SOBOLEV EMBEDDINGS IN METRIC MEASURE SPACES
WITH VARIABLE DIMENSION

PETTERI HARJULEHTO, PETER HASTO* AND VISA LATVALA

ABSTRACT. In this article we study metric measure spaces with variable
dimension. We consider Lebesgue spaces on these sets, and embeddings
of the Riesz potential in these spaces. We also investigate Hajlasz-type
Sobolev spaces, and prove Sobolev and Trudinger inequalities with opti-
mal exponents. All of these questions lead naturally to function spaces
with variable exponents.

1. INTRODUCTION

Fractal-type spaces have been considered in connection with a vast va-
riety of phenomena since the late 1970’s. Early work was concerned with
estimating the fractal dimension of various things, and deriving some first
order estimates based on this, see e.g. [10, 29]. More recently, there has been
an interest in doing analysis on fractal-type spaces, with the eventual hope
of deriving more detailed information about the processes (described e.g. by
PDEs) taking place in the spaces, see e.g. [13, 14, 21]. However, also in the
latter investigations, the dimension has been treated as a single number, typ-
ically a vast overestimate derived from a doubling condition. We will argue
that the space can be better described by a variable dimension.

One recent mathematical investigation coming very close to a variable
dimension is the study by Hambly and Kumagai [16]: they study differential
equations on spaces where a countable number of fractal sets with different
dimensions are embedded into R?. It is fair to ask whether it would not be
simpler to replace this by a continuum of fractals with continuously varying
dimension.

Let us also consider a physical example as motivation for variable dimen-
sional spaces: take the case of the surface of a silica gel. As described in
(2, 9, 29] the dimension of this surface is close to 3, and, moreover, it varies
both with the exact type of material and with the manufacturing process.
Thus we can easily conceive of a situation where there is, say, a gradient of
decreasing surface dimension.
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These kind of spaces, with variable dimension, are the object of this study.
In order to consider differential equations in the space, the first step is
to define a Lebesgue space on the set. After this, we can define spaces
of differentiable functions: in this article we will use the definition due to
Hajlasz [13]. Moreover, to arrive at such classical tools as the Sobolev in-
equality in this setting automatically involves a variable exponent version of
the Lebesgue space. Many fundamental tools of classical theory have been
worked out recently in the variable exponent, Euclidean setting, see e.g.
[1, 3, 6, 17, 24, 25|, and some studies in the metric space setting have also
appeared [12, 18, 19, 20, 27].

In this article we expand the metric measure spaces framework by studying
Lebesgue spaces on fractal sets with variable dimension. It turns out that
many results can be directly transferred to this setting once we have chosen
an appropriate regularity condition — lower Ahlfors regular spaces. Notice
that the commonly used doubling assumption is stronger than lower Ahlfors
regularity, but weaker than Ahlfors regularity. In Section 3 we give precise
definitions of what we mean by a variable dimension Hausdorff measure and,
as an example, define a corresponding von Koch curve. In Section 4 we show
that the appropriate Riesz potential operator is bounded even for measures
that are only lower Ahlfors regular. In Section 5 we prove the Trudinger—
Sobolev inequality in the variable dimension case with point-wise optimal
exponent. All our embedding results are improved versions of the standard
results in the sense that they take into account the local variable dimension.

Notation. By a metric measure space we mean a triple (X, d, u), where X
is a set, d is a metric on X and p is a non-negative, Borel regular outer
measure on X, which is finite in every bounded set. For simplicity, we often
write X instead of (X,d,u). For x € X and r > 0 we denote by B(z,r)
the open ball centered at x with radius r; B(x,r) denotes the corresponding
closed ball. We use the convention that C' denotes a generic constant, i.e.
a constant whose values can change even between different occurrences in a
chain of inequalities. The notation v < v means that there exists a constant
C such that v < Cv, and u &~ v means that u < v and v < u.

Variable exponent spaces. By a wvariable exponent we mean a bounded
measurable function p: X — [1,00). For A C X we set p}; = esssup,¢ 4 p()
and p, = essinf,ca p(z); we abbreviate p™ = pt and p~ = p,. For a
pu—measurable function u: X — R we define the modular

000 () = /X ()PP du(y)

and the norm
[ullpc) = inf{A > 0: gp()(u/A) < 1}
The variable exponent Lebesque space LPC) (X, d, u) consists of those y-measur-

able functions u: X — R for which ||u||,.) < co. Some basic properties of
variable exponent Lebesgue spaces on metric measure spaces are given in
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[19]. Most of these are straightforward generalizations of the Euclidean case
[25]. In what follows, we will use the generalized Holder inequality,

| f@at@) duta) <31l ol
[25, Theorem 2.1], and the elementary estimate

. + - + -
min {|[£ll5cy; 1)} < ey (w) < max {[IFIFe, 1F150, }

without any further reference.
We say that the function p is log-Holder continuous if

C
Ip(z) — p(y)| < log(1/d(z, 7))

for all points with d(z,y) < 3. It has been shown that this condition is
sufficient for proving many regularity results on variable exponent spaces.
In particular, if 1 < p~ < p™ < oo and p is log-Holder continuous, then the

maximal operator is locally bounded in LP() [4, 19)].

