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TRIEBEL-LIZORKIN SPACES ON METRIC SPACES VIA
HYPERBOLIC FILLINGS

MARIO BONK, EERO SAKSMAN, AND TOMAS SOTO

ABSTRACT. We give a new characterization of (homogeneous) Triebel-Lizorkin spaces
.73;’ q(Z ) in the smoothness range 0 < s < 1 for a fairly general class of metric measure
spaces Z. The characterization uses Gromov hyperbolic fillings of Z. This gives a
short proof of the quasisymmetric invariance of these spaces in case Z is Q-Ahlfors
regular and sp = @ > 1. We also obtain first results on complex interpolation for
these spaces in the framework of doubling metric measure spaces.

1. INTRODUCTION

The homogeneous Triebel-Lizorkin spaces F;q(Rd) form a natural scale of function
spaces that contains many of the important classical spaces such as the standard
Sobolev, Hardy-Sobolev and BMO-type spaces. In particular, one has F]?Q(]Rd) =
LP(R?) and F},(RY) = WP(R?). In addition, the real variable Hardy spaces H?(R?),
the Hardy-Sobolev spaces H*P(R?) with s > 0 and the space of bounded mean oscil-
lation BMO(R?) are also included in the Triebel-Lizorkin scale. More details can be
found in [26, 6, 8], for example.

Recently, many aspects of analysis, including the theory of Sobolev spaces, have been
successfully carried over to the setting of metric measure spaces with many applications
(see, for example, [10, 24, 5]). Besov and Triebel-Lizorkin spaces on metric spaces have
been studied in many works, notably in [12, 11, 20]. In [20] Triebel-Lizorkin spaces
were defined on general metric measure spaces in terms of so-called fractional Hajlasz
gradients; alternative characterizations can be found in [7].

In the present paper, we give a new characterization of Triebel-Lizorkin spaces on a
doubling metric measure space Z in terms of “Poisson extensions” of locally integrable
functions; the role of the upper half-space is taken by a hyperbolic filling X of Z (see
3], [2], or Section 2 below). The definition is in some sense analogous to the treatment
of Besov spaces in [3] (see also [1]). In this way, one obtains natural descriptions of the
Triebel-Lizorkin space }'";’q(Z ) both as a closed subspace of Li. (Z) as well as a quotient
space of a certain sequence space intrinsically defined on X. These spaces coincide with
the Triebel-Lizorkin spaces introduced in [20] for most indices in the smoothness range
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0 < s < 1. In particular, they generalize the standard Triebel-Lizorkin spaces in case
Z =R

A main motivation for the new definition is its intrinsic conformally invariant nature
which gives the quasi-conformal invariance of these spaces as an easy application. The
new definition is also amenable to complex interpolation results, as will be discussed
below. Moreover, this approach in conjunction with a suitable retraction result (see
Proposition 6.3 below) leads to new and general trace theorems for Sobolev, Besov and
Triebel-Lizorkin spaces in the setting of Ahlfors regular metric spaces; this question
will be studied in a separate paper [23].

For the reader’s convenience we first recall one of the classical definitions of the norm
on Fy (R) (with 0 <s < 1and 1< p,q< oo, say). Consider a smooth function f on
R? and let Py (f) for k € Z stand for a suitable approximation of f that yields a “good”
approximation of f at levels of oscillation up to scale 27%. Then, by defining a level
27* approximation of the derivative di.f := Pu(f) — Pe_1(f), we may write

f=> df

k=—o00

(at least up to an additive constant), and the Triebel-Lizorkin norm of f is obtained
as

/]

k p e
E5  (RY) — (/Rd ”(2 Sdkf(x))kezneq d:B) :

Here ||(yi)|les == (X pez ]yk]q)l/q stands for the ¢?-norm of a given sequence (yx)kez-
An example of a valid approximation is the standard Fourier-analytic definition; in

this case one takes Py(f) = g0(2k-)f, where ¢ is a suitable function supported in the
unit ball. Another suitable approximation is obtained by using the partial sums of a
wavelet decomposition.

In order to explain the main idea of our definition for .7'-";#(2 ) in the setting of metric
measure spaces Z, we still focus Z = R? for a moment. Let Qo := [0,1]¢ be the
unit cube in R% and Q;r = 27%(j + Qo) for k € Z and j € Z%. Then {Q;x : j €
74, k € 7} is the collection of dyadic cubes in RY. We consider the upper half-space
R :E%d xR, ={(z,y) : z € R% y > 0} and let @M = QX 27771, 27F ¢ REHL
Then {Q; : j € Z%, k € Z} is a Whitney-type decomposition of R4,

For f € Ll (R?) we can now define the approximation Pf (a discrete analog of the

Poisson extension) as a function on the set of centers of these Whitney cubes: if we

denote by y¢g the center of a Whiney cube @ associated with a dyadic cube Q C R,
then we set

ma(Q)

where my denotes Lebesgue measure on R%. Moreover, a discrete derivative of Pf (or
rather its absolute value) is obtained by setting

(P o)l = > |fo—fol for Qe{Qu:jeZ’ kel} (1)
Q'NQ#0
The quantity |d(Pf)(yq,,)| can be thought as a version of dj f on the cube Q; .

P(yg) = fo = —— /Q f dma,
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In order to define the Triebel-Lizorkin norm, we still need an analog of the quantity
||(2k3dkf(x))kez||12q. To this end, for given £ € R? we consider the standard non-
tangential cone I'¢ in the upper half-space with tip at ¢ defined as

Pe={(z,y) eR" xRy : |z =& <y}

We also set {(yg) :=k if Q € {Qjx : j € Z*}. A natural replacement for the quantity
| (2’“Sdkf(£))kezl|gq is then given by [[{2°¢2)*|d(Pf)(yo)| : ygo € Te}llew, because it
selects values of the discrete derivative d(Pf) only from Whitney cubes that lie above
¢ (in particular, it selects a uniformly bounded number of values 2°U@)|d(P f)(ygq)| from
each level k). With these identifications, we are led to the definition of a (semi-)norm

/]

1/p
Fy (R = (/Rd {2/ d(Pf)(yo)| < yq € Fg}IIZd€> , 2)

and of f;yq(Rd) as the space of all functions f € L} _(R?) for which Hf”j—;]-q(Rd) < 0.

loc

This definition now easily carries over to the setting of metric measure spaces (Z, d, p1):
one replaces the dyadic cubes by a collection of balls { B} obtained from suitable covers
of Z on each scale 27%, one uses the averages fp to define Pf and obtains d(Pf) as
in (1). The cone I'; at £ € Z is simply defined as the set of the centers of the balls B
that contain £. The definition (2) then generalizes to the setting of arbitrary metric
measure spaces (Z,d, j).

In the case of the Euclidean space R, this definition is equivalent to the definition
of the Triebel-Lizorkin spaces F;q(Rd) for 0 < s < 1, d/(d+s) < p < oo, and
d/(d+ s) < q < oo. For most indices the definition is also equivalent to the one
given in terms of fractional Hajlasz gradients in [20]: roughly speaking, one looks at
the mixed LP(¢?) norms of sequences (gx)rez of measurable functions gi: Z — [0, <]
satisfying

(&) — f(m)] < d(&m)*(9x(&) + g (n)),

whenever £, n € Z and 27571 < d(¢,n) < 27F.

Our definition is slightly harder to state and remember than the one using Hajlasz
gradients, but it has the advantage that it uses a linear discrete derivative operator
in order to define the norm directly, whereas the Hajtasz gradients are in general not
uniquely determined. This feature, together with the fact that our approach yields an
identification of the spaces .F;jq(Z ) with sequence spaces, also allows one to extend the
standard result on complex interpolation between Triebel-Lizorkin spaces to cover the
case of fairly general metric spaces Z. More precisely, in Theorem 6.2 we establish the
interpolation formula

[P0 o (2), Fot (D)), = Fuf(2)

Po,q0 P1,91

for a wide range of indices, where s, p and ¢ on the right-hand side are related to the
indices on the left-hand side in the expected way. Among other new results in the
general metric setting, we generalize classical embedding results for these spaces and
verify the density of Lipschitz functions, see Proposition 4.1 and Theorem 3.3 below.

The quantity d(Pf) is a natural analog of a “hyperbolic derivative” of the Poisson
extension, and one may consider the centers of the balls in the collection {B} asso-
ciated with Z as vertices of a naturally defined Gromov hyperbolic graph X, called
the hyperbolic filling of Z. In this setup, it is known that quasisymmetric self-maps of
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Z correspond to quasi-isometries of the graph X. Hence our definition for the spaces
f;,q(Z) is ideally set up to study the quasisymmetric invariance properties of these
spaces; indeed, we obtain a concise approach to the important quasiconformal invari-
ance result of [20], whose original proof is a technical “tour de force”. The new proof
of this result is included in Section 5.

We note here that an analogous definition using hyperbolic fillings can be given for
Besov spaces, and most of the results of the present paper (outside Section 5) hold true
for these spaces as well; see [25].

The structure of the paper is as follows: Section 2 contains the description of the
hyperbolic filling X of a doubling metric measure space Z and definitions of the Poisson
extension Pf: X — C of a given function f € L} _(Z) as well as the discrete derivative
d(Pf) of the extension. The definition of ];";’q(Z ) is then obtained in terms of d(Pf)

in a manner analogous to the one in classical harmonic analysis in case Z = R4. To be
slightly more precise, the space F; (Z) is defined by the quasi-norm

f= AP ) gg 65

where jpfq(X ) is the sequence space alluded to above; see Definition 2.6 for details.
The section also contains some important auxiliary results, especially Theorem 2.5 on
the commutativity of the trace operator and the Poisson extension.

