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NEWTONIAN SPACES BASED ON QUASI-BANACH
FUNCTION LATTICES

LUKAS MALY*

Abstract

In this paper, first-order Sobolev-type spaces on abstract metric measure spaces are defined using
the notion of (weak) upper gradients, where the summability of a function and its upper gradient is
measured by the “norm” of a quasi-Banach function lattice. This approach gives rise to so-called
Newtonian spaces. Tools such as moduli of curve families and Sobolev capacity are developed,
which allows us to study basic properties of these spaces. The absolute continuity of Newtonian
functions along curves and the completeness of Newtonian spaces in this general setting are
established.

1. Introduction

The aim of this paper is to build up the basic theory of Newtonian spaces based
on quasi-Banach function lattices and eventually show some interesting prop-
erties in this general setting. Newtonian spaces are first-order Sobolev-type
spaces on abstract metric measure spaces. The interest in first-order analysis
in metric spaces was initiated by Hajtasz [10] in 1996 and the area has been
under intensive study ever since. It leads to exciting new results, which can be
readily used also when studying functions defined on (not necessarily open)
subsets of R". We refer the interested reader to, e.g., Ambrosio and Tilli [2],
Bjorn and Bjorn [5], Hajtasz [11], Heinonen [14], [15], or Heinonen, Koskela,
Shanmugalingam, and Tyson [18].

If we focus on the classical definition of a Sobolev space W7 () for some
open set 2 C R", we can see that the Sobolev norm

1/p
”u”WW(Q) = (||M||’Zp(g) + ”Vunip(g))

does not really depend on the vector of the distributional gradient Vu, but only
on its modulus |Vu|. Owing to the Newton-Leibniz formula, the modulus | Vu|
can be used to estimate the difference of function values. For illustration, let
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Q C R", and suppose that u € €'(Q2) and that y : [0,,] — Qis a €'-curve.
Then,

lu(y (0)) —uly ()| =

l}/
/ (woy)(t)dt
0

ZV
5/ |W||y’(r>|dt=/|w|ds,
0 V4

where ds denotes arc length. The upper gradients (see Section 2) substitute
|Vu| in the inequality above and subsequently in the Sobolev norm, giving
rise to the Newtonian norm. The upper gradients were introduced in Heinonen
and Koskela [16], [17]. Since the upper gradients, unlike the distributional
gradients, do not rely on the linear structure of R”, they can be used to define
first-order Sobolev-type spaces on abstract metric measure spaces.

Shanmugalingam pioneered this approach in [27] to study the Newtonian
spaces corresponding to the Sobolev spaces W'?. Bjorn and Bjorn [5] gave
a thorough treatise on these spaces, including their applications in non-linear
potential theory. Durand-Cartagena investigated the case p = oo in [8]. Tuom-
inen [29] and Aissaoui [ 1] generalized the theory so that the underlying function
space would be a reflexive Orlicz space. Harjulehto, Hésto, and Pere further de-
veloped the theory in [13], where they discussed the Newtonian spaces based
on Orlicz-Musielak variable exponent spaces, where the exponent function
was essentially bounded. Mocanu [24] worked with Banach function spaces
as defined in Bennett and Sharpley [3, Definition 1.1.3]. The paper [24] how-
ever suffers from improper work with equivalence classes, which eventually
leads to invalidity of some of the claims therein. Some of the results there also
rely on uniform convexity of the function space which considerably lessens
the generality. The foundations of the Newtonian theory were recently dis-
cussed by Costea and Miranda [7] who used the Lorentz L?¢ spaces as the
base function spaces. Similarly as Hajtasz [11], they considered only Borel
functions to build up the Newtonian spaces, which weakens the theory. For
detailed historical notes on the development of the Newtonian theory and its
toolbox, we refer the reader to Bjorn and Bjorn [5, Section 1.8].

The present paper develops elements of an omnibus Newtonian theory that
encompasses all these results and goes even further. Under very weak assump-
tions on the measure and the function space, we establish standard tools for the
theory. We assume neither the doubling property of the measure, nor any Poin-
caré inequality. The function space need not be reflexive nor have an absolutely
continuous norm. Thus, we allow for spaces that are not uniformly convex (not
even strictly convex). In the case of Orlicz-Musielak spaces, the variable ex-
ponent may be unbounded. The number of available functional analytic tools
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is reduced as we take merely quasi-normed function spaces into account. We
are also working with a somewhat restricted set of measure theoretic tools
and we get by without the monotone and dominated convergence theorems for
the function norms. Generality of our setting provides a broad framework for
first-order analysis on metric spaces.

We prove that the natural equivalence classes in Newtonian spaces are in
general finer than equality almost everywhere. Furthermore, we will see that
Newtonian functions satisfy and can be characterized by a regularity condition
in terms of absolute continuity on curves. We also show that the Newtonian
space is in fact a (quasi)Banach space.

Finer properties of the set of weak upper gradients are then studied in [23]
under equally general assumptions. In particular, existence of minimal weak
upper gradients is established there.

There are other possible generalizations of Sobolev spaces to metric meas-
ure spaces, based on different characterizations of the distributional gradient.
For comparison of these approaches, see Hajtasz [10], [11], Bjorn and Bjorn [5,
Appendix B], or Heinonen, Koskela, Shanmugalingam, and Tyson [18, Ch. 9].

The paper is structured in the following way. In Section 2, we define the
quasi-Banach function lattices and the Newtonian spaces based on them. We
also show that Newtonian functions form a quasi-normed lattice. Section 3
is devoted to the Sobolev capacity and its fundamental properties. Then, we
introduce the moduli of curve families in Section 4, which leads to the notion of
weak upper gradients that is established and studied in Section 5. We prove that
Newtonian functions are absolutely continuous on almost every curve and we
discuss the equivalence classes in the Newtonian space in Section 6. Finally,
we show that the space of Newtonian functions is complete and we prove a
Egorov-type theorem in Section 7.

2. Preliminaries

We assume throughout the paper that # = (£, d, u) is a metric measure
space equipped with a metric d and a o -finite Borel regular measure w. In our
context, Borel regularity means that all Borel sets in & are measurable and for
each measurable set A there is a Borel set D D A such that u(D) = u(A).
The connection between d and p is given by the condition that every ball in
P has finite positive measure. Let 4 (%, u) denote the set of all extended
real-valued p-measurable functions on . The set of extended real numbers,
i.e., RU {00}, will be denoted by R. The symbol N will denote the set of
positive integers, i.e., {1, 2, ...}. The open ball centered at x € & with radius
r > 0 will be denoted by B(x, r).

A linear space X = X (£, u) of equivalence classes of functions from
M(P, ) is said to be a quasi-Banach function lattice (further abbreviated as
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gBFL) over (2, u) equipped with the quasi-norm ||-|| x if the following axioms

hold:

(PO) ||-|lx determines the set X, i.e., X = {u € M(P, w): |lu|x < oo};

P1D) |Illx is a quasi-norm, i.e.,

e |ullx =0ifand only if u =0 a.e.,

o |laullx = |a| |lul|x foreverya € Rand u € M (P, n),

o there is a constant ¢, > 1, the so-called modulus of concavity, such
that [lu + vlix < ca(llullx + lvlix) forallu, v € M(P, p);

(P2) |I-llx satisfies the lattice property, i.e., if |u| < |v| a.e., then |u|xy <
lvllx;

(RF) ||-|lx satisfies the Riesz-Fischer property,i.e.,ifu, > Oa.e.foralln € N,
then || > g Hx < >0, " lunllx, where ¢, > 1 is the modulus of
concavity. Note that the function ) - u, needs be understood as a
pointwise (a.e.) sum.

Note that X contains only functions finite a.e., which follows from (P1)
and (P2). In other words, if ||u||x < oo, then |u| < oo a.e. A quasi-Banach
function lattice is normed, and thus called a Banach function lattice (BFL) if
the modulus of concavity is equal to 1.