2. MEASURE REGULARITY CONDITIONS

In the context of metric measure spaces it is natural to assume some con-
nection between the measure and the metric. What we mean by dimension
is some quantity which relates the measure of a ball to its radius. Thus, if
we are given a measure space, we can either try to choose the metric so that
the dimension is constant, or choose the dimension so that the metric is in
some way natural.

The former trick was used by Hambly in [15]. In that study, a Sierpinski-
gasket type fractal is constructed, in which the density parameter (which
determines the dimension) is chosen randomly at each level of the construc-
tion. By defining a suitable metric, Hambly neatly avoids the complications
of a variable dimension, however, in so doing, he cannot use the natural, in-
herited metric from R?. As we will show in this paper, very little regularity
is really needed for the variable dimension in order to get the usual results
in Lebesgue spaces. Thus one can ask whether modifying distances is really
warranted?

Perhaps the best-known regularity assumption on measures in the general
setting is Ahlfors regularity. We say that p is Ahifors Q-regular if

w(B(z,r)) ~

for all x € X and r < diam X. In this setting it is natural to call @) the
dimension of the metric space.

As was argued in the introduction, it is of interest to study also spaces
with variable dimension. Thus, if @: X — (0,00) is a BOUNDED function,
then we say that u is Ahlfors Q(-)-regular if

p(B(a,)) 79
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for all z € X and r < diam X. Ahlfors Q(-)-regularity is only possible for
sufficiently regular functions Q:

Lemma 2.1. If u is Ahlfors Q(-)-regular, then @ is log-Hdélder continuous.
Proof. Choose z,y € X and assume 7 = d(z,y) < 1. Then
9 % u(Blz, 20)) > By, 1)) = 70,
and similarly 79 < Q%) Hence
d(z,y)?@ QW) ~ 1
for all z,y € X, which is equivalent to log-Holder continuity. O

Another well established condition in the context of metric measure spaces
is the doubling condition. Recall that the measure y is doubling if

p(B(z,2r)) < Cup(B(z, 7))

for every open ball B(z,r) in X. The constant C, is called the doubling
constant.

We also introduce a weaker condition: for a function () as before we say
that p is lower Ahlfors Q(-)-regular if

w(B(z,r)) 2 r9

for all z € X and r € (0,1). If @ is constant, we simply say that p is lower
Ahlfors Q-regular. For bounded spaces X, the condition can be equivalently
assumed to hold for all » € (0,diam X). It directly follows that a lower
Ahlfors Q(-)-regular measure is lower Ahlfors Q*-regular (as before, Q* =
SUp,cx @()) so in this case our notion is easily related to existing theory.

It is immediately clear that every Ahlfors Q(-)-regular measure is doubling.
Suppose next that X is a bounded space with doubling measure. If B(y, R)
is an open ball in X, z € B(y,R) and 0 < r < R < 00, then

(B(z,r)) 7\ Qu
a7 < (7)

for Q, =log, C,,. Choosing R = diam X we see that the doubling condition
implies lower Ahlfors regularity.

Lower Ahlfors regularity and log-Holder continuity of the exponent p to-
gether imply certain very useful estimates on the measures of balls:

Lemma 2.2 (Lemma 3.6, [19]). Let u be lower Ahlfors Q-reqular and let p
be log-Holder continuous. Then there is a constant K such that

u(By'» " < K
for all balls B C X.
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Lemma 2.3. Let pu be lower Ahlfors Q-regular in a bounded set X and let
p be log-Hélder continuous and bounded in X. Then for every ball B C X
centered at x we have

+

pt 1

—p(y)
/M(B) »@) dp(y) < max {p(X)r, K#
B

where K > 1 s the constant of Lemma 2.2.