In Section 3 we prove that in the smoothness range 0 < s < 1, our definition of
the Triebel-Lizorkin spaces is equivalent to the one in [20]; in particular, this gives the
equivalence of our definition with the usual Fourier analytical definition in case Z = R,
In addition, we prove that Lipschitz functions are dense in f;7q(Z ) when ¢ < oc.

For simplicity, we assume in Sections 2 and 3 that the metric space Z is bounded. In
Section 4 we treat the case of unbounded Z. The definition of the spaces remains un-
changed and here we indicate the minor modifications needed to generalize the results
of Sections 2 and 3 to this situation. Section 5 contains the short proof of the qua-
sisymmetric invariance result mentioned above, and finally our new results on complex
interpolation are given in Section 6.

Let us end this section by introducing some notation. On any metric space (Z,d),
we write By(§,7) = {n € Z : d(n,§) < r} for the open ball centered at £ € Z with
radius r > 0, or just B(&, r) if the metric is obvious from the context. For an arbitrary
ball B with a distinguished center point £ and radius r > 0, we let AB := B(&, Ar) for
A > 0. If pis a measure on Z, F is a subset of Z and f is a complex-valued function
on Z, we write

][E Fu = @ /E fdp,

whenever the latter quantity is well-defined. Instead of the usual definition, we shall
denote by L .(Z) the vector space of complex-valued measurable functions on Z that
are integrable on bounded measurable subsets of Z. For any two non-negative functions
f and g with the same domain, the notation f < ¢ means that f < Cg for some
finite constant C' > 0, independent of certain parameters that will be obvious from the
context. The notation f ~ g means that f < g and g < f. We will write a A b for the

minimum of two real numbers a and b.
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2. DEFINITIONS AND BASIC RESULTS

Let (Z,d) be a metric space, and let pu be a Borel regular measure on Z such that the
p-measure of every open ball is positive and finite. We assume that the metric measure
space (Z,d, p) satisfies the following doubling property: p(2B) < cu(B) for all balls B,
where the finite constant c is independent of B. It is an elementary consequence of this
property that

p(B(& Ar)) < CX°u(B(E, 7)) (3)

for some constants () > 0 and C' > 1 whenever £ € Z, r > 0, and A > 1. The number
@ will be fixed from now on.

In this section, we will consider spaces with finite diameter. This is done for the sake
of simplicity, and the simple modifications needed in the unbounded case are considered
later in Section 4. We may also assume that diam Z = 1 for convenience.

We denote by X the “hyperbolic filling” with respect to (Z,d, ) as defined in [3] and
[1] (see also [2, Chapter 6]). More precisely, for any integer n > 1, we choose a maximal
set of points {&,}.ex, of Z, where X, is some index set, so that d(&,,&,) > 27!
whenever x, ' € X,, and x # z/. By the doubling property, the balls B(x) := B(§,,2™")
then have bounded overlap (uniformly in ), and it is easily seen that the balls 271 B(z)
cover Z and that the balls 471 B(z) are pairwise disjoint. We further let X, be a
singleton set, whose element we shall denote by 0, and define B(0) := Z. Write
|z| :==n for all x € X,,, n > 0. We then consider the disjoint union X := Ll,,>0X,,, and
denote by (X, E) the graph such that the vertices x, ' € X are joined by an edge in
E if and only if = # 2/, ||| — |2'|| < 1, and B(z) N B(z') # 0.

F1GURE. Ilustration of the levels X_; through X3 of a hyperbolic filling
of the unit interval [0, 1].
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If ' # x is joined to x by an edge, we say that 2’ is a neighbor of x and write 2’ ~ x.
Under some mild additional assumptions on Z, the natural path metric on the graph
(X, E') makes it hyperbolic in the sense of Gromov so that its boundary at infinity
coincides with Z (see [3]); this is the reason why X is called hyperbolic filling of Z.

For a complex-valued function u on the hyperbolic filling X, the discrete derivative
du can ecither be defined! on the set of all edges E or, in an essentially equivalent way,
as a vector-valued function on X itself (taking values in a finite-dimensional vector
space). We shall adopt the latter point of view and set

du(z) == (u(y1) — w(@),. .., W(Ydeg(w)) — u(),0,...) € CcAM0
for x € X, where yi, ..., Ydeg(z) € X are the neighbors of x listed in some (fixed) order,
and A(X) := sup,cy m(z) < oo stands for the maximal vertex degree of (X, F); note
that A(X) is finite as follows from the fact that Z is doubling. In our definition the
vector du(x) is obtained by augmenting the vector (u(y1) —u(x), ..., u(Ydeg(z)) — u(x))
by zeroes, if needed, so that it has precisely A(X) coordinates. Thus the map u +— du
is linear from the space of functions on X to the space (CAX))X . Actually we will not
make much use of the full derivative du(zx), but will just use its pointwise norm given

by
dul(x) := (Y luly) — u(x)P)"”.

Y~z

The Poisson extension Pf: X — C of a function f € L (Z) is defined by

loc
Pf(x) :=]{3( San

for zr € X.

The cone T'y¢ of width k € [1,00) at a point £ € Z is defined as the set ', ¢ :=
{re X :&£€kB(z)}. One can view I', ¢ as a discrete analog of a non-tangential ap-
proach region (or a Stoltz angle) at the point £ in the Euclidean case.

For any set A of complex numbers, we shall write ||Alla for (3,4 ]al?)!/? when
0 < ¢ < oo and for sup,c4|a| when ¢ = oco. Note that with A fixed, || A« is a
non-increasing function of ¢.

We next introduce a family of sequence spaces that will subsequently be used to
define the Triebel-Lizorkin spaces.

Definition 2.1. For s € (0,00), p € (0,00), and q € (0, 0], we define the sequence
space jps,q(X) as the quasi-normed space of functions u: X — C such that

1/p
lull s, cx) = (/Z |2 u(o)] = € To |, dn()) " < oo

One easily checks that the integrand in the above definition is measurable. By the
monotonicity of ¢9-quasi-norms, we have that

jziq’(X) - jpS,q<X)
with a continuous embedding whenever ¢’ < ¢q. When p = ¢, a simple calculation yields

lull g, 000 = {2 (B @) Plu(@)] - € X}, (4)

IThe definition of du as a function on edges is as follows: if (X, F) is defined as a directed graph,
the value of du on the dirrected edge from z to 2’ is given by u(z’) — u(x).
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Here is the first basic result on the structure of these spaces.

Proposition 2.2. (i) J; (X) is a quasi-Banach space for all admissible parameters.
When 1 < p,q < oo, it is a reflexive Banach space.

(i1) Whenever 0 < s < 00, 0 < p < o0 and 0 < ¢ < 00, the quasi-norm

1/p
x0T (/Z {2 ju(@)] : @ € Twe}7, dﬂ(§)>

is equivalent to the quasi-norm of J; (X) for all k € [1,00).

[l

Before the proof, let us formulate the following auxiliary result, which will play an
important role throughout the paper. For the proof, we refer to [9, Theorem 1.2].

Lemma (Fefferman-Stein maximal theorem for doubling metric measure spaces). Let

p € (1,00) and q € (1,00]. For any sequence f := {fi}rez of measurable functions
fr: Z — C, we have

1/p

([(Smner) " ao) " = ([ (Siwer) me) "

kEZ keZ
(with an obvious modification for ¢ = 00), where M stands for the Hardy-Littlewood
maximal operator on (Z,d, ) and the implicit constant is independent of f.

Proof of Proposition 2.2. (i) Let r := min(1,p,q). To show that a Cauchy sequence
(ur)r=1 in J3,(X) converges in J7,(X), we can assume that [[ugi1 — ugll g5, (x) < 27
for all k. We have

|Uk+1($) - Uk(l‘)| 5 2_‘x|sﬂ(3($))_1/p|‘uk+1 - Uk|

for all x and k, and hence the limit

u(r) = uy () + Z (uri1(2) — ur())

T5.q(X)

exists pointwise in X. In particular, we have
Ju(@) = un(@)] < Y Jukr (2) — ()]
k>N
for all z € X and N € N. Since the function v — ||v|
gives

s (x) is clearly subadditive, this
p,q

1/r
lu —unllzs,x) < <Z |wrs1 — ug 7Erps,q()c)> — 0 as N — oo.
k>N

Now if 1 < p,q < oo, the vector-valued LP-space LP({9(X, ws)) over (Z,u), where
w, stands for the weight = — 21*1* on X, is known to be a reflexive Banach space. By
definition, u > (u(7)XB(x))zex is an isometric isomorphism of J7 (X) onto a subspace
of LP(¢?(X, w;)). By the first part of this proof, this subspace is closed, and so 7, ,(X)
is reflexive.

(ii) It suffices to show that

) S vl T$ q(X)

Hqu;’é”)(X

for all sequences u on X, with an implicit constant independent of wu.



8 BONK, SAKSMAN, AND SOTO

For arbitrary u, define the functions Uy: Z — [0,00), k € Ny, by
Up(€) = [[{2""|u(2)] - & € T1e N X},

00 = ([ 14046 < k= 0} aute >)1/p.

