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DEFINITIONS OF SOBOLEV CLASSES
ON METRIC SPACES

by B. FRANCHI, P. HAJLASZ and P. KOSKELA

1. Introduction.

Let  C R™ be an open set. By the classical Sobolev space W1?(Q) we
mean the Banach space of those p-summable functions whose distributional
gradients are p-summable as well. The space is equipped with the norm
llullwrr = |lullp + ||Vul|p. Here and in what follows by || - ||, we denote the
LP norm.

There are several ways to generalize the notion of the Sobolev space
to the setting of metric spaces equipped with a Borel measure. We describe
next two definitions of the Sobolev space on a metric space (.59, d) equipped
with a Borel masure p that is finite on every ball. Following [11], for
1 < p < oo, we define the Sobolev space M'P(S,d,u) as the set of all
u € LP(S) for which there exists 0 < g € LP(S) such that the inequality

(1) lu(z) — u(y)| < d(z,y)(9(z) + 9(y))
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holds p-a.e. Following [6], [13], [14], by PY?(S,d, 1) we denote the set of
all functions v € LP(S) such that there exist 0 < g € LP(S), C > 0 and
A > 1 so that the (1, p)-Poincaré inequality

1/p
(2) ][ |lu —ug|du < Cr <][ gpdu>
B AB

holds on every ball B in S, where r is the radius of B, up is the average
value of u on B, and f denotes the average value of the integral.

When S = R", pu is the Lebesgue measure, d the Euclidean distance
and p > 1, the two different approaches both result in the classical Sobolev
space W1P(R"), see [11], [19]. However if p = 1, then the space M7 is
different than W1, see [12].

In the Euclidean setting inequality (2) holds with g = |Vu|, while
inequality (1) holds with g being the maximal function of |Vul.

In this paper we compare these two different definitions in the setting
of metric spaces and we show that Poincaré inequality for pairs of functions
and upper gradients plays a key role in the subject: see Section 2 below
for the definitions. More precisely, we shall use a fairly new self-improving
property of the right hand side of a Poincaré inequality (see Theorem 2),
instead of the known self-improving property of the left hand side (see
Lemma 1).

The central examples of metric spaces we have in mind are given
by the so-called Carnot-Carathéodory metrics associated with a family of
Lipschitz continuous vector fields. As there is a natural way to define the
Sobolev classes in terms of a family of vector fields identified with first order
differential operators, a crucial test for our definitions of Sobolev spaces as-
sociated with a metric is to check compatibility with this definition. It has
been inquired by N. Garofalo and R. Strichartz whether the Sobolev space
defined by the pointwise inequality (1) above for the Carnot-Carathéodory
metric associated with a system of vector fields satisfying Hérmander’s con-
dition coincides with the space obtained as the closure of smooth functions
in the Sobolev norm generated by the family of vector fields. Theorems 9
(see the discussion preceding this result) and 10 and Corollary 11 below
give a complete answer to this question. Some partial results have been
obtained earlier in [6], [11], [14], [18], [19].

Notation. — Our notation is fairly standard. By L-Lipschitz func-
tions we mean Lipschitz functions with Lipschitz constant L. The average
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value will be denoted by

1
ug = ud=—/ud.
5 ]{3 B Jp
p

The space L is the space of functions LP-summable on every ball. The
characteristic function of a set E will be denoted by xg. Balls will be
denoted by B. The ball concentric with B and with the radius A times
that of B will be denoted by AB. General constants will be denoted by C.
The value of C' may change even in the same string of estimates. By Borel
measure we shall mean nonnegative Borel-regular measure.

In the remaining part of this paper we assume that S is a metric
space of homogeneous type, i.e. such that the measure u is Borel, finite on
every ball, and that it satisfies a doubling condition. This means that there
exists a constant Cy > 0 such that for every ball B

w(2B) < Cap(B).

Acknowledgement. — The authors wish to thank Juha Heinonen for
his comments.

2. Sobolev spaces on a metric space.

Let u € L] (S) and g : S — [0,00] be Borel measurable functions.

We say that the pair (u, g) satisfies a (g, p)-Poincaré inequality, p,q > 1, if
there exist C' > 0 and A > 1 such that the inequality

1/q 1/p
(3) (][ |lu —upl|? du) <Cr <][ g° du)
B AB

holds on every ball B where r is the radius of B. We do not put any
integrability conditions upon g here, so that we can take for example g = oc.

By PP we denote the set of all functions v € L{ . such that there

exist 0 < g € LP, C > 0 and A > 1 which make the pair (u, g) satisfy the
(g, p)-Poincaré inequality (3) on every ball B.