}

Proof. By the previous lemma we know that ,u(B)”I_S'_pJI5 < K for all balls
B C X. Thus

u(BY@) ?W) < max {u(B)Ps P, u(B)?» P} < max {u(B)"", K}

for every x,y € B. Hence we have

—-p(y) p(z)—p(y)
/ u(B(z, 7)) % du(y) = ][ u(B(z, ) 5 du(y)
B(z,r) B(z,r)

< max {M(B)p+,K}I’1_][( )dﬂ(y)a
B(zx,r

which completes the proof. O
The following fact is proven like the previous lemma.

Lemma 2.4. Let p be lower Ahlfors Q-regular in a bounded set X and let p
be bounded and log-Holder continuous. Then for every ball B containing

1
||1||Lp(-)(3) < C,U,(B) p(x) |

In the rest of this paper we will prove several results for variable dimension
metric measure spaces. The following trivial proposition guarantees that
these results are always at least as good as constant-dimension results.

Proposition 2.5. Let X be a metric measure space with a doubling measure
- Suzzpose also that the space is~lower Q(-)-Ahlfors regular. Then X is
lower Q(-)-Ahlfors reqular, where Q(x) = min{Q(z), Q.}.

3. MEASURES OF VARIABLE DIMENSION

There is a standard way to relate measures and distances in metric measure
spaces to give some kind of dimension. The following definition of point-wise
upper and lower local dimensions appear e.g. in [7, 8, 22]:

S 1 B
T X (2) = lim sup (BB 7))
r—0 logr

dim X (z) = lim infw
r—0 logr
where X C R". Measures for which dim X(z) = dim X (z) = C almost
everywhere are called exact dimensional in [7], and have been studied to some
extent. The strategy in [7] for studying non-exact (multifractal) measures is
to consider them as composed of infinitely many exact measures. This is in

and
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some sense analogous to thinking of a function as a sum of simple functions.
As this analogy suggests, it may be worthwhile to look at the measures also
from a more global point-of-view — in this case the dimension is described
by a function varying with the point x. With this perspective, we will define
a variable dimension Hausdorff measure which is very far from exact, and
show that it is the appropriate measure for a certain von Koch-type curve.

Hausdorff measures. The definition of the variable Hausdorff measure is
fairly straightforward. Let @Q: X — (0,00) be a bounded function. We
define the variable Hausdorff measure by first letting

HQ = inf { Zdlam )@@ B c UB“ diam(B;) < 5},

where z; is the center of B;, and then taking the limit:
HOO(E) = lim 1OV (B).
6—0

This is just a special case of a measure construction due to Carathéodory,
hence H?") is a Borel regular outer measure [11, 2.10.1, p. 169).

Note that there is some degree of arbitrariness in choosing the value of )
at the center of the ball. We can similarly define lower and upper variable
Hausdorff measures by taking the limit § — 0 of

’HQ() 1nf{ Zdlam QB - EC UBZ’ diam(B;) < (5}

and
’H5 = inf { Zdlam 5. F C UB,-, diam(B;) < 6}.

However, we have the follovvlng uniqueness result:
Proposition 3.1. If Q: X — (0,00) is log-Hélder continuous, then
#°O(B) ~ #OO(B) ~ HOO(E)
for every E C X.
Proof. For any z € X and r < 1/2 we have
1< diam(B(:c,r))QI_B(w)_qu,r) <C
by the log-Holder continuity condition, so the claim follows. O

Von Koch curves. We next construct a variable dimensional von Koch
curve, modifying the standard procedure which can be found in any basic
book of modern real analysis or measure theory, see e.g. [26].

We construct a sequence of piece-wise linear curves. The length of the
segment K will be denoted by |K|. Let a function s: [0,1] — (1/4,1/2)
be given. We start with the unit segment [0,1] C R?>. We divide this into
four equally long segments, and replace each subsegment with a segment of
length s(1/2)| K|, in such a way that the segments K and K3 are subsets of
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FIGURE 1. The construction of the von Koch curve.

FIGURE 2. An ordinary Koch curve (upper) and a variable dimension
Koch curve (lower).

K at opposite ends of K, and K; and K, are the sides of an isosceles triangle
whose base is K\ (KoU K3), see Figure 1. Notice that the right curve in the
figure is naturally parameterized by the unit interval; we denote by @ this
map of the unit interval onto the first level of the construction.

We repeat this process in each of the four segments, but using the lengths
given by the s(z;)-value, where x; is the parameter value of the middle
point of the segment, so the first four segments (Ko, Ko1, Koz, Ko3) have
lengths s(1/8)|Ky|, the next four s(3/8)|K|, then s(5/8)|K,|, and the last
four s(7/8)|K3|. In general, we denote by K;, ;. the segments from the k™
level of the construction, where every i; belongs to {0,1,2,3}. The corre-
sponding parameter map is denoted by ®. This construction is continued,
and the von Koch curve is the limit set. Of course, if s equals a constant,
we get the ordinary von Koch curve. The fifth level of this construction is
illustrated in Figure 2 for s = 0.35 and s(t) = 0.25 + t/5 (the fact that
s(0) = 1/4 ¢ (1/4,1/2) is clearly not important). The construction also
directly produces a continuous map ® from [0, 1] to the von Koch curve.