Now choose r > 0 so that r < mm(p, q). If ¢ € Z and v € ', ¢ N X}, we have

1/r 1/r
2 pule) < (f vran) s (v dum) S M)
B(x) kB(x)
Since # (I, ¢ N X}) is bounded uniformly in £ and &, we thus have
{2 (@)l 2 € Due o S IHMUD©) : £ 2 0},

ga/r*

so that

el

Since q/r, p/r > 1, the Fefferman-Stein maximal theorem gives

ol oy S [ RMUE) <k = 0} dute
S [ HOer k= oh dute) 5)
Z
= Hulpjps’q(x)- O

We shall now examine the boundary behavior of functions in certain sequence spaces
on X. We will first formulate an analog to [1, Lemma 4.1]. To this end, fix a collection
(12)zex of non-negative Lipschitz functions on X such that v, is supported on B(x)
for all , (¥)ecx, is a partition of unity for all n > 0, and Lip, < 21*! for all 2. The
existence of such partitions is easy to verify. For a complex-valued function u on X we
then define

Tou = Z u(z), for n € Ny.

JSEXTL

Lemma 2.3. Suppose that 0 < s < 00, Q/(Q+$) <p < o0, and 0 < ¢ < oo. Ifu is a
sequence on X such that |du| € J; (X), then the limit (the trace function of u on the
boundary Z)

TRy := lim T,,u

n—oo

exists in L'(Z) and pointwise p-almost everywhere, and

ITRw — w(0)[L(2) < lldu

T5.q(X)-

The operator TR depends on the exact choice of the family (1,).cx. Since the choice
is fixed in the sequel, we have not taken this dependence into account in the notation

TR.

Proof. Let Q/(Q+ s) < r < min(p, 1) and take € € (0, s) so that r = Q/(Q +¢). Now,
if x € X,, for some n and £ € B(x), we have

> (ul) —u@))en© = Y (u(y)—u(m))wy<5>|,

y'EXnJrl yEXn
£eB(Y") £€B(y)

| Toau(§) — Thu(§)| =
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where the latter quantity can be estimated from above by a constant times |du(x)|.
This follows from the bounded overlap of the balls corresponding to the vertices at a
fixed level of X. We conclude that

/Z Tonu(€) — Toul®) | du() < 3 u(B())|du(z)].

Summing up over n > 0 and using the fact that » < 1, we have

zeX

S [ Besul®) = Tl dute) 5 (Z [u(B(x))\du(:c)@T) "

Since r = 1 — (¢/Q)r, the latter quantity is equal to

(Z [M(Bm)”’“‘(ﬁ/@|du<x>|}’”) "

reX
By the doubling property, we have u(B(z))~(¢/@ < 2l#le;(B(0))~(¢/Q) ~ 27l So by
(4), the quantity above is controlled by a constant times ||dul|7¢ (x). Since s > € and
#(I'1¢e N X,) ~ 1 uniformly in £ and n, we have

H{2‘$|E|du(x)| cx e}

< {2 |du(z)] : x € Pie},

o~

for all £ € Z regardless of the relationship between r and ¢, so that

5 [ 1Tsue) = Tul€)] aul) S ol

n>0

T5q(X)>

and since p > r and pu(Z) < oo, we can finally use Holder’s inequality to estimate the
latter quantity by a constant times [|dul|zs, (x). Hence

S [ () = T du€) < dul ) < .
n>0"Z%
Both claims then follow from this and the fact that Tyu = u(0). O

Theorem 2.5 below is the counterpart to [1, Lemma 4.4]. Before stating it, let
us formulate the following basic auxiliary result, which will be applied several times
throughout this paper.

Proposition 2.4. Let 0 < s < 00, Q/(Q +s) < p < 00, and Q/(Q + s) < q < 0.
Then the operator T' defined by

n(B(y))
Tu(z) = P )
yIZZI:II #(B(@))
B(y)NB(x)#0
is well-defined and bounded on J; (X).
The conclusion continues to hold for the operator u — (Tw)oWV whenever U: X — X

is a mapping with B(¥(z)) N B(x) # (0 for all x and such that there exists o > 0 so
that |x| — o < |¥(z)| < |z| + o for all x.
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Proof. Let u € J; (X) and write

Un(€) = [[{2""u()] : ¢ € Tre N Xi} |,

1/p
lll s ) = ( [ 1@ k= 0, dms)) |

For § € Z and x € I' ¢, we then have

2P (u)(z) = 2l ——
(lul) () |yz>:x| W(B@)

B(y)NB(z)#0

— Z o(lz[—k)s Z —NEBE?J;; 2|y|8|u(y)|

k> ] e, MB@
B(y)NB(z)#0

= Y Si(). (6)

k2|z|

so that

If we choose 7 so that Q/(Q + s) < r < min(1,p,q), the doubling property implies

(B6) 1(B())

p(B(x))
for all y such that |y| > |z| and B(y) N B(x) # 0; so for all k£ > |x| the quantity Sy (z)
can be estimated from above by a constant times

gllel=R@+s=a/m § (%)wmmsw(y)l-
w(B(x

>1 < gllel-lD@-@/n)

yeXk
B(y)NB(z)#0

Using the fact that » < 1 together with the bounded overlap of the balls corresponding
to the elements of X at any fixed level, we further get

Sp(z) < Q(xlk)(Q+sQ/r)( Z %[Qlysw(ymr)
BB

1 T‘
< o (lz|=k)(Q+s—Q/r) ( - / Uk(n)" du( )>
“(B(QJ B(y)

?JGXk
y)NB(z

1 1/r
< 2($|—k)(Q+s—Q/r)( / Uvln)” dui >
M(B(QC)) 3B(z) ()" dpu()
< 2(\x|*k)(Q+sz/r)M(U]:) (V. (7)

As Q4+ s—Q/r > 0, using the subadditivity of ¢ — 7 if ¢ < 1 or Holder’s inequality
otherwise, we thus have

Z [le\ST (Ju])(x Z Z 9(|z|=k)(Q+5-Q/r)(an1) M(Ug)@)q/r

xEFL& z€el'y € k>|.’E|

1/r
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~ Y MUDE©Y

k>0

(with an obvious modification for ¢ = 00). Since r < min(p, ¢), one can obtain the first
claim using the Fefferman-Stein maximal theorem as in (5).

The second claim readily follows from the first one and the fact that the composition
operator v + v o W is bounded on J (X), which is easily seen using the fact that X
has bounded valency. 0
Theorem 2.5. Let 0 < s < 00, Q/(Q + s) < p < o0, and Q/(Q + s) < ¢ < 0.

(i) Ifu € J;,(X), then TRu = 0 p-almost everywhere.

(ii) If u is a sequence on X such that |du| € J;,(X), then u — PTRu € J; (X) and
|lu — PTRu|

75,00 S ldull 75 x)-

In particular, TRu = TR(PTRu) pointwise p-almost everywhere.

(iti) If f € LY(Z) and |d(Pf)| € J3,(X), then R(Pf) = f (with convergence in
LY (Z) and pontwise p-almost everywhere).
Proof. (i) For almost all { € Z, the quantity c¢¢ := sup,er, , 2115 |4(z)| is finite. For

these £ we have |T,,u(§)]| S 27" — 0 as n — oo.
(ii) By the L[ -convergence, we have

loc
u(z) —][ T$|udu‘ + Z
B(z)

k||

|u(z) — PTRu(z)| <

][ (TkHu — Tku) du
B(x)
for all z € X. The latter quantity can be estimated from above by a constant times

1(B(y)) ()l
ly;x —M(B(a:))ld W
B(y)NB(x)£0

so Proposition 2.4 yields the desired conclusion.
(iii) This can easily be verified by using the density of Lipschitz functions in L*(Z).
We refer to [1, Lemma 4.2] for details. O

Finally, we give the definition of our Triebel-Lizorkin space. Naturally, the definition
could have been given much earlier—the auxiliary results proven so far are not needed
for this purpose.

Definition 2.6. Let s € (0,00), p € (Q/(Q + s),00), and q € (Q/(Q + s),00]. Then
the Triebel-Lizorkin space F} (Z) is the vector space of all functions f € Ly,.(Z) such
that

115y 2y = ld(P)]

Remark 2.7. Recall that d(Pf) is actually a vector-valued function on X taking values
in (3 ). In the definition above, [|d(Pf)| 7, x) stands for || [d(Pf)||lz;,x), where
|d(Pf)| = ||d(Pf) as before. We shall abuse notation in this way throughout the
paper.

T3 4(X) < Q.

ez,
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The set f;,q(Z ) evidently becomes a quasi-normed space (with respect to the quasi-
norm above) after dividing out the functions that are constant p-almost everywhere.
We shall frequently abuse notation by writing j:[f’q(Z ) for both this quasi-normed space
as well as the vector space of functions described above.

We have restricted the parameter p in the above definition to be strictly greater
than Q/(Q + s), because our definition requires a priori local integrability and it is
for these values of p that we know the elements of the Fourier-analytically defined
Triebel-Lizorkin spaces on an Euclidean space to be locally integrable.

Remark 2.8. (i) While the space N q(X ) depends on the exact choice of the hyper-
bolic filling X, the space ]'-";jﬂ(Z ) does not. This could be shown directly by a maximal
function argument similar to the proof of Proposition 2.4, but we are mostly interested
in the case 0 < s < 1, and in this case it is also a direct consequence of Proposition
3.1 below. In fact, by examining the proof of Proposition 3.1, it can be seen that for
given s € (0, 1] and admissible values of p and ¢, any two choices of X yield equiva-
lent quasi-norms on ./":;q(Z ), with the equivalence constants independent of these two
choices.

(ii) For some applications (see [23]), it is also useful to note that our methods allow
some flexibility in the choice of the balls associated with the hyperbolic filling. More
precisely, the parameters could be chosen so that (£;).cx, is for all n a set of points
in Z with pairwise distances > ¢;27" for some fixed constant ¢; (independent of n),
that the radii r, corresponding to the balls B(z) := B(&,,r:) (v € X,,) are comparable
to 27" uniformly in z and n, and that the balls (c;B (x))xe y, cover Z for all n where
¢ € (0,1) is a fixed constant. Under these assumptions, all the theorems of the present
paper remain true.