In the further text, we will slightly deviate from this rather usual definition
of quasi-Banach function lattices. Namely, we will consider X to be a linear
space of functions defined everywhere instead of equivalence classes defined
a.e. Then, the functional ||| x is really only a quasi-seminorm.

Throughout the paper, we will also assume that the quasi-norm ||-||x is
continuous, i.e., if ||lu, — u|lx — 0asn — oo, then |lu,||x — |lu|x. The
continuity of ||-|| x in normed spaces follows from the triangle inequality. On the
other hand, if the space X is merely quasi-normed, then there is an equivalent
continuous quasi-norm due to the Aoki-Rolewicz theorem, see Proposition H.2
in Benyamini and Lindenstrauss [4]. Its proof shows that such an equivalent
quasi-norm retains the lattice property. Moreover, the rth power of this quasi-
norm is subadditive, i.e., |[u+v||” < ||ul|"+|v|", wherer = 1/(1+log, c,) €
(O, 1].

Itis worth noting that the Riesz-Fischer property is actually equivalent to the
completeness of the quasi-normed space X, given that the conditions (P0)—(P2)
are satisfied and the quasi-norm is continuous, see Zaanen [30, Lemma 101.1],
where the equivalence for normed function lattices is discussed but the proof
works even in the case of quasi-normed function lattices. The equivalence was
first observed by Halperin and Luxemburg [12] who defined the Riesz-Fischer
property in a slightly different way.

Let us now take a look at some examples of function spaces to appreciate
the generality of such a setting.
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ExampLE 2.1. (a) All (quasi)Banach function spaces, further abbreviated
as (q)BFS, are trivially (q)BFL’s, as they satisfy not only (P0)—(P2), but also
the following three axioms:

(P3) |I-llx has the Fatou property, i.e., if 0 < u, /' u ae., then |u,|x
lloellx
(P4) if a measurable set E C & has finite measure, then | xg||x < 00;

(P5) for every measurable set E C & with u(E) < oo there is Cg > 0 such
that f g luldp < Ce|lullx for every measurable function u.

Note that the Fatou property implies the Riesz-Fischer property. Condition (P5)
describes that X is continuously embedded into L}, (%, w). As particular ex-
amples of BFS’s we can list L? (2, u) spaces if p € [1, co], the variable
exponent spaces L?Y (P, ) for p : P — [1, o], Orlicz spaces, Lorentz and
Marcinkiewicz spaces. For a detailed treatise on Banach function spaces, see
Bennett and Sharpley [3].

(b) LP (2, w) spaces, where 0 < p < 1, are qBFL’s, but not gBFS’s as they
fail (P5), i.e., the local embedding into L'.

(c) The spaces L' (2, u) N LP(P, ), where 0 < p < 1, are qBFS’s. The
quasi-norm is given as ||-| .1 + ||-|| L. If w (&) = oo, then these spaces are not
normable. On the other hand, if £ (%) < oo, then the quasi-norm is equivalent
to the L' norm. The functions lying in this space have peaks controlled by the
L' norm, whereas their rate of decay “at infinity” is controlled by the L” norm.

(d) LP (2, ) spaces, where p € (0, oo], with an additional condition that
forces the function value to be zero at some point xy € £, e.g.,

1

— luldu,
w(B(x0,27%)) Jp@e.2-)

o
lullx = lulr@u + )
k=1

are (q)BFL’s, but not (q)BFS’s as they fail (P4), i.e., they do not contain
characteristic functions of all measurable sets of finite measure.

(e) The weak L' space, also denoted by L'***(2, 1), is a gBFL, but not a
qBFS as it fails (P5), i.e., the local embedding into L'.

(f) Spaces of continuous, differentiable, or Sobolev functions are not BFL’s
as they fail to comply with (P2), i.e., the lattice property.

The readers interested in the abstract theory of partially ordered linear spaces
are referred to Luxemburg and Zaanen [22] and Zaanen [30], where normed
function lattices, among others, are discussed.

By a curve in  we will mean a non-constant continuous mapping y : I —
% with finite total variation (i.e., length of y), where I C R is a compact
interval. Thus, a curve can be (and we will always assume that all curves are)
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parametrized by arc length ds, see e.g. Heinonen [14, Section 7.1]. Note that
every curve is Lipschitz continuous with respect to its arc length parametriz-
ation. The family of all curves in & will be denoted by I'(£?). By abuse of
notation, the image of a curve y will also be denoted by y.

Now, we shall introduce the upper gradients, which are used as a substitute
for the modulus of the usual weak gradient in the definition of Newtonian
spaces. They were originally introduced by Heinonen and Koskela in [16]
under the name very weak gradients.

DEFINITION 2.2. Let u : 2 — R. Then, a Borel function g : 2 — [0, o0]
is called an upper gradient of u if

(2.1 lu(y (0)) —uly @) = /gds

14
for all curves y : [0, [,,] — 2. To make the notation easier, we are using the
convention that |(F£00) — (+00)| = o0.

Note that we require that fy gds = oo unless both u(y(0)) and u(y(l,))
are finite, in which case the path integral may (but need not) be finite. Observe
also that the upper gradient of a function is by no means given uniquely. Indeed,
if we have a function u and its upper gradient g, then g + & is another upper
gradient of u whenever £ is a non-negative Borel function.

The following lemma shows that we can easily find an upper gradient of a
linear combination of functions whose upper gradients are known.

LEMMA 2.3. Let g and h be upper gradients of u and v, respectively, and
a € R. Then, |a|g and g + h are upper gradients of au and u + v, respectively.

Proor. This follows immediately from Definition 2.2.

Now that we have established upper gradients, we can define analogues of
Sobolev spaces on metric measure spaces.

DEFINITION 2.4. Whenever u € M (P, 1), let

lullyix = llullx + iI;f lgllx

where the infimum is taken over all upper gradients g of u. The Newtonian
space based on X is the space

N'X = N'X(2, 1) = {u € M(P, 1) : llullyix < 00}

Let us point out that we assume that functions are defined everywhere, and
not just up to equivalence classes almost everywhere. This is essential for the
notion of upper gradients since they are defined by a pointwise inequality.
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We also define the space of natural equivalence classes given by N'X =
N'X /~, where the relation u ~ v is determined by |lu — v||y1x = O.

Note that we follow the notation of Bjorn and Bj orn [5], where N'X denotes
the space of functions defined everywhere while N'X denotes the space of
equivalence classes. Some authors, e.g., Shanmugalingam [27], Tuominen [29]
and Mocanu [24], use the corresponding symbols the other way around.

We will prove in Corollary 6.16 that the equivalence classes we have just
defined are in general finer than the classes of w-almost everywhere equality.

REMARK 2.5. The theory of upper gradients becomes pathological in some
cases and the corresponding Newtonian spaces are rendered trivial in the sense
that N'X = X. Obviously, if 2 does not contain any non-constant rectifiable
curves, then the zero function is an upper gradient of any function # € X, and
hence ||u||yix = ||u||x. The Koch snowflake provides us with a simple example
of such a metric space 2. This exceptional case has already been observed in
older papers on Newtonian spaces. However, the following example shows
that there are other situations in which N'X becomes degenerate.

EXAMPLE 2.6. Let X = L?([0, 1]), where p € (0, 1). Suppose that the set
{g; : i € N} contains all rational numbers within [0, 1]. For k € N, let

4-i/p

100
g(x) = §§|x_ S xelol

Then, ||grllx = llg1llx/k < oo for all k € N. Nevertheless, if we consider an
arbitrary curve y, then fy gr = oo. Therefore, all g; are upper gradients of
any function # € X. Hence,

llg1llx
k

lullx < llullyx < llulx + = llullx ask — oo,

which proves that N'X = X.