We want to show that if the function s is reasonably regular, then the
construction produces a curve with variable dimension given by

(3.2) Q) = — 81

" log(1/s(x))’
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Of course, if s is a constant function, then this is well-known. We will use
the following lemma.

Lemma 3.3. Let s: [0,1] — (1/4,1/2) be Lipschitz and let K.y be the
corresponding von Koch curve. Then

|Ki1...ik| ~ S(ﬂﬁ)k,

for every x € @(kl) (Ki,..i,,), where the implicit constants are independent of
k.

Proof. Recursively we find that

K| = [ Kiy iy 8(@e) = ... = |K[s(3)s(35) -+ (i),
where z; € [1,47] is an integer chosen so that 2;J4_7 L is as close to z as possible.

This choice of z; implies that
21, — 1 ‘ 1
— — 2| < ——.
247 - 2.4
Let L > 0 denote the Lipschitz constant of s. Then
s()s(3H) - s(5) < (s(2) + 3) (s(@) + §) -+ (s(2) + 757)

S+ 5m) (1 +55) - (4 mm)ss(@)"

S CKS(x)ka
where Cx = exp(L/s™)st and the last estimate is derived using the inequal-

ity 1+ z < exp z for each of the terms. Similarly, we derive the lower bound
s(x)*/Ck for the product. O

We next show that the variable dimensional Hausdorff measure is indeed
suitable for our Koch curve. The idea with the proof is that the Hausdorff
measure of a ball B C K, is essentially the Euclidean measure of the
preimage ®~1(B) C [0, 1].

Theorem 3.4. Let s: [0,1] — (1/4,1/2) be Lipschitz, let K,y be the corre-
sponding von Koch curve and let Q be as in (3.2). Then
0< 'HQ(')(KS(.)) < 00

and HPO) is Ahlfors Q(-)-regular.
Proof. For a segment K, in the construction of the von Koch curve we
denote by B(K;,. ;) the open ball whose diametrical chord is K;, ;. We
define ball families by

B, = {B(Ki,..,): 1; € {0,1,2,3}}.

The curve K, is covered by the 4% balls in By (except for a finite number
of points, which clearly constitute a set of measure zero). Denoting 6 =
max | K;, ;, |, we infer using Lemma 3.3 that

4k

419
=1

=1



SOBOLEV EMBEDDINGS IN VARIABLE DIMENSION METRIC SPACES 9

where z; = % and we used the assumption Q(z) = 105(1;)% for the second-

to-last equality. Since 0 tends to zero as k — oo, this implies that
HOO(Ky(y) < Ck.

Next we derive a lower bound for H?(')(KS(.)). So let {B;} be a cover by
balls of K. Since K,y is compact we find a finite subcover B; = B(x}, ;)
of K.). For each ball B; we can find a part K; of the curve which is contained
in B; and whose length is at least half of r;. We denote x; = ®!(z}). Then
we have

Zdiam(Bi)Q(m") ~ Z |K;|9@) ~ Zs(xi)kiQ(mi) — 24—1% > 1

where k; denotes the level of K;. The last inequality holds, since at least one
quarter of every ball contributes to the sum, and the whole balls cover the
unit interval.

Proving Ahlfors Q(-)-regularity follows exactly the same line of argument,
we just replace the set K.y by the subset which is contained in the ball
whose measure we are estimating. 0

Remark 3.5. The assumption that s is Lipschitz in the previous theorem
is necessary in the following sense: if the Hausdorff measure is assumed to
be Q(-)-Ahlfors regular, with Q(z) = %, then we easily conclude by
Lemma 2.1 that s is Lipschitz.

4. EMBEDDINGS FOR RIESZ POTENTIALS

In this section we assume that X is a bounded subset of R” equipped with
the standard Euclidean metric and a measure p, which is Borel regular and
finite in every ball. Moreover, we assume that p is lower Ahlfors @)-regular.
The reason for focusing on the subsets of R” is that we need the maximal
function theorem, which is known, without a doubling condition, only for
subsets of R" (but see also Remark 4.3).