The results we have proven so far yield the following identification of .7'-";7(1(2 ) with a

space of sequences on X. Below, we let j;’q(X ) be the vector space of sequences u in
J34(X) such that «(0) = 0, and 203\7;’[1()() be the quasi-normed space of sequences u

on X such that |du| € J (X) and u(0) = 0.
Theorem 2.9. Let 0 < s < 00, Q/(Q + s) < p < o0, and Q/(Q + s) < ¢ < 0.

(i) The trace TRu of a sequence u in ZODJ; (X)) is zero p-almost everywhere if and
only if u € J; ,(X).
(ii) We have an isomorphism

B3 ol Z) = DI, (X) T3, (X).

of quasi-normed spaces. In particular, .7'-";7(1(2) is a quasi-Banach space, and when
1 < p,q < o0, it is a reflexive Banach space.

Proof. (i) Assume first that u € jozf,q(X). Then TRu = 0 by Theorem 2.5 (i). To prove
the converse, let u € DJ; (X) with TRu = 0. In this case, PTRu = 0 so that Theorem
2.5 (ii) implies u € J; (X). Since u(0) = 0, we have u € J; (X).

(ii) We begin by verifying that DJ; (X) is a quasi-Banach space in general, and a
reflexive Banach space for 1 < p, ¢ < oo. For the first statement, we argue just as
in the proof of Proposition 2.2 (i): ux(x) — ug(z’) is verified to converge for all x and
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a’ joined by an edge in E as k — oo, whence it follows that ug(z) converges for all

x as k — oo because of the assumption that u,(0) = 0 for all k. In order to prove
the reflexivity for 1 < p,q < oo, we note that in this case the space J; (X, KQA(X)) of
vector-valued sequences on X (defined in the obvious manner) is a reflexive Banach
space. Again this claim is verified exactly as the second statement in Proposition 2.2
(i). Finally, u + du is an isometry of DJ; (X) onto a closed, and hence reflexive,
subspace of J* (X, (%(X)). O

To proceed towards the claim concerning the isomorphism, we first note that J7 (X)
is a closed subspace of DJ; (X). This follows by observing that the operator TR :
Yo)j;’q(X) — L'(Z) is continuous (see Lemma 2.3) and noting that by part (i) we have
j;q(X) =TR"({0}). Hence ﬁj;q(X)/j;q(X) is well-defined. We claim that the map
H: f;,q(Z) — To?j;q(X)/j;q(X), where

H(f):=Pf + T (X) for f€F: (Z)

yields the desired isomorphism. Obviously, H is well-defined and continuous by defini-
tion. The inverse map is given by

R.(u+ T3, (X)) = Ru for u€ DJ?,(X).
In order to verify that TR,: Yo)‘ﬁq(X)/jpS,q(X) — f;’q(Z) is continuous, we fix
u+ Jy4(X) € DIy (X)) Ty, (X),
where v is chosen so that

lu+ T (X lpgs x50 = lullp g, )
and estimate

IR+ T35y ) = IRUlz, ) = (PR

T3.q(X)

S PRy — Pu)|l 7, x) + [|d(Pu)| 75, x)
S PRy — Pull gz, x) + l|ld(Pu)]

S ld(Pu)|

J5.a(X)

Tg g (X) ™ Ju+ jps,q<X)||1°)\71f’q(X)/ij’q(X)'

Here we applied Theorem 2.5 (ii) together with the estimate ||dgl|7s ) S l9ll7s,x)
which follows from the fact that the graph (X, £') has uniformly bounded valency. O

3. EQUIVALENCE OF DEFINITIONS AND DENSITY OF LIPSCHITZ FUNCTIONS

We now turn to the identification of f;’q(Z ) with the Triebel-Lizorkin space MS’ +Z)
introduced by Koskela, Yang, and Zhou in [20]. We refer to [7] for a number of other
characterizations of M;Q(Z ). The assumptions on Z := (Z,d, i) here are the same as
in the previous section.

Before stating the result, let us recall the definition of le’q(Z ), where 0 < s < o0,
0<p<ooand 0 < g <oo. Itis the vector space of measurable functions f: Z7 — C
such that

1/p
g = int, ([ IHont©) s b € 23 auto))

gebs(
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is finite, where the infimum is taken over the collection D*( f) of all fractional s-Hajtasz
gradients of f i.e., sequences g := (gx)rez of measurable functions gi: Z — [0, oo] such
that there exists a measurable £ C Z with u(F) = 0 and

[F(&) = fm)] < d(&m)* (9(&) + gi(n))

whenever ¢, n € Z\E and 27%71 < d(¢,n) < 27%. Note that this condition is void for
k such that 27%7! > diam (Z). However, the above definition of M;’,q(Z) is also valid
in the case when Z is unbounded.

The set M, (Z) becomes a quasi-normed space in an obvious way after dividing
out the functions that are constant p-almost everywhere, and it is known that in
case Z = R, this quasi-normed space coincides with the standard Fourier-analytically
defined Triebel-Lizorkin space F;q(Rd) when 0 < s <1 and p, ¢ > d/(d+s). We refer
to [20] for details.

Proposition 3.1. Let 0 < s <1, Q/(Q+s) < p < 00, and Q/(Q+s) < g < co. Then
Fs (Z) = M: (2)
with continuous embeddings.

We remark here that since the smoothness index s = 1 is allowed, the space .73;700(Z )
coincides with the Hajlasz space M'?(Z) for Q/(Q+1) < p < oo [20, Proposition 2.1].
Recall that in the Euclidean setting, M?(R?%) coincides with the classical homogeneous
Sobolev space for 1 < p < oo [10], and with a homogeneous Hardy-Sobolev space for
d/(d+ 1) < p < 1 [21]. On the other hand, Proposition 3.1 above together with
[7, Theorem 4.1] implies that if Z supports a weak (1, p)-Poincaré inequality for some
p > 1, then F} (Z) is trivial (i.e., only contains constant functions) for all ¢ € (Q/(Q+
1), 00).

For the proof of Proposition 3.1, we need the following Poincaré-type inequality. In
the Euclidean setting it is a special case of [20, Lemma 2.3], and for doubling metric
measure spaces as in our setting, it can be proven with a similar argument as noted in
the proof of [20, Theorem 4.1]. It readily implies that the elements of M;’q(Z ) belong
to L (Z) when 0 < s <1 and p > Q/(Q + s).

loc
Lemma 3.2. Let s € (0,1] and 0 < € < € < s. Then for all { € Z, k € 7, measurable
functions f on Z, and § = (g;)jez € D*(f) we have
Qe

! . ! Q Q
inf ][ |f —cldu < 027 97 (s=¢) (][ gt du> ,
«cCJBe2-") 2 ’

j>k—2 B(g,27k+1)

with a constant C' independent of &, k, f, and §.

Proof of Proposition 3.1. To simplify the notation, we only consider the case ¢ < o0,

as the case ¢ = oo is easier. To establish the embedding Mqu(Z) C ]'-"]f,q(Z), let
S M;ﬂq(Z) and ¢ := (g;)jez € D*(f). Then f € Li.(Z); so if x and 2’ are distinct

points of X joined by an edge in F, we can find a ball B that has a radius comparable
to 2717 and covers both B(x) and B(z'). Setting

[ ::]i’fd,u,
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we obtain

PH) PRGOS [ V= foldut f 17 = Sold

][\f fildp.

If we take ¢ := (gj)jez € D*(u) and €, € € (0,s) so that e < € and p, ¢ > Q/(Q + ¢€),
Lemma 3.2 gives
Qe

’ . , Q Q
|Pf(x) — Pf(a')| S 271 Z o—i(s—¢') <][B( | g7 du)

jzlz|-o

for some uniform constant o > 1. Since the graph (X, F) has bounded valency, the
left-hand side of the estimate above can be replaced by |d(Pf)(z)|. In particular, if
x € I'1¢ for some £ € Z, we have

AP S22 (g Q*e)(g)%e.

jzlz|—o

Using the subadditivity of ¢ — t? or Holder’s inequality depending on ¢, we get

ST AP )] S D 2Tl N gl gz (gQ“)(S)%Eq,

ZEGFLg mel“lg ‘]>|.1"

and by changing the order of summation and using again the fact that #(I'y cNX;) ~ 1,

we have
> Nl < 3 M)
zel'y ¢ JEZ
Since Qg p, Q+6q > 1, the Fefferman-Stein maximal theorem then gives
Qe
Qe Q%ep p/q
11 S [ (M (o) 0% ) ¥ a /(Zg )" au(o).

JEZ
If we take the infimum over § € D*(f), we finally obtain HfH;gq(Z) < HfHng(Z)

To establish the embedding ]3;7q(Z) C sz’q(Z), let f € ].-"If,q(Z) and & and & be
distinct Lebesgue points of f. Denote by k the unique integer with 27571 < d(&;,&) <
27% Then k > —1. For i € {1,2} and n > (k — 1), := max(k — 1,0) we can then
choose points 7!, € X,, so that & € B(z!). Since the balls %B(aj), r € X(k-1),, cover
Z, we can further assume that x%kfl)Jr = x%kq)g We thus get

£(&) = f(&)]

S (Prka-pia) - 5 (Prit) - poa)

n>(k—1)+ n>(k—1)+
< Y PH@)+ D [dPf)()
:EEFL,;:I x€F1,§2

|k jo|>%
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so that
|f(&) = [(&)] S d(&1, &) <2k5 Z |d(Pf)(x)] + 2 Z |d<Pf)($)|)
el 3 CIZEFLEQ
|z|>k |z|>k

Since the set of Lebesgue points of f has full g-measure in Z, the sequence of

functions (g )kez defined by
(€):=2" ) |d(Pf)(x)

:I)EFLS
|z|>k

for all k € Z is therefore a constant times an element of D°(f). As before we have

doar(©)T S Y 2R N T o@D Rl (Pf)(2)|] = Y [2M]d(P ) ()]

kEeZ kEZ "Eerlyg Zerlyg
|z|>k

so that || fllyss 2 S 115,02y )

The trace approximations T,,(Pf) defined in Section 2 provide a natural discrete
convolution type approximation for our functions f € 7, (Z), as Theorem 2.5 shows
that they converge to f in L'(Z). We next verify that when ¢ < oo, then we actually
have convergence with respect to the Triebel-Lizorkin norm.

