spaces related via the inclusion Xy C X;. We
say that X is continuously embedded into X; if the inclusion mapping ¢ : Xg — X3
is continuous; we write Xy < X; in this case. If, in addition, we assume that
X1 C Xy and the opposite inclusion X; — Xg is continuous, we say that Xy and
X, are equivalent as seminormed spaces.
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Note that Proposition A.8 implies that if Xy < X, then the annihilator of X
must be at least as large as the annihilator of Xy; in particular, a non-Hausdorff
space cannot be continuously embedded into a Hausdorff space.

Lastly, we note that seminormed spaces are equivalent if and only if their semi-
normed are uniformly comparable.

Proposition A.10 (Equivalent seminormed spaces have the same topology). Let
(Xo, []y) and (X1,[-];) be seminormed spaces with Xo € X1 C Xo. Then (Xo,[-],)
and (X1,[];) are equivalent as seminormed spaces if and only if the seminorms [-],
and [-]; are equivalent in the sense that there is ¢ € RT such that

cHal, < 2], <clz]y forallz € Xo = X;. (A1)

Appendix B. Miscellaneous facts from analysis. This appendix serves to
collect some analysis results used in this paper.

B.1. Integral inequalities and identities.

Lemma B.1 (Averaging on cubes). Let & # Q C R™ be an open cube Iff R" - K
is a locally integrable function, we define fg : R™ — K via fg (x fQ x+y) dy.

Then fqo € VVli)C1 (R™; K), with the dlstmbutzonal gradient zdentzﬁed with the (a.e.

defined) function V fg (z faQ r+y)v(y) dH" L (y), where v : 0Q — R™ is
the outward unit normal

Proof. This follows from Fubini’s theorem, differentiation under the integral, and
the fundamental theorem of calculus. O

Lemma B.2 (Hardy’s inequalities). Suppose that s € R, o0 € (0,00], and 1 <p <
00. Then for all measurable functions Q : (0,0) — [0, 00] we have the estimates

(/(O,G) (tfs /(O,t) Q(p) Pfldp>pt71dt) 1/p§81(/(0’0) (tiSQ (t))ptildt>1/p

(B.1)
and

(/]R+ (ts /(t . Q(p) p! dp)pt_l dt)l/p < S_1</]R+ (t*Q (£))P t dt)l/p (B.2)

Proof. When o = oo, these are the classical Hardy inequalities: see, for instance,
Theorem C.41 in [28]. To prove (B.1) when ¢ < oo, we apply (B.1) on R* to the
function Qx(g,)- O

B.2. Harmonic Analysis. Here are some important notions from the theory of
real and complex valued tempered distributions.

Lemma B.3 (Real valued distributions). For tempered distributions f € #* (R™; C)
we define the complex conjugate distribution, f € #* (R";C) via <?, <p> = W,
p €. (R";C). We say that f is R-valued if f = f and write f € ./* (R";R). The
following hold.

1. For f € * (R™;C) we have that f € Z* (R™;R) if and only if f=6_1f.

2. For f € LL . (R™;C)N.* (R™;C) we have that f € .* (R™;R) if and only if
f(x) €R for £"-a.e. x € R™.
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Proof. If f € * (R™";R) and ¢ € . (R™; C), then we equate

o) = (To) & (0af.0)=(fo8) = (}.3)=(f.¢). (B3

This gives the first item. If f is in L. (R";C) as in the second item, then

loc

<f—7790>:/ (f=f)¢=0,Vpes* (R"C) & f(z)€R for a.e zeR". (B.4)
! O

Definition B.4 (Space of Fourier Multipliers). Given 1 < p < oo, the space of
L? (R™; K)-Fourier multipliers, denoted ., (R™; K), is the set of all m € L* (R™; C)
such that

Imll g, =sup {[|[Z7H (mFf)||,, + fes REK), [fl =1} <oco  (B.5)
and for all f € . (R";K) we have that #~1 (m.Z) f is K-valued.
We will need a few facts about Fourier multipliers.

Lemma B.5 (Invariance under scaling). Let 1 <p < co. If m € 4, (R™";K), then
for all & € R\ {0} it holds that dem € A, (R™;K) with the equality ||5§m||//[p =

||m|\%p ; note that 5¢m is the isotropic &-dilate of m, defined via dem () = m (¢€71).

Proof. See Proposition 2.5.14 in [20].

O

Next we state sufficient conditions for an essentially bounded function to be a
Fourier multiplier.

Theorem B.6 (Hormander-Mihlin Multiplier Theorem). Let m € L (R™;C) be
a function whose distributional derivatives on R™\ {0} of orders up to |n/2] + 1
can be identified with locally integrable functions on R™\ {0}. Define the number
A € [0,00] via

A=max {esssup{\f“al |0%m (§)|:¢€ e R™\ {0}}:@ e N"|a|<|n/2] + 1} . (B.6)

It holds that for all 1 < p < oo there exists a constant C, , € RT, independent of m,
such that ||m|\/”p < CypA.

Proof. See Theorem 6.2.7 in [20]. O

We can also use Lemma B.3 to characterize which multipliers preserve the property
being R-valued.

Lemma B.7. Let 1 < p < co. Then me.#, (R™;R) if and only if me 4, (R™; C)
and 0_ym = m. Moreover, for each ¢ € ¥ (R™; C) we have that (apf)v e " (R R)
for all f € Z* (R™R) if and only if 6_1¢0 = .

Proof. This is clear given Lemma B.3. O
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