The Hardy-Littlewood maximal operator. For a locally integrable
function u on X, we define the Hardy-Littlewood maximal operator by

Mu(z) = sup][ |u| dps.
r>0 J B(a,)

Under our assumptions the Hardy-Littlewood maximal operator satisfies the
following weak and strong type estimates. These are easy consequences of
the standard results.

Lemma 4.1. Let u be lower Ahlfors Q-reqular in a bounded set X C R™.
For all t > 0 and for any constant exponent p > 1 we have

u({Mu>t}>s%/X\u\du
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/ MulPdu < Cy / ul? dp.
X X

Proof. We extend pu to the whole of R™ by setting u(A) = p(A N X) for all
A C R™. This extended p is a Radon measure on R", see [26, Corollary
1.11]. The claim then follows from [26, Theorem 2.19]. O

and

Combining Lemmas 4.1 and 2.2 with the arguments in [19, Lemma 4.2 and
Theorem 4.3] yields that the Hardy-Littlewood maximal operator is bounded
also in the variable exponent space under our assumptions.

Theorem 4.2. Let p be lower Ahifors Q-regular in a bounded set X C R"
and let p be log-Holder continuous in X with 1 <p~ < pt < oco. Then

[Mullpy < Cllullpe
for all u € LPO)(X).

Remark 4.3. Instead of assuming that X is a subset of R* we could more
generally assume that X is directionally (e, M)-limited in the sense of [21,

p. 7.

Riesz-potentials. Let o > 0 be fixed. Following [14] we consider a Riesz-
type operator which is better suited to the metric measure space setting. We
define for an open set {2 C X and an integrable function v an operator

Bu@ = 3 2 )l duty)
2i<2 diam B(z,27)

Here, and later, the sum should be understood to be taken over all integers

i satisfying 2! < 2diam (. If the measure u is doubling, then I?|u|(z) <

Jiu(x) for almost every x € X, where

0 _ [ u@)|d(=z,y)"
1) = [ s duty

is the usual Riesz potential. We abbreviate J, = JX. Riesz potentials in the
variable exponent setting have to been studied for instance in [5, 12, 23, 28].
We want to show that J, maps LPO)(X) to LP*)(X), where

ey = Q)

Q(z) — ap(z)
From the constant exponent case we know that we can only hope to achieve
this when Q(z) — ap(z) is bounded away from 0. The proof of the following
result is based on [14, Theorem 5.3].

Proposition 4.4. Let y be lower Ahlfors Q(-)-regular in a bounded set X C
R". Let p be log-Holder continuous in X with 1 < p~ < pt < oo. If
a+% < % for some k > 1 and every x € X, then

/B[‘]f u(z)P*@dp(z) < C(Ck)2*
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for every ball B C X and every u € L) (X) with lull o2 smy < 1, where the
constant C does not depend on k.

Proof. Let z € B and let 0 < § < 2diam B be a number to be specified later.
Since p is log-Hoélder continuous, p' is too, and by Lemma 2.4 we obtain that

_1
(4.5) ||1||LP'(')(B(z,2i)) < C,U(B(ac, 2’)) p'(z)

Using Holder’s inequality for the first estimate, we have for every x € B that

]{W )| du(y)

S Z B(z, 29)) |U||Lp(->(3(z,2i))||1||Lp'(->(3(w,2i))

6<21<2 diam B

(5<2Z
S D 2u(B(, 2) W = 37 2 (B, 27)
§<2t 6<2i
Q(x) §—Q(=)/p# ()
< N9 ) <
N g; 2 S 1 9e@it@

In the last inequality we used the formula for the geometric sum. Since
Q(x)/p*(x) > 1/k and k > 1 by assumption, we see that

(1— Q*Q(w)/p#(w))*l < 2k.

Estimating a geometric sum by its first term, we find that

(46) Soef )l duty) S 5 Mlan) ).

2i<§ B(z,2%)
Combining the estimates gives

Q(z)
JBu(z) < 8*M(uxsp)(z) + k§ »7@

For almost every « we have M(uxsp)(x) < +00, so by the previous estimate,

the same is true for the Riesz potential.
p(z) p(x)

If [M(uxsg)(z)] 9@ < 2diam(B), we choose § = [M(uxsp)(z)] @@ .
Then the previous inequality gives

)
(4.7) qu(x) Sk [M(UX5B)(33)]1 Q=)
»(z)
If [M(uxsp)(z)]” @@ > 2diam(B), we choose § = 2 diam(B). Now we have

p(z)

0% < [M(uxsn)(2)] 2@,
which by (4.6) implies (4.7).
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We raise both sides of (4.7) to the power of p#(z) and integrate over
x € B. This yields

/B[JfU(x)]”#“”’du(x) < (Ck)@™ /X[M(um)(x)]”‘”) dp().