Theorem 3.3. (i) Let 0 < s < 1, Q/(Q+s) <p < o0, and Q/(Q + s) < q¢ < o0, or
s=1,Q/(Q+1) <p< oo, and ¢ = oco. Then

ITa(P )l 2; 0 S 1]

for all f € f;vq(Z) and n € N, with an implicit constant independent of f and n.

(i) Let 0 < s < 1, Q/(Q +s) < p,q < o0, and f € F3 (Z). Then T,(Pf) — f in
fg,q(Z) as n — 0o.

75.4(%)

Proof. (i) Fix n > 1. We first estimate |dP(T,,Pf)(x)| in case |x| < n+ 2. Let 2’ be
an element of X joined with x by an edge in E. We have

|P(T.Pf)(x) = P(LP ()] < |d(Pf) ()| + |[P(TnPf)(z) — Pfx)|
+|P(T,Pf)(a") = Pf(a)].

As Ty(Pf) — f pointwise p-almost everywhere as k — oo, we have (compare with
the proof of Lemma 2.3)

P(T,(Pf))(x) — Pf(z)] < Ji = men|a

< Z]i | Tyi1(Pf) — Ti(PF)|dp

k>n

< ¥ ‘“B—(yi)wpf)(yn

ly|>n
B(y)NB(z)#0
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> %wwjfxynx%m(y).
ly|>|z|—2

B(y)NB(x)#0

In particular, taking =, € X so that |z.| = (|]z| — 2)+ and B(x) C B(z,), the last
quantity can be estimated from above by a constant times T'(|d(Pf)|Xu,~, x, ) (%), with
T as in Proposition 2.4. The term |P(T,(Pf))(z') — Pf(x")| above can be estimated
in a similar manner. We thus have

[dP(T,Pf)(@)| S [d(Pf)(@)] + T(d(Pf)IX0s,x) () when [z] <m+2. (8)

On the other hand, if v € I'i¢ for some § € Z and |z| > n + 3, we may for all
neighbors 2’ of = take y,,» € X, so that B(y,,) covers both B(x) and B(z"). We
estimate |P(T,,(Pf))(z) — P(T.(Pf))(«')| from above by

][ ]i( V% B(a) > 1Pf(Yy) = Pf(Yau) [0y (n) — 0y () dpe(n) du(n’).

yeXn
B(y)N(B(x)UB(z"))#0

Using the Lipschitz continuity of the functions v, we get

[dP(To(Pf))(2) S 277 Y |d(Pf)(y),

yel ¢
lyl=n
so that
> 2T P )] S D [2Y1d(Pf) ()] (9)
meFLg yely €
|z|>n+3 lyl=n

(with an obvious modification for ¢ = oco). Combining (8) and (9) with Proposition
2.4, we obtain the desired upper bound for || T,,(Pf)[ z (7).

(i) This is almost contained in the argument above. We have
[dP(f = To(P)(2)] S T(1d(Pf)XUznx,) (@) when |z <n+2, (10)
with x, is as before. If, on the other hand, x € I'y ¢ for some £ and |z| > n+ 3, we have
[dP(f = ToPf)()] S [d(Pf) (@) + [d(P(T.(Pf))) ()]
S 1P|+ 20 Y Jd(Pf) (). (11)

yel ¢
ly|=n

Combining (10) and (11) with Proposition 2.4, we obtain

» 1/p
Fra®) S / [{2#"1d(P @) @ € Dug, fo] = m|[, diu(©))

where the latter quantity tends to zero as n — oo by the dominated convergence
theorem. 0

If = Tu(Pf)]

The theorem above immediately yields the corollary below in case that the space Z
is bounded. If Z is unbounded, we need some additional observations, which follow
from Proposition 6.3. We postpone the details until the end of Section 6.
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Corollary 3.4. Suppose that 0 < s < 1 and Q/(Q +s) < p, ¢ < oo. Then Lipschitz
functions with bounded support are dense in F; (7).

In the setting of an unbounded metric measure space that supports a “reverse dou-
bling” property in addition to the doubling property (3), a result similar to the Corollary
above can be found in [11, Proposition 5.21].

4. UNBOUNDED SPACES AND EMBEDDINGS

We have so far assumed the metric space Z to be bounded, but this is actually not
an essential assumption. For an unbounded space Z, we simply choose a maximal set
of points {¢, : z € X,,} C Z with pairwise distances at least 27"~ for all n € Z (not
just positive n), set X := U,ezX,, and write |z| = n for all x € X,,. The Poisson
extension Pf is now well-defined for any f € L{ _(Z). Definition 2.1 and Proposition
2.2 generalize without any changes. Only in Lemma 2.3 (and consequently in the
results that depend on this lemma) do we use the fact that Z is bounded; in general,
Triebel-Lizorkin functions of course are not integrable over an unbounded space.

In the unbounded case, the limit TRu := lim,, ,, T,,u exists in Li. (Z) and pointwise
almost everywhere whenever |du| € 77 (X), and the embedding in Lemma 2.3 may be

replaced with
HTRU - U('TB)HLl(B) S; C(T’, /L(B)ap7 S)Hdu‘

where B is any ball of radius r and zp is any such element of X that 4r < 271758l < 8
and B(zp) contains B as a subset. The implicit constant in the previous inequality is
independent of u, B, and xg. In particular, if we fix a ball By of radius 1 and xy € X_»
corresponding to By as in the embedding above, we may define Dj; ,(X) as the space
of sequences u on X such that |du| € J; (X) and u(zo) = 0. The trace operator TR

then takes Djps o(X) continuously into Ly .(Z) endowed with the topology induced by
the seminorms f — || f||z1(5,) and f +— infeec ||f — ¢[|L1kB,), £ = 2. The analogs to
the rest of our results can then be proven with slight modifications. In the rest of the
paper, we state our results for general Z that can be bounded or unbounded.

In the remainder of this section we establish general embedding results for the
Triebel-Lizorkin spaces. Suppose momentarily that Z is unbounded and that the mea-
sure g is Q-Ahlfors regular, ie., u(B(E,r)) ~ r@ uniformly in £ € Z. Fix & € Z
and let fy for A > 0 stand for the function £ — (1 — Md(£,&))+. A straightforward
computation then yields

TS5 (X))

/3]

when 0 < s < 1, Q/(Q +5) < p < oo and Q/(Q + 5) < ¢ < oo, with the implicit
constants independent of X. In particular, to have an embedding of the type F3° (Z) C
Fsi (Z), we need to have sy — Q/po = s1 — Q/p1.

p’ﬁie proposition below establishes all such embeddings with p; > pg under the slightly
weaker assumption that u supports the lower mass bound p(B(£,7)) > ¢or@ for all
e Zand 0 < r < diamZ. If Z is bounded, this follows automatically from the
doubling condition on p. In the Euclidean case, these embeddings are a special case
of a result due to Jawerth [14, Theorem 2.1 (ii)], and the proof below is based on his

methods. We apply the result in the proof of Proposition 5.3 below.

oy AT (12)
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Proposition 4.1. Suppose that u satisfies the doubling condition (3) and supports
the lower mass bound u(B(&,r)) > cor® > 0 for all ¢ € Z and 0 < r < diam Z. Let
0 <8 <8 <00,0<py<p <ooand0 < qy,q1 < oo be such that sg — Q/py =
s1 — Q/p1. Then

Toao(X) € Ty (X)
with a continuous embedding. In particular, if Q/(Q + s;) < min(p;, g;) in addition to
the above assumptions, then

F (Z) c Fo

Po,q0 P1,91

(Z) (13)
with a continuous embedding.

Proof. Tt suffices to consider the case with gy = oo and ¢; < co. Let u € J;° (X).
Let t > 0 be given and suppose that £ € Z is a point such that

( > [2x|81|u(x)|}‘“)1/q1 > t.

2€l ¢
Now, since

|u(x)| < M(B(x))_l/pOQ_‘x|30||u| < ClQ\xI(Q/pl—s1)||u|

Teo8 (x) Tpgroo(X)

for all x € X with a constant ¢; > 0, we have

1/q1
(Z [2|xs1|u(m)|}ql) < 2N | oo )

CEGFLg
|lz|<N

for all integers N with another constant ¢, > 0. In particular, we take N so that
cat < 29N/P|y| 730 o (x) < Cat, where the constants c3 and ¢, are chosen so that the
estimate above guarantees

(2 [2'$'Sl|u<x>|]“)w >t

IEFLg
|z|>N

Now since s; < sg, we have

/@
Z [2x|51|u($)|]f11) < oNG1=%0) qup 2|x|50|u(l»)| = 2N (@/m=Q/ro) gyp 2|J»‘\So|u($)|

zely ¢ z€l'y ¢ z€ly ¢
lx|>N
ztl_pl/p‘)Hquls/po_l sup 2“”|S°|u(a7)|
Tphoo (X) el ¢ ’
so that

9lzlso > p1/Po l—Sm/po
S 27 ulo)l > et g o

for some constant c5 > 0. In particular,

00 /a1
?;ll’ql(x) R /o tpllp({f: ( Z [2“|Sl|u(x)]]ql) >t}) dt

xEFLg

|
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> 1
S tp1—1# f . sup 2\1’|80|u(x)| > C5pr1/p0Hu| —Sigl/po dt
0 2Ty ¢ T30 00 (X)

L - po—1 . |z[s0

Sy peili——T

plSO . D
0700

Q

|

As ]-._;Q(Z) C f;’m(Z) = M;OO(Z) with continuous embeddings for 0 < s < 1 and
admissible values of p and ¢, we may essentially replace the right-hand side of (13)
with LP+(Z), where p, = Qpo/(Q — poso), for 0 < sop < 1 and Q/(Q + s0) < po < Q/So.
We refer to [19, Lemma 4.2] and the references therein for details.