Note that a similar example can be produced even for X = L?([0, 1]%),
where n > 1 and p € (0, 1). In that case, let

gk(X1,X2,.. xn) = ZZ

zl,lle_q’

4-i/p
’ (-xlax27"'7xl’l) € [07 1]”’

for any k € N, where the set {g; : i € N} consists of all rational numbers
within the interval [0, 1]. Then, all g € X are upper gradients of any function
u e X.
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In the following two claims, we shall see that N'X is not only a linear space,
but also a lattice. Furthermore, the functional ||-|| yix is a (quasi)seminorm on
N'X.

PROPOSITION 2.7. The functional ||-|| yix is a seminorm on N X and a norm
on N'X, given that X is a Banach function lattice. If X is just a quasi-Banach
Junction lattice, then |-||nix is a quasi-seminorm on N 'X and a quasi-norm
on N'X. Moreover, the modulus of concavity remains the same as in X.

PrOOF. Lete > 0,a € R, and u, v € N'X. Then, there are upper gradients
g, h € X of u, v, respectively, such that

lullx + 1gllx < lullyix +¢& and  vllx + ll2llx < lvlvx +eé.

Suppose that ¢, > 1 is the modulus of concavity of X. Lemma 2.3 yields that

g + h is an upper gradient of u + v. Thus,

A

lu+vliyx < llu+vlx +1g+nlx
calllullx +lvlix + lIglx + I12llx)
< calullyx + lvlinx + 2e).

IA

Letting ¢ — 0 proves the triangle inequality. Since |a|g is an upper gradient
of au, we have

laullny < llaullx + lllalgllx = lal(lullx +lgllx) < lalClulyx + &),

which leads to ||au || yix < |a| ||u|| yix. Similarly for a # 0, we obtain ||u|| yix <
la|~"|lau||n1x. Consequently, [|aullyix = |al ||ullyx.

REMARK 2.8. If the rth power of ||-||x is subadditive for some r € (0, co),
we may also consider the functional

. 1/
lullnix = (luly + 1r;f lgll) "

where the infimum is taken over all upper gradients g of u. It is easy to see
that there is a constant ¢ > 1 such that |lul|yix/c < [ullyix < c|lullyix for
all measurable functions u. Similarly as in Proposition 2.7, we can show that
I-ll3vix is a quasi-seminorm on N X whose modulus of concavity equals ¢,
i.e., the modulus of concavity of X. Furthermore, the rth power of ||| y1x is

subadditive as well.

THEOREM 2.9. The space N'X is a lattice, i.e., if u, v € N'X, then

max{u, v}, min{u, v}, |u|, ut, u” € N'X.
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PROOF. If g, h € X are upper gradients of u, v € N'X, respectively, then
we can easily see that g + / is an upper gradient of max{u, v}. All other
functions in the theorem can be expressed using max.

ReEMARK 2.10. The lattice property (P2) of a linear function space is a
stronger requirement than being a lattice, i.e., if a function space has the lattice
property, then it is a lattice. The converse implication does not hold as can be
seen, e.g., in the set of continuous functions.

3. Sobolev capacity

In the theory of quasi-Banach function lattices, it is the sets of measure zero
that are negligible and do not carry any information about the functions. If we
move to first-order analysis within the context of Newtonian spaces, we will
see that we need some quantity providing a finer distinction of small sets.

DEFINITION 3.1. The (Sobolev) X -capacity of a set E C & is defined as
Cx(E) = inf{||lu||yix : u > 1on E}.

We say that a property of points in & holds Cx-quasi-everywhere (Cx-q.e.) if
the set of exceptional points has X-capacity zero. Despite the dependence on
X, we will often write simply capacity and g.e. whenever there is no risk of
confusion of the underlying function space.

Sometimes it is convenient to restrict the set of functions over which the
infimum is taken to determine the capacity of a set.

ProOPOSITION 3.2. Let E C P. Then,

Cx(E) = inf{|lvllyix : xe <v =1}

PrOOF. Obviously, we have Cx(E) < inf{|[v]lyx : xg < v < 1} If
Cx(E) = oo, we are done. Suppose now that Cx(E) < oo and let ¢ > 0.
Then, there is u € N'X with an upper gradient g € X such that u > 1 on
E and |ju|lx + llgllx < Cx(E) + €. Observe that g is an upper gradient of

max{min{u, 1}, 0} as can be seen from the proof of Theorem 2.9. Therefore,

Cx(E)+¢& > llullx + llgllx = | max{min{u, 1}, O}[x + llgllx
> || max{min{u, 1}, O}[[y1x > inf{|lv[lxix : xg <v <1}
Letting ¢ — O finishes the proof.

We also obtain an intermediate result, namely, Cx(E) = inf{|lv||yx :
XE < v}
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The following lemma serves as a tool for proving the o -quasi-additivity of
the Sobolev capacity in Theorem 3.4.

LEMMA 3.3. Letu;, i = 1,2, ..., beuniformly bounded functions with upper
gradients g;. Then, g = sup;- g is an upper gradient of u = Sup; | u;.

Note that we cannot remove the assumption on uniform boundedness of the
functions u; as it would render the lemma false. Indeed, consider u; = i with
gi =0foralli > 1. Then, g = 0 is not an upper gradient of u = oo.

PrOOF. Observe that

u(x) —u(y) = sup(u;(x) — Supu () = sup(u;(x) — u;(y))

i>1 i>1

forall x, y € . For every curve y : [0,1,] — 2, we have

lu(y (0)) —u(y ()| < Suplu (r () —ui(y (O)] = Sup/ gids = /gds-
14 Y

i>1

The capacity satisfies the following fundamental properties. In particular,
Cy is an outer measure on & provided that X is normed, i.e., if ¢, = 1.

THEOREM 3.4. Let E, E1, E,, ... be arbitrary subsets of P. Then
(@ Cx@) =0;
(®) lxellx < Cx(E); in particular, if Cx(E) = 0, then u(E) = 0;
(c) if E1 C Ey, then Cx(E) < Cx(Ey);
(d) CX(U;i1 E;) < Zj’ilcﬁCX(Ej), where ¢, > 1 is the modulus of
concavity of X.

Proor. The proofs of properties (a), (b), and (c) are trivial. Let us focus
on (d). If Cx(E;) = oo for some j € N, then (d) holds trivially. Suppose
now that Cx(E;) < oo for every j € N. For each E;, j € N, we can hence
find u; € N'X with an upper gradient g; € X such that Xg;, <u; < 1,and
lujllx +lgjllx < Cx(Ej) + (2cp)/e. Letu = sup;., u; and g = sup;., g;.
Then, XUp B Su s 1, while g is an upper gradient of u by Lemma 3.3.
Hence,

oo
Cx (U E,) < llullyy <

j=1

sup gj H HZ”J

izl

supis | +
Jjz1

o
+ Hzgj
j=t X
o0

o . j o0 '
<> bl llx+lglx) < Z(cﬂcxw D+ oo )J) = a+§cgcx(E,-).

j=1 j=1
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Letting ¢ — 0 completes the proof of (d).

REMARK 3.5. In view of Remark 2.8, we may define another Sobolev X-
capacity of a set E C & as Cx,(E) = inf{[lu|y,, : u > 1 on E}, where
r € (0, 00) is chosen so that the rth power of ||'i|x (and hence of ||[|y1x)
is subadditive. Then, Cyx , and the rth power of Cx are equivalent, i.e., there
is ¢ > 1 such that Cx ,(E)/c < Cx(E)" < ¢Cx,(E) for every E C 2.
Furthermore, it can be proven similarly as Theorem 3.4 that Cx , is an outer
measure on & even if X is merely quasi-normed with ¢, > 1.

All functions in X are finite a.e. The Newtonian functions, however, satisfy a
stronger condition, namely, they are finite g.e., which is shown in the following
proposition.

PROPOSITION 3.6. If u € N'X, then Cx({x € P : |u(x)| = oo}) = 0.

PrROOF. Let E = {x € & : |u(x)| = oo}. Then, |u|/k > 1 on E for all
k > 0. Thus,

[T

Cx(E) < — 0 ask — oo.