By Theorem 4.2, the Hardy-Littlewood maximal operator is bounded and
hence

||MUX5B||LP(->(X) N ”U'”LP(')(5B) <1

This implies that 07»)(x)(Muxsp) < C, which, combined with the previous
inequality, gives

/ [TBu(2)P* @dp(z) < C(CE)?*. O

Theorem 4.8. Let pi be lower Ahlfors Q(-)-regular in a bounded set X C R™.
Let p be log-Holder continuous in X and let 1 < p~ < p* < oo. Then the
following claims hold for every u € LPV)(X).

(1) If a < inf g((;”)) then for each ball B C X we have

||qu||Lp#(->(B) S lullzsesm)-

(2) If Q(z) > 1 and a = g((j))
that for each ball B C X we have

B
/ exp (M) dp(z) < 2.
B llull zec) (5B)

(3) If a > sup , then for each ball B C X we have

1Ta ullzee () < Mlull oo sm)-

Proof. Using Proposition 4.4 for u/||ul|»¢)5p) and some sufficiently large £,
we obtain claim (1).

Next we consider the case a = g((f)). For every positive integer k£ we define
a function g;: X — (0,00) by ex(z) = p(x)?/(k+p(z)). Then it follows that
(p—ex)?(z) =k and o+ ; = (z?( )( j for all k. We also note that

[ull prr-exrsm) < (1 + p(EB) ull pocr s m)-

u
1+u(B))l[ull o) (5,
the assumptions of Proposition 4.4, we can argue as in that proof up to the

estimate (4.7), which now reads

and the exponent p — g, satisfy

Since the function v = (

p(z)—ck()

1= 00)

Jav(@) S k[M(vxss)(@)]
When we raise this estimate to the power (p — &;)%(x) = k we find that
0@ S R (M(oxss) (@),
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which turns out a bit better in this special situation, since £ is raised only
to the power of k, not kQ*. Then we again continue as in Proposition 4.4,
and eventually conclude that

B k
/ (M) du(z) < (Cok),
B ||u||LP(')(BB)

where C} is chosen so small that Co < 1/e. Next, we use a series expansion
for e® and find that

CyJBu(z) ) / <01JB )k
exp | ——— du(z
/, (nuum o =211 o \Tullororem ) %@

k>0

Finally, we have the case a > sup g((;”)) We denote r = 2diam B. By

Hoélder’s inequality and inequality (4.5) we obtain that

Zzwf u(y)| du(y)

2i<r B(z,2?)

< 2101 21 1+pl%m) .
E B(z,2")) ||u||Lp<-)(B(m,2z))
2’<7‘

2 o 90)
< ZQW i) ) |Jul| oy oz ST @ [ul| oy (Bar)
2i<r

< (1+ (diamX)a)“u”LP(')(E’)B)- O

Remark 4.9. We have stated the results in this section for metric measure
spaces (X, d,u) where X C R" and the measure is lower Ahlfors regular.
However, the condition X C R” is needed only to imply that the maximal
operator is bounded for constant exponents p > 1. In particular, if our
metric measure space is doubling or (g, M)-directional, then we do not need
to assume that X C R".

5. EMBEDDINGS IN HAJL.ASZ SPACES

We end this paper by applying the results of the previous section to obtain
two embedding theorems with variable exponent and variable dimension.

In this section we assume that p is lower Ahlfors Q(-)-regular and doubling
in a metric measure space X. Our basic example is the variable dimensional
von Koch curve which does not contain rectifiable curves. Hence the defi-
nition of Sobolev spaces can not be based on upper gradients (which would
give us Newtonian spaces). Instead of that we use the Hajtasz-Sobolev space
M'*0) | which was introduced in [15].
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A measurable function u € LP()(X) belongs to M'P()(X) if there exists a
non-negative g € LP()(X) such that

(5.1) lu(z) —u(y)| < Cd(z,y)(9(x) + g9(y))

for p-almost every =,y € X. Any such function g is called here a Hajlasz
gradient of u. If 1 < p~ < p™ < oo, then there exists a unique Hajtasz
gradient g which minimizes the norm in M**0)(X), [20].

Sobolev embeddings. Our first embedding follows easily by combining
the point-wise estimate (5.1) with the results of the previous section. Let
u € MO (X) and let ¢ € LPY)(X) be a Hajlasz gradient of u. Integrating
both sides in (5.1) over y and x we obtain in a standard manner the Poincaré
inequality

(5.2) /B u(z) — up| dp < C(X) diam(B) /B o(z) ds

for every ball B C X. Since the measure is assumed to be doubling we find
by [14, Theorem 5.2] that

(5-3) lu(z) — up| < CJPg(z)
for p-almost every z € B. Now Theorem 4.8 yields the following result.