Back in our original setting, where Z is only assumed to satisfy the doubling condition
(3), we do not have global estimates for the measures of balls, but the argument in the
proof of Proposition 4.1 may be localized in order to obtain

1/p1
() o e e 2 <y dute)
B

1/po
S (2o o € T 27 < /23, dut))
2B

for all balls B with radius r > 0, with the implicit constant independent of u and B.
We omit the details.

5. QUASISYMMETRIC INVARIANCE

Here we present a simple proof of one of the main results of [20], namely that the
composition operator f — fop induced by a quasisymmetric homeomorphism p: Z —
7', where Z := (Z,d,u) and Z' := (Z,d’, i) are Q-Ahlfors regular and have sufficiently
reasonable geometry, is bounded from .7-"5 1sq(Z') to .7-"5 /s.q(Z) whenever 0 < s <1 and
Q/(Q + s) < g < oo. Note that, by (12), we can in general expect the function space
].-";,q to have some sort of conformal invariance only when p = @/s. All measures
appearing in this chapter are assumed to be Borel regular.

Let us first recall the definition of quasisymmetry and formulate the assumptions
on the metric measure spaces under consideration. The quasisymmetry assumption on
the homeomorphism ¢: Z — Z’ means that there exists an increasing homeomorphism
p: (0,00) = (0,00) so that

d'(p(6), p(m)) d(€, m)
d'(p(€), ¢ (m2)) = p<d(§,nz)>

for all £ € Z and ny, no € Z\{£}. Tt follows easily that then p=': 7/ — Z is also
quasisymmetric. In Proposition 5.1 below, we assume that Z and Z’ are both locally
compact and )-Ahlfors regular for some () > 1, and that Z is complete and supports
a weak (1,@Q)-Poincaré inequality. Note that the assumption concerning the Poincaré
inequality implies that Z is connected. We refer to e.g. [13] for the necessary definitions,
as well as examples of spaces with these properties.
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Our assumptions imply that the pullback measure o, := E — p/(p(F£)) is doubling
on Z and that the “Jacobian”

16ty B

im
=0 u(Ba(&, 7))

is well-defined for p-almost all € € Z and satisfies the standard change of variables
formula for any integrable function (i.e. do, = J,dp), as well as the reverse Holder

inequality
1/Ry
(][ JIe du> < C@][ J,dp
B B

with some exponent R, > 1 and a constant C, > 1 for all balls B on Z. We refer
to [17], [13, Remark 3.4] as well as the references therein and [13, Theorem 7.11] for
details.

Our proof of the quasi-invariance of the Triebel-Lizorkin spaces (Theorem 5.2 below)
is based on moving the action of ¢ inside X. This is possible since it is actually known
that ¢ extends to a quasi-isometric mapping ® between the hyperbolic fillings X and
X'’. We next discuss the basic properties of this extension. First of all, (X, E') can be
viewed as a metric graph equipped with the natural length metric (so that every edge
has length 1). We denote by dx the metric on the set of vertices X induced by this
length metric, and define dx, on X’ in a similar manner. Then there exists a mapping
$: X — X' that extends ¢ in the sense that ¢(§) € B(®(x)) whenever £ € B(x).
More explicitly, one may define ®(z) as an element at a maximal level of X’ so that
¢(B(z)) € B(®(x)). The quasi-isometry property of ® means that

%dx(q;,y) — ¢ < dyr (D(x), B(y)) < M (z,y) + (14)

for some constants A > 1, ¢ > 0 whenever z, y € X and
U Bay (®(2).r) = X
zeX

for some 7 > 0. We refer to [2, Theorem 7.2.1] for details.
The following two properties of ® will be used in the proof below:

B(®(z)) C p(0B(x)) for all z € X (15)
with ¢ > 1 independent of x and
#{relie:|P(z) =k} S1lforallé € Z, ke Z (16)

The inclusion (15) is a consequence of the definition of ® and the quasisymmetry of ¢,
while (16) follows easily from (14) and the fact that

dx/(®(2), B(y)) < [|®(x)] = [@(y)[| + 1
for all z, y € I'¢.

Proposition 5.1. Let the spaces Z and Z' be as in the discussion above, and let
0 <s<ooand0 < qg<oo. Then the composition operator induced by ® is bounded
from Jy,, ,(X') into Jj,, ,(X), in the sense that

||uo P|

TE 5,a(X) S lul T )5.a(X")
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for all u € jé/s,q(X/); with the implicit constant independent of u.

Proof. We begin by defining two auxiliary parameters as in the proof of [20, Theorem

1.3]: take 6 > 0 and p > 1 so that

Q—0ds p
Q@ p-1

One can simply choose p large enough so that p/(p — 1) < R, and then take 6 < @Q/s

small enough so that the second inequality in (17) holds.
Let u € Jj5/, ,(X’) and define the functions Uy on Z’ for k € Z by setting

Ui(€) = 12 [u(a’)] : 2" € Tre 0 X e

o/ (@Q/s)/a
S ! / !/
o= [ (Suer) e

keZ
(with an obvious modification for ¢ = 00). Now if £ € Z and = € I'y ¢, we have

21515 (4 0 ) ()| < 2U=l—1¥@)Ds (][

B(®(x))

dp < min(q,Q/s) and 0< < R,. (17)

Then

1/6
Us(a) () du’(n’)) : (18)

and by (15), there is 0 > 1 so that the quantity inside the parentheses can be estimated
from above by a constant times

N
=
R
%
=

(r=1)/p

y (][B( | J,(n)(@-59nl/1@-1) du(n))

)M ([U\‘-‘D(x)l o ¢] 6pJ£pS/Q> &)y

{u’(s@(UB(:U)))} e
>< S —
p(oB(z))
—(|z|—|P(x s 6 S
< 9~ (el-1o@)Ds M([U@(x” R /Q) (€)Vr,
Here we used Holder’s inequality in the first inequality, the reverse Holder inequality
and the change of variables formula in the second inequality, and the Ahlfors regularity

of both metric measure spaces in the third inequality. Substituting this into (18), we
obtain

N
=
R
&

z|s 5 <
2l ‘(u o q))(l’)’ 5 M([U@(gm o (10] pJgp /Q) (5)1/(510)’
and by (16), we get

1/q
12715 (w0 ®)(2)] : & € Treljen S (ZM ([Uk o ¢ épjips/Q) (g)q/(&p))

keZ
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(with an obvious modification for ¢ = 00). As dp < min(gq, Q/s), the Fefferman-Stein
maximal theorem and the change of variables formula thus yield

(Q/s)/q
wodl% S [ (ZUk<so<s>>q) J,() diu(©)
keZ
-/ (ZU,@@')q)(Q/S)/qdw(e):HuHQ/S .
2 \iz T X

The corresponding result for our Triebel-Lizorkin spaces is an easy consequence of
this, and thus we get a new proof of the original result due to Koskela, Yang, and Zhou
20].

Theorem 5.2. Let the spaces Z and Z' be as in the discussion above, and let 0 < s < 1
and Q/(Q+s) < g < oco. Then the composition operator induced by ¢ takes fé/s A2

into FQ/S ,(Z), and we have
. <
|.f ol Fy0qZ) ~ (b2

(Z"), with the implicit constant independent of f.

Fé/s,q(zl)

for all f € ]-—S

Q/s.q

Proof. In other words, we want to show that
fop€Li(Z) and  [d(P(fop))ls, 0

whenever f € Q/sq(Z’).
For this purpose we shall estimate the quantity

@)= (£, 1ow)= (Prommldu f

Y B(y)

S ld(P )]

T8 (X)) (19)

(fo@) — (Pfo®)(w.)] du)

for all z € X, where z, is a point at a maximal level of X so that B(z,) covers B(x)
as well as the balls corresponding to the neighbors of z. Note that, a priori, v(z)
may be infinite for some z, but if v(z) is finite for all z, then f oy € L (Z) and
|[d(P(f o ¢))(x)| S [v(z)] for all 2.