N'X k

4. Modulus of a curve family

In this section we define the X-modulus, which allows us to measure curve
families in terms of the quasi-norm of the space X. The L”-modulus of a
system of measures on R” was originally defined and studied by Fuglede [9].
Heinonen and Koskela then defined the L”-modulus of a family of curves in a
metric measure space in [17]. The definition below generalizes their approach;
however, where they have the pth power of ||-||z», we use just ||-||.». Despite
this little modification, the properties of the modulus remain qualitatively the
same and, most importantly, it does not affect which of the curve families have
modulus equal to zero.

DEFINITION 4.1. For an arbitrary set E C &, we define

Tg={y el(?):y YE) # 0}

and
Iy =1{y el(® :A'(y"U(E) > 0},

where A! denotes the (outer) 1-dimensional Lebesgue measure.

REMARK 4.2. If y"!(E) C Ris not A'-measurable, then A!(y ~'(E)) > 0.
Observe that 'y = I'(P).
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DEFINITION 4.3. Let I' be a family of curves in #. The X-modulus of T is

defined by
Mody (T') := inf || p||x,

where the infimum is taken over all non-negative Borel functions p that satisfy
fy,ods > 1forally €T.

A claim is said to hold for Mod x -almost every curve (abbreviated Mod x -a.e.
curve) if the family of exceptional curves has zero X-modulus.

DEFINITION 4.4. A curve y’ is a subcurve of y : [0,1,] — 2 if, after
reparametrization and perhaps reversion, y’ is equal to y |, for some 0 <
a<b=<l,.

The following lemma summarizes the basic properties of the X-modulus.
Many arguments based on the concept of a modulus depend on the fact that a
certain family of curves has modulus equal to zero. From this point of view,
the claim (c) of the lemma is worth emphasizing as it shows that a countable
union of families of curves with zero X-modulus has X-modulus equal to zero.

LEMMA 4.5. The modulus satisfies the following properties given that Ty,
k € N, are families of curves in P.
(a) If I'y C I'y, then Modx(I'1) < Modyx(I,).

(b) Mody is o-quasi-additive, i.e.,

Mody <U Fk> < Z C]Z Mody (I'y),

k=1 k=1

where ¢, > 1 is the modulus of concavity of X. In particular, if X is a
normed space, then Mody is o-subadditive.

(c) If Modx(I'x) = 0 for every k € N, then ModX(U,fO:I ') =0.

(d) If for every curve y, € I'y there is a subcurve y, € I'y of vy, then
Mody (I'1) < Modx (T').

We shall see in the proof that (d) says, roughly speaking, that the longer the
curves in I" are, the smaller Mod x (I") is.

PrOOF. (a) The infimum in the definition of Modx (I";) is taken over a larger
set of functions than in the definition of Mody (I"»).

(b) Lete > 0. Foreach k € N, we can find a non-negative Borel function py
such that Modx (Tx) < lloellx < Mody (T'x) + (2¢c,) e while fy ords > 1

whenever y € T';. Let p = sup,.; px. Then, fy pds > 1 for every curve
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y € Uiz Tk, and

o0 o0

k
E or| = E chllorllx
k=1 X k=1

(ck Mody () +27%e) =& + Y _ ck Mody ().
1 k=1

o
Mde(U Fk) < llpllx = HSUPPkH <
k=1 kzl X
=<
k=
Letting now ¢ — 0 finishes the proof of (b).
(c) The claim follows immediately from (b).
(d) Lete > 0. Then, we can find a function p € X such that fy pds > 1for
every curve y € I'; and ||p|lx < Modx(I;) + ¢. For every curve y; € I'} we

can find a subcurve y, € I',, and thus, /yl ods > fyz pds > 1. Consequently,
Modx(I'1) < |lpllx < Modx(I';) + €. Letting ¢ — O finishes the proof.

REMARK 4.6. If the rth power of ||-||x is subadditive for some r € (0, 00),
then the rth power of Mody is o-subadditive, which can be shown along the
same lines as Lemma 4.5(b). Consequently, Modx ()" is an outer measure on

().

PROPOSITION 4.7. If f : P — R is measurable, then there exist Borel
functions fi, f» : P — Rsuchthat fi < f < frand f; = f> a.e.

A proof can be found in Bjorn and Bjorn [5, Proposition 1.2].

As already mentioned, it is whether the X-modulus is zero or not that is
important to all our arguments based on the notion of X-modulus. There-
fore, we establish a couple of characterizations equivalent to the condition
Modx (") = 0.

PROPOSITION 4.8. Let x € P and let T be a family of curves in P. The
following are equivalent:
(@) Modx(I') = 0;
(b) there is a non-negative Borel function p € X such that fy pds = oo for
all curves y € I';

(c) there is a non-negative measurable function p such that pxpu.r € X
for all radii r > 0, and such that fy pds = oo forall curvesy € T.

PRrROOF. (a) = (b) For every n € N, there is a Borel function p,, > 0 such
that
[ puds = 1toraly €T and ol < 26

Y

where ¢, > 1 is the modulus of concavity of X. Let p = Zzil 0. Then,
lollx <1 andfypds =ooforally eT.
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(b) = (c) This implication follows from the lattice property (P2) of the
function space X.

(c) = (a) Due to Proposition 4.7, there is a non-negative Borel function
0 > psuchthat p = p a.e. Let

1 ,5XB(x k)
Pn = — —— ,
"on ,; Qe 1Axsemllx +1

where ¢, > 1 retains its meaning, while n € N. Then, ||p,|lx < 1/n.If
now y € I, then it is contained within a ball B(x, k) for some k € N as
the range of the curve y is compact. Therefore, fy pnds = 0o > 1. Hence,
Modx () < |lpullx — 0,as n — oo.

LEMMA 4.9. Assume that i(E) = 0, then ModX(Fg) =0.

PROOF. Let F D E be a Borel set of zero measure, then I'} D T'}. Let
p = oo on F, outside of which let p be zero. Every curve y € I'} satisfies
M (y~1(F)) > 0 while F Ny is a Borel set. Hence fy p ds is well defined and
attains the value oo. Finally, Mody(I'}) < Modx(I'f) < |lpllx = O since
p=0ae.

The following lemma shows that we may modify a non-negative measurable
function on a set of measure zero while the value of the path integral of this
function over a curve y remains the same for Modx-a.e. curve y.

LEmMMA 4.10. Let g| and g, be non-negative measurable functions such that
g1 = gy a.e. Then

/gl ds = / g ds for Modyx-a.e. curve y.
Y ¥

In particular, fy g1 ds is well defined with a value in [0, co] for Mody-a.e.
curve y.

ProOOF. According to Proposition 4.7, there is a non-negative Borel function
gsuchthat gy = g = grae. Let E = {x € : g1(x) # g(x)}. As g is Borel,
the integral fy g ds is well defined for all curves y. For curves y ¢ '},

/glds:/gds.
14 ¥

Since u(E) = 0, we have Modx(I'}) = 0 by Lemma 4.9. Hence, equality
holds for Mody-a.e. curve y.
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A similar argument shows that the equality fy g2ds = fy g ds holds for
Mody-a.e. curve y. Lemma 4.5(c) then finishes the proof.

5. Weak upper gradients

The set of upper gradients is not a closed subset of X, which we have already
seen in Example 2.6 and similar examples can be provided for non-trivial
Newtonian spaces, as well. Another drawback of upper gradients is that they
are required to be Borel functions. We can, however, relax the conditions
in Definition 2.2 to replace the upper gradients with a more flexible set of
functions, following the ideas of Koskela and MacManus in [19].

DEFINITION 5.1. A non-negative measurable function g on 2 is an X -weak
upper gradient of an extended real-valued function u on & if

(.1 lu(y (0)) —u(y,))l S/gds

y
for Modx-a.e. rectifiable curve y : [0, [, ] — 2.