Corollary 5.4. Let u be lower Ahlfors Q(-)-regular and doubling in a bounded
metric space X. Let p be log-Hélder continuous in X and let 1 <p < pt <

oo. If 1 < inf 2((;”)), then for each ball B C X we have

Ju — UB”LP*(')(B) < C||g||LP(')(SB)7
where p* denotes the point-wise Sobolev conjugate exponent.

Trudinger—Sobolev embeddings. As the main result of this section we
extend a Trudinger—Sobolev type embedding to our setting. Recall that in
the classical case this embedding states that W' embeds into exp L™ , where
the exponent n' = n/(n — 1) is the best possible. With variable exponent
spaces we can prove a similar result for the case of variable dimensional
spaces.

We will modify the proof of [14, Theorem 6.1] to the variable exponent,
variable dimension case. We start with an auxiliary lemma.

Lemma 5.5. Let p be bounded and log-Holder continuous, B is a ball and
z € AB, where A > 1. If ||u|sc)(py < 1, then

1

i S 1 (B M) @) gy (07
B

Here the implicit constant depends on A, s and p.
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Proof. We start in the standard way, using Holder’s inequality for the con-
stant exponent p, z:

plz) plz)

(f udﬂ)pm < (fwmoa) ™ < (f 14 ro )™

p(@) p&w)
<14 u(B) ( [ty du(.w)””
B

1 p)

<14 pu(B) s ][ u(y)™® du(y),

where we used that [ u?dp <1 in the last inequality. Since p is log-Holder
continuous and p is doubling, we find that

_ p(x)

u(B) 7w < (n(AB)sH) e < C.

Thus we have shown that

fudusis (]{3 () du(y))”l’”'

To conclude the proof we use that

( ]{5 u(y)P® du(y)> .

— w(B)* 7@ (]i w(y)P® dﬂ(y)>s(/3u(y)p(y) dﬂ(y)y&)—s,

and estimate the second factor in the last line by the maximal function. [

Adapting [14, Section 6], we say that a metric measure space X satisfies
a chain condition if there is a constant M such that for each x € X and all
0< R < Ry < idiamX there is a finite sequence of balls By, By, ..., By
which satisfy
(1) By € X\ B(z, Ry) and By, C B(z, Ry),
(2) M~ diam(B;) < dist(z, B;) < M diam(B;) for i =0,1,...,k,
(3) B; C B(z,4Rs) fori=0,1,.. .k,
(4) there is a ball B C B; N B;;; such that B; N B;y; C MB] for i =
0,1,...,k—1 and
(5) no points of X belongs to more than M balls B;.
It was shown in [14, Section 6] that if X is a bounded connected doubling
space then it satisfies this chain condition. Condition (3) is not explicitly
stated in [14], but it can be easily deduced from the construction presented
in [14], p. 30.
The following lemma is proved in the third paragraph of the proof of [14,
Theorem 6.1].

Lemma 5.6. Let r; be the radii of the balls from a chain whose largest ball
has radius . Then Y rf Sr/s for any s > 0.

i
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Theorem 5.7. Let X be a bounded connected doubling space, and assume
that p is lower Ahlfors Q(-)-regular, where @ is log-Hélder continuous and
1< @Q <QF <oo. Then there is a constant Cy, depending on X, such

that o)
][ exp (—C”“(x) - “B|> du(z) < 2
B ||g||LQ(-)(5B)

for every ball B C X and for each u € M“90)(X) with Hajtasz gradient g.

Proof. Fix a ball B C X with radius r < diam(X), and a point x € B. Let
u € M'PO)(X) and assume without loss of generality that lgllcecrsm) = 1.
Let By,..., By be a chain associated to z with Ry = 1diam(B) and 0 <
R; < Ry. By (1), (2) and (3) we have u(By) ~ u(B) and by (3) B; C 5B
for every i = 0,...,k. By Lemma 6.2, [14], there exists an RB; > 0 and a
corresponding k such that

k
Iu(w)—uBolf,Zn-][ gdu.
i=0 B;