As o' 7' — Z is also quasisymmetric, the preimage of the set of Lebesgue points
of f has full y-measure, and for any § in this set with points z, € I'1 N X}, k > N € Z,
we have

(Fop)(&) = (Pfo®)(an)| < Y I(Pfo®)(zrs) — (Pfo®)(ay)l

k>N
< Y d(Pfo@)(y)|xsw(€)
ly| >N

In particular, if £ € B(z,) for some z, taking xy = z, gives

o(x) < ]i( Wew —(Po@ES Y

y|= 2|
B(y)NB(z.)#0

B | ypf o w)y).
1

Since |z| — o < |z.| < |z| for some uniform ¢ > 0, Proposition 2.4 yields

x) S d(Pfo®)ly

lellzg,. X

Ji/5.4l
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Now using (14), we easily see that |[d(Pf o ®)(z)| < |(w o ®)(x)| for all z, where
wi@)= Y PO

Y dx(y'a') <

<

for all 2 € X’ and ¢; > 1 is a constant. By Proposition 5.1, we thus have ||v| Tg 100X S
5,9

||w g, (X7 Since X " has bounded valency, it easily follows that

{2 Jw ()| 2’ € Tig}|,, S H27PIA(PF) ()] 2 2" € Tuieryer} |
for all ¢ € Z'; so by Proposition 2.2 (ii), we get
x) S [ld(Pf)]

This in particular implies that v(z) is finite for all z € X. As noted above, this means
that fop € Ll (Z), and the desired estimate in (19) then follows from the inequality

loc

|[d(P(f o¢))(x)| < v(z) and the estimate above. O

0]l 7

Q/s.q (X7

jés?/swz

We also sketch the proof of the following result, which is essentially a converse result
to Theorem 5.2 under some mild additional assumptions on Z and Z’. It was previously
obtained for 1 < ¢ < oo in [18, Proposition 4.3]. We refer to [13] for the definition of
quasiconformality and the linear local connectedness property.

Proposition 5.3. Suppose that the spaces Z and Z' are connected and (Q-Ahlfors
regular for some () > 1, and that Z' is linearly locally connected. If the composition
operator induced by a homeomorphism : Z — Z' takes fé/sq(Z’) boundedly into

'5/87(1(2) for some 0 < s < 1 and Q/(Q + s) < ¢ < o0, then v is quasiconformal.

Proof. One can follow in the argument employed in the proofs of [18, Propositions 3.5
and 4.3] as long one can establish the following capacity estimates: the 7, (Z')-

capacity of a point in Z’ is zero, and the .7-'5 /s, q(Z )-capacity of two compact and con-
nected subsets of Z relatively close to each other is uniformly bounded from below. For
Besov function spaces on connected and Ahlfors regular metric measure spaces, capac-
ity estimates suitable for the argument mentioned above are obtained in [18, Lemmas
3.3 and 3.4]. Now if we take 0 < ¢t < s < t’ < 1, Proposition 4.1 gives

fg/t,,Q/t,(Z') C Fjeg(Z) and f5/87q<2) Cfé/t,Q/t(Z)

with continuous embeddings, and since f’é nqi(Z) and .775 Ji.qe(Z') coincide with the
mentioned Besov spaces on the respective metric measure spaces with the same indices,
we obtain the desired capacity estimates. 0

Let us finally collect Theorem 5.2 and Proposition 5.3 in the setting of metric mea-
sure spaces where the notions of quasisymmetry and quasiconformality are known to
coincide. For the fact that this indeed happens under the assumptions listed below, we
refer to [13, Theorem 5.7 and Corollary 4.10]. We again refer to [13] for the necessary
definitions.

Corollary 5.4. Suppose that Z is (Q-Ahlfors regular for some () > 1, proper and
quasiconvex, and that it supports a weak (1, Q))-Poincaré inequality. Suppose that Z' is
Q-Ahlfors regular, pathwise connected, locally compact and linearly locally connected.
Suppose also that Z and Z' are both bounded or that they are both unbounded.
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If0<s<1andQ/(Q+s) < q < oo, then the composition operator induced by a
homeomorphism ¢: Z — Z' takes ), (Z') boundedly into F¢, . (Z) if and only if ¢
is quasiconformal.

6. COMPLEX INTERPOLATION

Finally, in the setting of Section 4 (i.e., when Z := (Z,d, u1) satisfies the doubling
property (3) and is either bounded or unbounded), we establish a complex interpola-
tion result for our Triebel-Lizorkin spaces, which appears to be the first of its kind in
the setting of doubling metric measure spaces. For this purpose we first state the result
concerning the interpolation of the quasi-Banach lattices 7, (X) by the Calderén prod-
uct method. These spaces are all embedded continuously into the space of sequences
on X endowed with the topology induced by the seminorms u +— |u(z)], z € X, so
any two of them are a compatible interpolation couple. Recall that in general, the
Calderén product Xi7°X% 0 < 6 < 1, of two quasi-Banach lattices Xy and X; on a
measure space M is defined as the space of measurable functions f on M for which the

quasi-norm
. |f(2)]
12040 i= inf ess sup
17t = 1y 0, <0 S50 ) g @)

is finite.
The result below is analogous to [6, Theorem 8.2] and can be proved in a similar
manner. For the reader’s convenience, we have included the argument here.

Proposition 6.1. Let 0 < pg, p1 < 00, 0 < qo, @1 < 00, 0 < 50, 81 < 00, and
0 < 0 < 1. If we define p, q, and s by
1 1-6 46 1 1-6 4
- = +—, == +— and s=(1-0)sy+0sy, (20)
p Po b1 q do 0

then - ,
‘7ziq(X) = (*71;90040 (X)) (\7;11@1 (X))

with equivalent quasi-norms.
Proof. To show that
(jpsoo,tm ) ( p1 Q1 ) C jpsf]<X>’
suppose that u € (J°, (X))'?(F2, (X))?, and let X be a positive number strictly

greater than the (72 (X))'"?(73 (X))’-quasi-norm of u. Thus there exist r €
T (X)and t € J3t (X)) so that [u(x)| < Alt(z)]'~|r(x)|’ for all z, and

|7 <1

7200 S 1 Ell g )

In particular,
1/q (1-6) 0 Ya
< T 2 fu(e )|}"> < A( > [2Fepr(a) ] 2 ()] q)
x€l ¢ x€l ¢

for all £ € Z (with an obvious modification for ¢ = c0), so two applications of Holder’s
inequality yield

0
Fiax) <A

Jul swex) (It

75,00 < A([I7]
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Taking the infimum over admissible A, we obtain the desired embedding.
To show that

S S 1—9 s 9
jp,g(‘X) C (jpoo,tm(X)) (‘710117!11 (X)) )
we first consider the case with qg, g1 < oo. Without loss of generality, assume that
po/qo < p1/q. Taking u € J; (X), we write

Ay = {g €Z: ( > [2|r8|u(x)|}q> v > zk}

and
Ci={w e X u(B(r) N Ag) > Sp(B@), w(Be) 0 Acyr) < 5n(B())

for all k € Z. Note that if x € X\ Ugez Ck, then u(z) = 0. For x € Cy, put
r() = (27 u(@))7C and  t(z) = (2R (),
where v := s — (qO/Q)So, wi=Ss— (Q1/Q)51’

P/ <0, and 5::1—p/q
po/QO p1/Q1
if ¥ € X\ Ugez Ci, put 7(x) = t(z) = 0. Since |u(z)| = |r(z)]*?|t(z)]° for all z, it
suffices to establish the estimates

70000 Sl and ]

vi=1-— > 0;

S lullZ2 - (21)

7] Totar (X)

For the first one, we note that a maximal function argument similar to the proof of
Proposition 2.2 (ii) gives

720 (X /(Z > [2x'SO|T($)!]QOXAk(§))pO/qodu(f)- (22)

keZ xzel'y ¢NCy,

If we combine this with the definition of r, we get

P0/qo

T an(0) /Z (Z?"”quk(f) S 2 )|]Q) dp(€).

keZ Z‘EFLgﬂCk

By the definition of Ay, we have 2¥y 4, (§) < 3 p, . 21715 |u(z)[] for all £ € Z and
k € Z, and using the fact that —y > 0 we obtain 7

. [1=7](po/q0)
150005 [ (3 2 Hu])) 4u(©) = lul’,

T5.q(X)’
(DEFLg

The second estimate in (21) can be obtained in a similar manner by replacing (22)

with
pi/q
o™ (2 X @] @) e

keZ xzel'y 5ﬁCk
and using the definition of Ay, together with the fact that —d < 0.

I¢]
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If precisely one of the numbers ¢; is infinite, say ¢ < oo = qp, then the argument
above may be carried out by replacing r(x) with 2/Po)k=solzl for all 2 € Cj. If gy =
g1 = oo, one can take

r(z) == 2" u(z))"" and  t(z) = (21 u(x)])""
for all x € X, where v := s — (po/p)so and w := s — (p1/p)s1. O

The Calderén product space (Xo)!7%(X1)?, 0 < 6 < 1, of two Banach lattices X, and
X is known to coincide with the corresponding interpolation space [ Xy, X1]s obtained
by the classical complex method as long as something similar to the dominated conver-
gence theorem holds in the resulting Calderén product space (i.e., if min(qo, ¢1) < oo
in the case of Proposition 6.1 [4, p. 125]).

For quasi-Banach spaces that are A-convex or analytically conver, an extension of
the classical complex interpolation theory of Banach spaces has been developed by
Kalton et al., see for instance [16, Section 7] and the references therein. In our case,
the quasi-norm of J7 (X) satisfies

1/r 1/r
H( Z [l ) Hj;q(x) = ( Z Hui”Jﬁ,q(X))

1<i<n 1<i<n

for all sequences uy, ..., u, on X and 0 < r < min(1,p,q); so J;,(X) is A-convex for
all p, ¢, and s, as is the sum of any two such spaces. This in particular means that
a Calderén product of two such spaces will coincide with the corresponding complex
interpolation space. We refer, for example, to [15, Theorem 4.4], the remark following
[22, Proposition 10], and [16, Section 7] and the references therein for details.

We can now state the interpolation result for our Triebel-Lizorkin spaces.

Theorem 6.2. Suppose that 0 < sq, s1 < 1, Q/(Q + s0) < po, qo < 00, Q/(Q + s1) <
p1 <00, and Q/(Q + s1) < ¢ < 00. For 0 < 6 <1 we then have
e 2) T3l (D)] g = Fol2)

with p, ¢, and s as in (20).