REMARK 5.2. By Lemma 4.10, the path integral (5.1) is well defined for
Modx-a.e. curve y. Applying Proposition 4.7 as well, one can see that if a
measurable function g is an X-weak upper gradient of u, then there exists a
non-negative Borel function g’, which obeys g’ = g a.e., and g’ is an X-weak
upper gradient of u.

REMARK 5.3. Lemma 4.10 also shows that we may modify an X-weak
upper gradient of a function on a set of measure zero to obtain another X -weak
upper gradient of the same function. The following example shows that the
corresponding claim for upper gradients is false.

EXAMPLE 5.4. Let u : R> — R be given by u(x) = |x|. Then, g = 1is
an upper gradient of u. Let M be the image of a (rectifiable) curve in R? of
positive length. Then g’ = 1 — x,, is not an upper gradient of u, but g = g’
a.e., whence it is an X-weak upper gradient of u.

Similarly as in the case of upper gradients, we can determine an X-weak
upper gradient of a linear combination of functions whose X-weak upper gradi-
ents are known.

LEMMA 5.5. Let g and h be X -weak upper gradients of u and v, respectively,
and a € R. Then, |a|g and g + h are X-weak upper gradients of au and u + v,
respectively.

ProOOF. Let I'y be the family of exceptional curves for g with u, and I, for
h with v. Then, I'| is the exceptional family for |a|g with au and '] U T'; is
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the exceptional family for g 4+ & with u + v. Lemma 4.5(c) now ensures that
Mde(Fl @) Fz) =0.

The following lemma shows that X -weak upper gradients of a given function
can be approximated by its upper gradients with arbitrarily small distance in X.
Note that here we do not require that the approximated X -weak upper gradient
lies in X.

LEMMA 5.6. Let g be an X-weak upper gradient of u. Then, there exist
P € X such that g + px is an upper gradient of u for every k € N and
lokllx = 0 as k — oo. In fact, there is p € X such that we may choose
px = p/k for every k € N.

Proor. First, we can find a non-negative Borel function g’ such that g’ = g
a.e. Lemma 4.10 shows that g’ is an X-weak upper gradient of u as well. Let
I" consist of those curves y : [0, [,,] — 2 such that

lu(y (0)) —u(y ,))l ﬁ/g’dS-

14

Therefore, Modyx(I') = 0, and hence, by Proposition 4.8, there is a non-

negative Borel function p € X such that fy pds = oo forall y € T. Due to

Borel regularity of the measure on &, there is a Borel set M of zero measure
such that it contains the set {x € & : g(x) # g’(x)}. Finally, let

pe(x) = M forx e P\ M,

00 forx e M.

Then, g + pr = g’ + px is a Borel function. It is also an upper gradient of u
and [l prllx = llpllx/k — Oas k — oo.

Consequently, we could have defined the N'X (quasi)seminorm using X -
weak upper gradients instead of upper gradients as is proven in the following
corollary.

COROLLARY 5.7. Let u € M(P, ). Then,
lullvix = llullx + irglf lgllx .

where the infimum is taken over all X -weak upper gradients g of u.

PrROOF. Let m be the infimum as in the claim. Let m = inf, ||g||x, where
the infimum is taken only over all upper gradients g of u. We immediately
obtain that m < m. If m = oo, then obviously m = ni. Suppose now that
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m < oo. Then there exists a sequence of X-weak upper gradients {gx}7, of
u such that ||gx||x — m as k — oo. By Lemma 5.6, there are upper gradients
8 of u such that ||gr — gkllx < 1/k for all k € N. Therefore, ||g;||x — m as
k — o0, and hence m < m. This fact leads to equality |ul||x +m = |ullx +m,
which finishes the proof.

DEFINITION 5.8. A Borel function g :  — [0, oo] is called an upper
gradient of u along a curve y if it satisfies inequality (2.1) for every subcurve

vy’ of y.

COROLLARY 5.9. If g is an X-weak upper gradient of u on & and
' = {y € ['(P): g is not an upper gradient of u along y},

then Modyx (I") = 0.

ProOF. Let I'' consist of those curves y’ : [0, /] — £ for which
lu(y'(0)) —u(y'(1,))| f/ gds.
y/

Then, Mody (I'’) = 0 by the definition of weak upper gradient. Moreover, each
curve ¥y € I has a subcurve y’ € IV, whence Modx (I') < Mody(I'") = 0 by
Lemma 4.5(d).

Having a fixed set, we shall find a close relation between its negligibility
in terms of X-capacity and and in terms of X-modulus of the family of curves
intersecting it.

PROPOSITION 5.10. Let E C 2 be an arbitrary set. Then, Cx(E) = 0 if and
only if w(E) = Modx(T'g) = 0.

ProOOF. Assume first that u(E) = Mody(I'g) = 0. Let u = xg. Then,
g = 01is an X-weak upper gradient of u since # = 0 on all curves outside ',
i.e., on Mody-a.e. curve. Hence, Cx(E) < |lu||yix =0asu =0 a.e.

Suppose now that Cx(E) = 0. Theorem 3.4 (b) yields that u(E) = 0.
Let {u;}72, be a sequence of functions in N X with their respective upper
gradients g; such that xz < u; < 1, while |lu;|lyix < (2cp) ™/ as well as
lgillx < (2cp) ™/ forall j e N.Letu =) o uje Xandg=) -, g € X.

j=1 J
Let
F={xe? ulkx)=o00}DE,

Flz{yeF(@):/gds=w},
v

and IL={yel(®) :y CF}.
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Now, Modx (I'1) = 0 by Proposition 4.8 as g € X. Every curve y € I'; is
contained in F', where u = oo, whence we have for such a curve that

/uds:/oods:oo.
% %

Thus, ', C {y e I'(P) : fyuds = oo}. We obtain that Modx(I';) = 0
since u € X. What remains to be proven is that I'r C I'y U I';. Therefore, let
y € T'(P)\ (T'y UT). Then, thereis x € y \ F, i.e., u(x) < oo. For every
y € y we have

w(y) =Y ui(y) <> ui(x) + Y |ui(y) = uj(x)]
j=1 j=1 j=1

o
5u(x)+2/gjds:u(x)+fgds<oo,
=17 v

whence y NF = (. Finally, Mody (I'g) < Mody(I'r) < Mody (I'yUT;) = 0.

Previously, we have seen that modifying an X-weak upper gradient on a
set of measure zero preserves its properties. The following corollary shows
that modifying a function on a set of X-capacity zero retains its X-weak upper
gradients.

COROLLARY S.11. Ifu = v g.e. and g is an X-weak upper gradient of u,
then g is also an X-weak upper gradient of v.

PrROOF. Let E = {x € & : u(x) # v(x)}. Then, Cx(E) = 0 and hence
Modyx (I'g) = 0. Consequently, u = v along Modx-a.e. curve, which implies
that g is an upper gradient of v along Modx-a.e. curve.

The next corollary provides us with an alternative definition of an X-weak
upper gradient of an a.e. finite function. It shows that it does not really matter
how we interpret the inequality (5.1) when the left-hand side is |(f£o0) —
(£00)].

PROPOSITION 5.12. Let u : P — R be a function that is finite a.e. and
assume that g > 0 is such that for Modx-a.e. curve y : [0,1,] — P itis true
that either

(5:2) [utyO)| = lu(y @) =00 or |u(y(0)) —ulyd,))l S/gdS-

14

Then, g is an X-weak upper gradient of u.
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Such a characterization of weak upper gradients was originally given by
Bjorn, Bjorn, and Parviainen in [6] for the L7 case.