Let q(z) = 2kQ(z)/(Q(x)—1) and note that ¢ is also log-Hélder continuous
and satisfies 1 < ¢~ < ¢* < co. We consider first the case £ > (QT —1)/2,
and note that then ¢ > @Q. Let us denote f(y) = g(y)?®. By the chain
property (2) we have z € (2M + 1)B;. Using Lemma 5.5 with s = 1/¢(x)
and A\ = 2M + 1 in the previous inequality, we find that

k 1 1 1 1 1
u(e) —up,| S i [1 + p (By) 7@ 8@ (Mf(x)) @ QLQ(-)(Bi)(g)Q(”_q@)]
i=0

k _ Q@) Q) L @ @@
- - = QLQ(')(Bv)(g)
< E ri+r, @ (7“.“( )Mf(x)) o <71 :
i=0 [ ' ' ' 1(B;)

The first sum on the right-hand-side is dominated by r, by Lemma 5.6. For
the second term, notice that we regard z as a fixed point, so all the exponents
are actually non-variable. Hence the previous inequality is essentially the
same as the one appearing in the proof of Theorem 6.1, [14], p. 31, lines 7-8.
By replacing every ¢ by ¢(z), every s by Q(z), and every € by Q(x)/q(x)? in
paragraphs 24 of the same proof, we arrive at the inequality

u(2) — up,| S 7+ q(2)7 T p(B)ao @@ (M ()7,

which corresponds to the estimate [14], p. 32, line 3. Since p is doubling and
X is bounded, we obtain from the lower Ahlfors regularity that

ro@ < 1(B(z,r)) < u(2B) < u(B).
Hence we conclude that
(5:8)  [u(z) - up,| S diam(X) + q(x)7® @ p(B) it (M ()]

Next, we use the estimate |u(z) — up| < |u(x) — ug,| + |up, — up|. By
the Poincaré inequality, Holder’s inequality, Lemma 2.4, the assumption
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l9llcecysp) = 1 and lower Ahlfors regularity we may estimate the second
term as follows:

lug, — up| < |up, — usg| + |up — usp| < |u—u53|du+][ lu — usg| du
Bo B
5][ |U—U5B|du+][ Iu—%BlduSr][ gdu
5B 5B 5B
r r 1

< — |1 I _ <_ " _(B@® <.
~ M(5B)” a0 smyllgllensn) S M(B)/L( ) <
We combine this with (5.8) and conclude that

[u(z) = up| S 1+ g(@) T T u(B)T (M f ()]

We raise both sides of this inequality to the power ¢(x)/2 and integrate over
x € B. This gives

/B\u(x) —up|"s dy(x)

< CUu(B) + % /B 4(@) " [u(B)M (@)} du(a).

Next we use the expression ¢(z) = 2kQ'(z) < 2k(Qp)’ for ¢, and note that
2(Q3)' is bounded by a constant. Thus our inequality becomes

/ u(z) — up ¥ Ddpu(z) S C*u(B) + C* k3 pu(B)? / [M]? dp.
b B

Using the weak type estimate (4.1) it follows by [14, Theorem 14.11] that

/B[Mf] TS (u(B)/Sdeuf.

So we continue our previous estimate by

/B lu(z) — up[*?@dp(z) < C*u(B) + C* k1 B) (/

5B

[V

1
2

f du)

< u(B)C* (1 + k2 +F).
We divide the previous inequality by p(B) and obtain

(5.9) ][ u(z) — upF@du(z) < CH(1 + k5,
B

Recall that this was derived under the assumption £ > (Q* — 1)/2.
Let us then consider the case 0 < k < (Q* — 1)/2. By [25], Theorem 2.8,
we obtain

lgll _recr < (1+pu(BB))llgllrec s =1+ u5B).
LRE)—1+k (5B)

Applying (5.3) for the functions m and m, we have

'(x Q+—1 "+ z (g
£ 1u(a) ~ ua* ¥ (o) S (14 w(GB)TIO (i ed 0
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The integral average on the right hand side can be estimated with the aid of
Proposition 4.4 by choosing

_ @@ . @ -1D@)
T R@rew MM YT g

since then p#(z) = kQ'(z) and k* satisfies 1 + & < g((j)) for all z € X. By
Proposition 4.4,

u(5B)

]{9 TS @ dp 5 (Ck)™ < C,
0 (5.9) holds in this case also.

Let t € (0,1). Using a series expansion for the exponential function and
estimate (5.9), we find that

]i exp [(tu(a) — ua)®) (o) = 3 £ [(uta) = ua) ] dua)

tk QL) ) 2 (CH@B))E
][ —uplf D dp(z) ST+ TW.

k=1

By the ratio test, we see that the sum is convergent if ¢ < [e/C] Y/(@5)'.
Thus ¢ can be chosen so small that the upper bound is 2, which completes
the proof. 0
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