A similar result with p;, ¢; € (1,00) in the setting of Ahlfors regular spaces can be
found in [12].

The proof of Theorem 6.2 is a standard application of Proposition 6.1 above coupled
with the method of retractions and co-retractions [16, Lemma 7.11]. In our situation
the construction of a suitable retraction from a sequence space of the type J;, to a

function space of the type ]L";q is a nontrivial task, and because the existence of such a
retraction turns out to be very useful in other contexts as well (see [23]), we will state
it as a separate result. The proof of Theorem 6.2 will be postponed after the proof of
Proposition 6.3 below.

In what follows it will be convenient to work with sequence spaces on the edges F,
as the discrete derivative of a function on X is naturally defined as a scalar-valued
function on E. We equip the edges in £ with an orientation and denote by e, ./ the
directed edge from = to 2’ for any neighbors x, ' € X. The orientation is chosen in
such a way that if x ~ 2’ and |2/| > |z|, then 2’ is the endpoint of the edge joining x
and z’. For a sequence v: X — C, we write dv for the sequence defined on E such that
dv(ey ) = v(z') — v(z) for all admissible z, 2’ € X.
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To give a concrete definition of the spaces J; (E) of sequences defined on E, we
need some additional notation. For an edge e € F joining the vertices + € X and
¥ € X, let |e| := |z| A|2'| and B(e) := B(z) U B(2'). For 0 < p < 00, 0 < ¢ < oo and
0 < s < oo, write J; (E) for the space of sequences u on E for which

p 1/
gz = ([ IR2 @)oo O 1))

is finite. Proposition 6.1 obviously continues to hold with E in place of X.

Proposition 6.3. Suppose that 0 < s <1, Q/(Q+s) <p<ocand Q/(Q+s) <q<
oo. Then there exist bounded linear operators

S: Fr(Z) = T3 (E) and R:J:(E)— F: (2)

such that Ro S is the identity mapping on ]—:iq(Z). More explicitly, if &, is an arbitrary
fixed point of Z, we may take

S := f—d(Pf)

and
N 1
R:=uw A}l_lr)nm ( Z Lyu() — Z [nu(fo)) +C,

n=—N n=—N

where
L= Z u(ey .y )y thy
() E(Xn X Xnt1), Y~y

for alln € Z.

Proof. The boundedness of S is clear (from the definition of the spaces .7'-";’7(](Z ), so
our main task is to verify that the operator R is well-defined and bounded between
the desired spaces, and that R o S is the identity operator on F,; (Z). In a sense we
need to “integrate” arbitrary sequences in J; (F) which do not necessarily come from
discrete derivatives of sequences defined on X.

For simplicity, let us first consider the case where Z is bounded. Without loss of
generality, we may assume that diam Z = 1 as in Section 2, and we are only concerned
with the vertices of X with |z| > 0. Then

Tu = i Lu
n=0
1

converges in L, (Z) and pointwise p-almost everywhere, as can be shown by an argu-
ment similar to the proof of Lemma 2.3. Since we have

NZI Lyu(€) = > (ZNZ u(eyu,yg)wyo () Pyu (&)

n=0 (Yo, yn)E(Xox - xXy) ~ i=1
Yo~Y1~ YN

for all N € N, the expression [u(§) can be thought of as a weighted average of the
“Integrals” of u along the geodesic segments (starting at 0) of the metric graph (X, F)
contained in a cone at . Also, if v is a sequence on X such that |dv| is in J; (X), we

obviously have I,,(dv) = T,,41v — T,v, and thus I(dv) = TRv — v(0). So taking
R:=uwTu+C,
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Ro S is the identity mapping on ]'-"gg(Z). We thus have to check that R takes J7 (F)
continuously into .7-"; +2).
Let u € J;,(E) and write

v (X [2“|u<e>|]qu<e><~>)l/q

le|=k

for all £ € Ny, so that the quasi-norm of u is obtained as the LP(¢?)-quasi-norm of the
functions Uj,.
By the L -convergence, we have

21 [d(P(Tw))(z)] < Y 2" |d(P(Lu)) ()]

n>0

for all z € X. Suppose x € I'; ¢ for some fixed £ € Z. We first estimate the terms of
the series above with n < |z|. If 2’ is any neighbor of x, we have

20| P(Lu) () — P(Lu)(a)
LD S o y f D ) = oy 01 o) )

ley o |=n

Ble, ,/)N(B(z)UB(a'))#0

Using the Lipschitz continuity of the functions v, and ,, above, as well as the fact
that

#{e: |le| =n and B(e) N (B(z) U B(z')) # 0}

is bounded uniformly in n < |z|, we get

20| P (L) (2) — P(Lyu)(2')] 5 2D > 2% u(e)]

le|=n

B(e)N(B(z)UB(z'))#0
< Q(H—\xl)(l—S)M(Urfl’)(f)l/T’

where 7 is chosen so that Q/(Q +s) < r < min(1,p, ¢). As X has bounded valency, we
infer that 21*1*|d(P(I,,u))(x)| is bounded from above by a constant times the rightmost
quantity above.

Now if n > |z|, let x, be a point at a maximal level of X so that B(z,) covers the
balls corresponding to x and its neighbors. Then |z| — o < |z,| < |z| for some uniform
constant ¢ > 0, and we have

2 1d(P(Lyu))(2)] S 2('”“"_")8]{3( > 2 ule)xp (n) du(n)

) le|l=n

(|z|—n)s 1(B(e)) lels| (e
o 2wy M)

B(e)NB(z«)#0
< 9lzl=m)(Q+s-Q/r) Aq (UTC) (f)l/r;

see (6) and (7) in the proof of Proposition 2.4.
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Combining these estimates and writing A := min(Q + s — Q/r,1 —s)(g A1) > 0, we
get

2] a(P(Tu)) (2)])* < Y 2 Akl () (€)er, (23)

n>0

and summing over x € I'; ¢, we further get

S RIS 3 MEDE

Z‘EFLg n>0

One can then finish using the Fefferman-Stein maximal theorem.
Let us now consider the case where Z is either bounded or unbounded, and X, is
defined for all k € Z. We fix a point & € Z. Now, for v € J7 (F), put

Tu(€) = ]gnoo( Z Lu(€) — i Inu(go)).
- n=—N

To justify the existence of this limit (in L{ _(Z) and pointwise almost everywhere),
we first observe that an argument similar to the proof of Lemma 2.3 again yields the
convergence of 37 o Iyu in Ly,.(Z). In order to treat the remaining part of the sum,

we note that for a fixed k& € Z and all integers n < k, the Lipschitz continuity of the
functions 1, yields

/ o J©) ~ @) S (B2 ) 3D 2 el

le|l=n

B(e)NB(£0,27*)#0

Writing 4B(e) for 4B(x) U4B(z') for any edge e joining the points z, 2’ € X, we thus
have

I, -1, d
3 g o6~ el e

S céok) Y, 2 ue)

le|<k
B(e)NB(&0,27F)#£0

< f olel
S (o, k 56312)2’“)2 u(e |X4B ()

S oléo,kyqos) inf {2 ule)[xane) (€)  le| < kMl

£€B(£0,27F)

Here the last quantity is finite, since & — ||{2/*|u(e)|xap(e) (€) : le] < k}|e is a function
in LP(Z), as can be seen by an argument similar to the proof of Proposition 2.2 (ii).

In particular, I(dv) = TRv — Tyv(&y) almost everywhere for all v such that |dv| is in
J,a(X). So taking R as in the statement of the result, R o S is the identity operator
on ]‘-}f’q(Z ), and R is bounded between the desired spaces, as can be checked by the
same argument as in the case where Z is bounded, with (23) replaced by

2 laPE)@I)* £ 32 MU @ -

ne”L
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We are now ready to give the proof of our main interpolation theorem.

Proof of Theorem 6.2. Write U for the quasi-Banach space J;°, (F) + J;!, (E) of
sequences on E. More precisely, U is defined as the collection of sequences on E that
can be expressed as ug + u; with u; € Jp‘?qi(E). The quasi-norm of u is defined as
the infimum of ||ug|| 720 @ T [|u ] 751, () over admissible representations. The spaces

Po-q
Jyi . (E) are then both continuously embedded into U in a natural way. Similarly, we
write V' for the quasi-Banach space F° (Z) + F;!
functions in L} (Z)/C.
It is easily seen that the operators S and R in Proposition 6.3 extend as operators

S:V — U and R: U — V so that Ro S is the identity mapping on V, S takes
Folui (Z) continuously into J¢, (E) for i € {0,1} and R takes 7, (E) continuously
into Fyi (Z) for i € {0,1}. Using the method of retractions and co-retractions [16,
Lemma 7.11], we can thus deduce that

[fzfg,qo(z)ﬂf;;m(Z)}e - R([*ﬁoo,qo(z>7jps11,q1(Z)}9) - R(*ﬁq(X)) - ];—;,Q(Z)

with equivalent quasi-norms. O

(Z) of (equivalence classes of)

Let us finally return to the proof of Corollary 3.4 in the case that Z is unbounded,
which was postponed until now.

Completion of the proof of Corollary 3.4. Suppose that Z is unbounded, 0 < s < 1 and
Q/(Q+ s) < p,q < oo. The set F' of sequences on E with finite support is obviously
dense in J; (F). Taking R: J; (E) — f;q(Z) as in Proposition 6.3, we thus have
that R(F') is a dense subspace of ]'-"If,q(Z ). By construction, the elements of R(F') are
obviously (equivalence classes of) Lipschitz functions with bounded support. 0
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