Proor. Let I' be the set of all curves that have a subcurve for which (5.2)
does not hold. Then, Mody(I') = 0 by Lemma 4.5(d). Let E = {x € & :
lu(x)| = ooy and I't = {y € I'(P) : y C E}. Since y~'(E) = [0, l,]
for every y € I'j, we have that ', C I'}. Consequently, Mody(I'y) <
Modx(F;f), which is equal to zero by Lemma 4.9 as u(E) = 0. Let now
y € T(P)\ (I'UT}). Then, there is t € [0,/, ] suchthat y(¢) ¢ E. Ift =0
ort =1,, then

() — u(y 1,))| sfgds

14

by the hypotheses. Otherwise,

lu(y(0)) —u(y @) = [u(y 0)) —uly )| + luly (1)) —uly (,))]

S/ gds+/ gdS:/gds
70,1 Vit 1%

because the second alternative in (5.2) holds for both y [j,, and y |, 1,1 There-
fore, g is an X-weak upper gradient of u since Modx (I' U ') = 0 due to
Lemma 4.5(c).

6. Absolute continuity along curves

Due to work of Beppo Levi [21, Section 3], which goes as far back as 1906, it
is well known that the classical Sobolev space W!'7(R") can be characterized
as the space of functions in L”(R") that have a representative that is ACL,
i.e., absolutely continuous on almost every line parallel to the coordinate axes,
and whose (classical) partial derivatives belong to L?(R") as well, see e.g.
Ziemer [31, Theorem 2.1.4].

On metric spaces there are no distinctively preferable lines; however, we
can study the (absolute) continuity of Newtonian functions on curves. Since
Levi’s characterization allowed a certain number of exceptional lines, it is
natural to expect that there are exceptional curves in our setting as well.

DEFINITION 6.1. A measurable function belongs to the Dirichlet space DX
if it has an upper gradient in X.

REMARK 6.2. Due to Lemma 5.6, we can equivalently define the Dirichlet
space DX by requiring existence of an X-weak upper gradient lying in X. We
can easily see that DX is a linear space, with N'X as a subspace. Moreover,
the proof of Theorem 2.9 shows that DX is a lattice.
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DEFINITION 6.3. A function f : [a, b] — R is absolutely continuous on
[a, b], abbreviated as f € AC([a, b)), if for every ¢ > 0 there is § > 0 such
that n

DI — flapl <e

j=1

foranyn e Nandanya <a; < b <a, <by, <--- <a, < b, <bsuch
that

Z(b/ - aj) < 6.
j=1

REMARK 6.4. It can be proven (cf. Rudin [26, Theorem 7.20]) that f
AC([a, b]) if and only if f is differentiable a.e. in [a, b], while f € L'([a, b])
and

fx) = f(a)+fx f'(t)dt forall x € [a, b].

DEFINITION 6.5. A functionu : 2 — Ris absolutely continuous on Modx -
a.e. curve, shortened as u € ACCx(2), if the functionu o y : [0,1,] — R
is absolutely continuous for all curves y : [0,[,] — 2 except perhaps for a
family of curves with zero X-modulus.

LEMMA 6.6. Let o € R and let w : R — R be a Lipschitz function. If u, v
are in ACCx (D), then so are u & v, au, uv, max{u, v}, min{u, v}, wou, |u|,
u*, and u~. In particular, the set ACCx (P) forms a linear lattice.

ProoF. LetI'; and I'; be the families of the exceptional curves for u and v,
respectively. Then, Modx (I"y U I';) = 0 by Lemma 4.5(c). Consider a curve
y :10,1,] > 2, whichliesinI'(#) \ (I'1 UT;), andlet f =uoy and g =
voy.Then, f, g € AC([0,[,]). In particular, f and g are bounded on [0, /, ].
Consequently, we obtain the absolute continuity of f + g, fg, max{f, g}, and
wo fon[0,/,] by Lemma 1.58 in Bjorn and Bjorn [5]. Therefore, u + v, uv,
max{u, v}, and w o u are absolutely continuous along y.

Absolute continuity of all the remaining functions in the claim along almost
every curve follows from the facts that have just been established.

The following theorem shows that Dirichlet functions, and in particular
Newtonian functions, are absolutely continuous on Mody-a.e. curve. Such a
result can be seen as stronger than the ACL condition for Sobolev functions
on R".

THEOREM 6.7. If u € DX, then u € ACCx(%).
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PrROOF. Let g € X be an upper gradient of u and let I' consist of those
curves for which fy gds = oo. Then, Mody (I') = 0 due to Proposition 4.8.

Lety :[0,1,] > PbeacurveinI'(P)\I'.Foralla,b €[0,l,],a < b,
we have

(6.1) lu(y (b)) —u(y (@)l = / gds < oo,

Y lia.b)

and in particular u(y (a)) € Rforall a € [0, [,]. Suppose now that f :=uoy
is not absolutely continuous on [0, [, ]. Then, there is an & > 0 such that for
every j € Nthereare 0 <a; < bj1 <ajo <+ < aj, <bj, <1, such
that

I’lj I’lj
D b —aj) <277, while Y |f(bii) — flaj)l = e

i=1 i=1

Letting E; = \J;”,[a;., b;.;1, we obtain by (6.1) and the dominated conver-
gence theorem that

o= 1)~ Sl = [ gds—0 as oo
i=1 14

Iz

since A'(E;) < 27/. This contradiction shows that f is necessarily absolutely
continuous on [0, /, ], whence u is absolutely continuous on every y € I'(?)\
r.

Having a function u € ACCx (&) and a curve y on which u is absolutely
continuous, one can compare the classical derivative of u o y with an arbitrary
X-weak upper gradient. This leads to the following lemma, providing us with
yet another characterization of X-weak upper gradients lying in X.

LEMMA 6.8. Assume that u € ACCx(9P) and that g € X is an X-weak
upper gradient of u. Then, for Modx-a.e. curve y : [0,1,] — P, we have

(6.2) lwoy)® <gly@®) forae tel0,1]

Conversely, if ¢ > 0 is measurable, u € ACCx(P), and (6.2) holds for
Mody-a.e. curve y, then g is an X-weak upper gradient of u.

Observe that whereas we need to assume that g € X in the forward implic-
ation (cf. Example 6.9 below), it is unnecessary in the converse.

ProoF. Assume firstthatu € ACCy (%) andthatg € X is an X-weak upper
gradient of u. Let y : [0,1,] — & be acurve such thatu oy € AC([0, [, ]), g
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is an upper gradient of u along y, and fy g ds < oo. This holds for Modx-a.e.
curve.

Now, almost every point ¢ € (0, [,) is a Lebesgue point for g o y (so that the
last equality in (6.3) below holds) and simultaneously u o y is differentiable
at ¢. For such ¢ we obtain

u(yt +h) —uly@))
h

6.3) @oy) )] = lim|
1 t+h
<fim [ s @it =g

Conversely, assume that g > 0 is measurable, u € ACCx (%) and (6.2)
holds for Modx-a.e. curve y : [0,[,] — 2. Lety :[0,,] — & be a curve
on which u is absolutely continuous, (6.2) holds, and fy g ds is well defined.
This holds for Mody-a.e. curve as can be seen by Lemma 4.10. Then,

ll/ ll/
lu(y (0)) —uly (@)l S/O I(MOV)’(t)IdtS/O g()/(t))dt=/gds-
14

EXAMPLE 6.9. Let A C [0, 1] be a Borel set such that 0 < A'(ANT) <
A1(I) for all non-degenerate intervals I C [0, 1]. For construction of such a set
A, see remarks on Problem V.3.34 in Torchinsky [28, p. 376]. Then, g = cox 4
is an upper gradient of any function on [0, 1]. Let u(x) = x for x € [0, 1].
Hence, (u o y)' (1) = 1 £ 0 = g(y(¢)) whenever y(¢) ¢ A, which happens
for ¢ chosen from a set of positive measure.

As a consequence of the last characterization, we can easily derive the
product and chain rule for X-weak upper gradients.

ProrosiTION 6.10 (Product rule). Let u;,u; € DX and let g1, g, € X be
their respective X -weak upper gradients. Then, |ui|g> + |uz|g1 is an X-weak
upper gradient of uu;.

Proor. For Modx-a.e. curve y : [0,[,] — £, it holds that uj o y €
AC([0,[,]) and [(uj o y)'(t)| < gj(y(t)) forae.t € (0,1,), j = 1,2, by The-
orem 6.7 and Lemma 6.8. The product rule for absolutely continuous functions
yields that

(w1 0 y) (2 09)) (1) = (uy oY) @)z 0 y) (1) + (w1 0 y) (t)(uz 0 ) (1)

fora.e.r € (0,1,). Hence, [((u1uz) o) ()| < (lu1]g2+ lualg1) oy (t), which
implies the desired conclusion in view of Lemma 6.8.
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PROPOSITION 6.11 (Chain rule). Let w : I — R be locally Lipschitz, where
I C Ris an interval. Let u : P — 1 and suppose that u € DX with an
X-weak upper gradient g € X. Then, |w’ o u|g is an X-weak upper gradient
of w o u, where we set w' = 0 wherever undefined.

ProoF. Similarly as before, u o y € AC([0, [, ]) for Modx-a.e. curve y :
[0,1,] = Pand |(uoy)'(t)| < g(y(t))fora.e.t € (0,1,). Theimage of [0, /, ]
under u o y is a compact interval J C [. Thus, w|; is Lipschitz continuous
and the chain rule for composite of an absolutely continuous function with a
Lipschitz function (cf. Leoni [20, Corollary 3.52]) yields that

(wouwyoy) ()= ooyt moy)t) forae. te(0,1,).

Hence, |((w ou) o y) ()| < (I’ o ulg) o y(t) as needed for Lemma 6.8.

Next, we will investigate how a pointwise (in)equality a.e. between a pair
of functions is affected by the fact that these functions belong to ACCx (%),
which will eventually lead to a description of the natural equivalence classes
for Newtonian functions.

ProPOSITION 6.12. Ifu,v € ACCx(P) andu = v a.e., thenu = v q.e.

PrROOF. Let E = {x € Z : u(x) # v(x)}. We have Modx(Fg) =0
by Lemma 4.9 as w(E) = 0. Let ' = {y € T'(#) \ Fz T uoy,vo
y € AC([0,/,])}, which gives Modx(I'°) = 0. Suppose y € I'. Then,
AM(y~YE)) = 0,ie,uoy = voy Al-ae. on[0,1,]. Since both func-
tions u and v are continuous on y, we have u = v everywhere on y, whence
y N E = . Consequently, 'y C ' and Modx (I'g) < Modyx(I'*) = 0. We
can now conclude that Cx (E) = 0 due to Proposition 5.10.

COROLLARY 6.13. Ifu, v € ACCx(#) andu > v a.e., thenu > v g.e.

PrROOF. Let w = min{u, v}. Then, w € ACCx (%), and u > w everywhere
in & while v = w a.e. We can see that u > w = v q.e. due to Proposition 6.12.

COROLLARY 6.14. Let u,v € N'X. Ifu > v a.e., then u > v g.e. Further-
more, if u = v a.e., thenu = v q.e.

Proor. Theorem 6.7 shows that both u and v are absolutely continuous on
Mody-a.e. curve. Corollary 6.13 and Proposition 6.12, respectively, finish the
proof.

The following results prove that the equivalence classes in NX are up to
sets of X -capacity zero. Therefore, we can see that there is an actual difference
between Newtonian spaces and Sobolev spaces on R” as the latter are defined



156 LUKAS MALY

with equivalence classes up to sets of measure zero. Recall that the capacity
in general allows a finer distinction of sets of measure zero.

PROPOSITION 6.15. Let u : » — R be a measurable function. Then,
lullyix = 0ifand only ifu = 0 g.e.

PROOF. Assume first that |Ju||yix = 0. Then, u € N'X and u = 0 a.e. as
llullx = 0. Thus, u = 0 g.e. by Corollary 6.14.

Assume, on the other hand, that E = {x € & : u(x) # 0} satisfies
Cx(E) = 0. Then, w(E) = 0 by Proposition 5.10 while 0 is an X-weak upper
gradient of u by Corollary 5.11. Therefore, |ully1x < |lu|lx + [|0]lx = O.

COROLLARY 6.16. The equivalence classes in NX are given by equality up
to sets of capacity zero.

ProOF. The claim follows from the definition of # ~ v by condition ||u —
v|lyix = 0, which holds if and only if # — v = 0 g.e. as has been shown in
Proposition 6.15.

Next, we introduce a space of equivalence classes described by equality a.e.
with a Newtonian function, which is a closer counterpart of classical Sobolev
spaces.

DErFINITION 6.17. We introduce the space of equivalence classes given by
a.e. equality with Newtonian functions, i.e.,

NX = {u e X : thereis v € N'X such that u = v a.e.},

with the norm 1nduced by N'X (so that lullzx == llvllnix, whenever u = v
a.e., whileu €¢ N N'X and v € N'X ). Observe that the norm is well defined due
to Corollaries 6.14 and 6.16.

The following proposition quantifies the difference between equlvalence
classes of functions in N'X and functions in N'X. Rou&hly speaking, N
consists only of the “good” representatives of classes in N'X.

PrROPOSITION 6.18. Suppose that u € N N'X. Then, u € N'X if and only if
u € ACCx (2).

PrOOF. Theorem 6.7 gives the necessity.

Consider now u € N'X NACC x(P). Then, thereis v € N'X € ACCx (%)
such that u = v a.e. Proposition 6.12 implies that u = v g.e., whence |u —
v[yix =0 by Proposition 6.15, and hence u € NlX.

EXAMPLE 6.19. If we consider X C L| (R), then xq ¢ N'X as it does
not have any upper gradient in L] .(R). On the other hand, xq = 0 a.e. on R,
whence xq € N'X.
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In the Euclidean case, we have N'LP = whr, Indeed, Ohtsuka has shown
in [25, Sections 4.3 and 4.4] that an L? function lies in the Sobolev space wlr
if and only if it has an ACC,, representative whose gradient is integrable to
the pth power. The description of zero L”-modulus of a family of curves in
his text corresponds to our Proposition 4.8(b).

7. Completeness of Newtonian spaces

We shall further see that the general setting of quasi-Banach function lattices
suffices to prove that Newtonian spaces are in fact complete. The proof relies
heavily on the fact that the equivalence classes in N'X are given by equality
up to sets of capacity zero.

THEOREM 7.1. The Newtonian space NX is complete.

PrOOF. Recall that N'X := N'X/~ = N'X/=,.. as has been proven in
Corollary 6.16. Let {u;};2, be a Cauchy sequence in N 1X. Without loss of
generality we may assume (by passing to a subsequence if necessary) that
lujr1 —ujllvx < (4cn)~/, where ¢, > 1 is the modulus of concavity of X
(and hence of N'X). Let

Ei={x€P:|uj1(x) —uj(x)| >277}.

Therefore, we can estimate Cx (E;) < [12/(uj41 — uj)|lyx < 2/(dcp)™ =
(2cs)™/. Letnow F = limsup; . . Ej, i.e.,

o0 o
FzﬂFk, where Fk=UEj-
k=1 j=k

Then,

Cx(F) =Y el ™ Cx(E) =Y ed ™ @)™ = (2e)'™
j=k j=k

by Theorem 3.4. Thus, Cx(F) = 0 as Cx(F) < Cx(Fy) for all k € N. Let
x € P\ F,thenx € 2\ F, for some m whence |u;(x) —u;(x)| < 27/ for
all j = m and {u;(x)}72, forms a Cauchy sequence in R. Consequently, we

can define lim u;(x) forx e P\ F,
ux)=4{/-*
0 forx € F.

Observe that u(x) is defined as the limit for g.e. x € 2. Moreover, we have

A0 im0 =m0+ Y@ ). xe P\,
Jj=k
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where F = F U U;'il{x € P : |uj(x)| = oo} while k € N may be chosen

arbitrarily. Proposition 3.6 and Theorem 3.4 yield that C ( F ) = 0, and hence
w(F) = 0. Thus, llu — ullx < Y2 @dc)™ = (den)'™/(4es — 1), s0
upy — uin X as k — o00o. Since Cx(f) = 0, Mody-a.e. curve in & has
an empty intersection with F by Proposition 5.10. Let y be one such curve,

connecting x = y(0) and y = y(l,). As u is defined by (7.1) on y, we have

[ = ) () = (= w )| < D Nujar — up)(x) = (Wjer — 1) ()|

j=k

o0 oo
SZ/gdeZ/Zgde,

j=k Y Y j=k

where g; is an upper gradient of u;; — u; such that ||g;llx < (2c,)7/.
Thus, g, = Zfik gj is an X-weak upper gradient of u — uy, and ||gcllx <

Y eh M (2ey) 7 = (2¢,)'*. Finally, it follows that

(4cp)'F

lu—urlivix < lu—uelx+18kllx < ———
4CA

1 +Q2e)'*F >0 ask — oo.

Finally, we will investigate what consequences the convergence in N'X has
on pointwise and uniform convergence of a sequence of functions. A Egorov-
type theorem can be considered contained in the following corollary.

COROLLARY 7.2. Assume that u; — u in NX as j — oo. Then, there
is a subsequence which converges to u pointwise g.e. Moreover, for every
e > 0 there is a set E with Cx(E) < &, such that the subsequence converges
uniformly to u outside of E. If all functions u; are continuous, then there is an
open set G with Cx(G) < ¢, such that the subsequence converges uniformly
outside of G (not necessarily to u, though).

PrOOF. Let us define the sets E; and Fj as in the proof of Theorem 7.1,
J»k € N. There, we have obtained a subsequence (denoted by {u;}72, again)
that converges uniformly to some function & on & \ Fy, for any k € N, and thus
pointwise on Z \ F,i.e., g.e. on . Due to the construction of the function #
(which is denoted by u in the aforementioned proof), we see that it € N'X,
whence ||u — i||yix = 0 and Proposition 6.15 then yields that u = & q.e.

If all functions u; are continuous, then all sets E;, and consequently Fy, are
open. Therefore, G can be defined as F for a suitably large k, and u; — u
uniformly outside of G.



11.

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.
22.

23.

24.

NEWTONIAN SPACES BASED ON QUASI-BANACH FUNCTION LATTICES 159

REFERENCES

Aissaoui, N., Another extension of Orlicz-Sobolev spaces to metric measure spaces, Abstr.
Appl. Anal. 2004 (2004), no. 1, 1-26.

Ambrosio, L., and Tilli, P.,, Topics on analysis in metric spaces, Oxford Lecture Series in
Mathematics and its Applications, vol. 25, Oxford University Press, Oxford, 2004.

Bennett, C., and Sharpley, R., Interpolation of operators, Pure and Applied Mathematics,
vol. 129, Academic Press, Orlando, FL, 1988.

Benyamini, Y., and Lindenstrauss, J., Geometric nonlinear functional analysis. Vol. 1, Amer-
ican Mathematical Society Colloquium Publications, vol. 48, American Mathematical
Society, Providence, RI, 2000.

Bjorn, A., and Bjorn, J., Nonlinear potential theory on metric spaces, EMS Tracts in Math-
ematics, vol. 17, European Mathematical Society, Ziirich, 2011.

Bjorn, A., Bjorn, J., and Parviainen, M., Lebesgue points and the fundamental convergence
theorem for superharmonic functions on metric spaces, Rev. Mat. Iberoam. 26 (2010),
no. 1, 147-174.

Costea, S., and Miranda, Jr., M., Newtonian Lorentz metric spaces, Illinois J. Math. 56 (2012),
no. 2, 579-616.

Durand-Cartegena, E., Some topics in Lipschitz analysis on metric spaces, Ph.D. Thesis,
Complutense University of Madrid, Madrid, 2011.

Fuglede, B., Extremal length and functional completion, Acta Math. 98 (1957), 171-219.

. Hajtasz, P., Sobolev spaces on an arbitrary metric space, Potential Anal. 5 (1996), no. 4,

403-415.

Hajtasz, P., Sobolev spaces on metric-measure spaces, Heat Kernels and Analysis on Man-
ifolds, Graphs, and Metric Spaces (Paris 2002), Contemp. Math., vol. 338, Amer. Math.
Soc., Providence, RI, 2003, pp. 173-218.

Halperin, I., and Luxemburg, W. A. J., The Riesz-Fischer completeness theorem for function
spaces and vector lattices, Trans. Roy. Soc. Canada. Sect. III. (3) 50 (1956), 33-39.

Harjulehto, P., Histo, P., and Pere, M., Variable exponent Sobolev spaces on metric measure
spaces, Funct. Approx. Comment. Math. 36 (2006), 79-94.

Heinonen, J., Lectures on analysis on metric spaces, Universitext, Springer-Verlag, New York,
NY, 2001.

Heinonen, J., Nonsmooth calculus, Bull. Amer. Math. Soc. (N.S.) 44 (2007), no. 2, 163-232.

Heinonen, J., and Koskela, P., From local to global in quasiconformal structures, Proc. Nat.
Acad. Sci. U.S.A. 93 (1996), no. 2, 554-556.

Heinonen, J., and Koskela, P., Quasiconformal maps in metric spaces with controlled geo-
metry, Acta Math. 181 (1998), no. 1, 1-61.

Heinonen, J., Koskela, P., Shanmugalingam, N., and Tyson, J. T., Sobolev spaces on metric
measure spaces: an approach based on upper gradients, New Mathematical Monographs,
vol. 27, Cambridge University Press, Cambridge, 2015.

Koskela, P., and MacManus, P., Quasiconformal mappings and Sobolev spaces, Studia Math.
131 (1998), no. 1, 1-17.

Leoni, G., A first course in Sobolev spaces, Graduate Studies in Mathematics 105, American
Mathematical Society, Providence, RI, 2009.

Levi, B., Sul principio di Dirichlet, Rend. Circ. Mat. Palermo 22 (1906), 293-359.

Luxemburg, W. A. J., and Zaanen, A. C., Riesz spaces. Vol. I, North-Holland Mathematical
Library, North-Holland, Amsterdam, 1971.

Maly, L., Minimal weak upper gradients in Newtonian spaces based on quasi-Banach function
lattices, Ann. Acad. Sci. Fenn. Math. 38 (2013), no. 2, 727-745.

Mocanu, M., A generalization of Orlicz-Sobolev capacity in metric measure spaces via Banach
function spaces, Complex Var. Elliptic Equ. 55 (2010), no. 1-3, 253-267.



160 LUKAS MALY

25. Ohtsuka, M., Extremal length and precise functions, GAKUTO International Series. Math-
ematical Sciences and Applications 19, Gakkotosho, Tokyo, 2003.

26. Rudin, W., Real and complex analysis, 3rd ed., McGraw-Hill, New York, NY, 1987.

27. Shanmugalingam, N., Newtonian spaces: an extension of Sobolev spaces to metric measure
spaces, Rev. Mat. Iberoamericana 16 (2000), no. 2, 243-279.

28. Torchinsky, A., Real variables, Addison-Wesley, Redwood City, CA, 1988.

29. Tuominen, H., Orlicz-Sobolev spaces on metric measure spaces, Ann. Acad. Sci. Fenn. Math.
Dissertationes 135 (2004).

30. Zaanen, A. C., Riesz spaces II, North-Holland Mathematical Library, vol. 30, North-Holland,
Amsterdam, 1983.

31. Ziemer, W. P., Weakly differentiable functions, Graduate Texts in Mathematics, vol. 120,
Springer-Verlag, New York, 1989.

DEPARTMENT OF MATHEMATICS

LINKOPING UNIVERSITY

SE-581 83 LINKOPING

SWEDEN

E-mail: Lukas.Maly @matfyz.cz
Current address:

DEPARTMENT OF MATHEMATICAL SCIENCES
UNIVERSITY OF CINCINNATI

CINCINNATI, OH 45221-0025
USA