Obviously, inequality (3) with A = 1 implies (3) with A > 1. However,
in general the converse implication does not hold (i.e. A > 1 cannot be
replaced by A = 1), see [14]. However, if the metric space satisfies some
additional geometric properties, then one can replace A > 1in (3) by A =1
in the sense that if the pair (u,g) satisfies (3) with A > 1 on every ball,
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then there exists a bigger constant C, such that (u,g) satisfies (3) with
A =1 on every ball. A sufficient geometric condition for the replacement
of A > 1 by A =1 is that bounded and closed sets are compact and the
distance between any pair of points equals the infimum of lengths of curves
joining the two points. For details, see [17], [4], Section 5, [20], [10], [13],
[14].

The following embedding theorem is due to Hajlasz and Koskela [13],
[14], Theorem 5.1 (see also [7]); however, there is a long list of related results

in the literature, that we omit here for sake of brevity: see the survey in
[14].

LEMMA 1. — Let (S,d,pu) be a metric space with p doubling.
Assume that the pair (u, g) satisfies a (1, p)-Poincaré inequality. Then there
exists qo > p such that for every 1 < q < qo the pair (u,g) satisfies a
(¢, p)-Poincaré inequality. The exponent qo depends only on the doubling
constant and on p.

The constants C' and X for the (1,p) and (g, p)-Poincaré inequalities
in the above lemma may be different.

Thus for the given range 1 < ¢ < qo, the class P2? is the same as the

class Plf)f For that reason we restrict our attention to the class PP only.

We denote all LP-integrable functions in Plicp by PYP(S,d, i) or simply by
PLP(S) or by PP,

Theorem 3.1 from [14] states that u € M*P, p > 1, if and only if
u € LP and there exist 0 < g € L? and 1 < g < p such that the pair (u, g)
satisfies a (1, ¢)-Poincaré inequality. This suggests the following question: Is
it true that MP(S,d, u) = PYP(S,d,u) for 1 < p < 0o? In the case p =1
the answer is negative (see remark after Corollary 3). In the case p > 1 the
answer is positive provided we assume that in addition the space supports a
(1, g)-Poincaré inequality for some 1 < ¢ < p (see the definition below). We
do not know if any additional condition is necessary. The positive answer
is due to Koskela and MacManus [19].

A related question was also raised by Hajlasz and Koskela, [14]:
Is it true that if the pair (u,g) satisfies a (1,p)-Poincaré inequality,
1 < p < 0o, then there exists 1 < g < p such that the pair (u, g) satisfies a
(1, g)-Poincaré inequality? Note that the positive answer to that question
together with [14], Theorem 3.1, would imply M1? = P1P. Below we give
a positive answer to the question under the same additional assumption as
before: the space supports a (1, q)-Poincaré inequality for some 1 < g < p.
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First we need some definitions.

Let (S, d, ) be a triple as above. Following Heinonen and Koskela [16]
we say that a Borel function g : S — [0, c0] is an upper gradient of another
Borel function u : S — R if for every 1-Lipschitz curve v : [0,7] — S we
have

T
[u(1(0)) — u(x(T))| < / a(r(t)) dt

(remember that a curve v is called 1-Lipschitz if d(v(3),v(a)) < |8 — ¢
for all 0 < & < § < T'). Moreover, we stress the fact that we could define
upper gradients using the class of rectifiable curves, due to the fact that
every rectifiable curve admits an arc-length parametrization.

We say that the space (S, d, u) supports a (1, p)-Poincaré inequality,
1 < p < oo, if there exist C > 0 and A > 1 such that if u is a continuous
function and g is an upper gradient of u, then the pair (u,g) satisfies a
(1, p)-Poincaré inequality with given C and A.

One of the results of the paper reads as follows.

THEOREM 2. — Let 1 < p < oo and let the space supports a (1, q)-
Poincaré inequality for some 1 < q < p with given A > 1. Let 7 > 1 and
assume that the pair (u, g), u € Li, (S), 0 < g € LP(S), satisfies the family

(4) ]{3 fu — ug| du < Cr (fB ¢ du) 1/,,

of Poincaré inequalities on every ball B, where r denotes the radius of B.
Then there exists another constant C' > 0 such that for every ball B of
radius r

1/q
(5) ][ |lu —up|du < C'r (][ g? du) .
B AB

Remarks.

1) Compare the case ¢ = p with the discussion preceding Lemma 1.
The novelty here is that A might be smaller than .

2) The idea of the proof is to approximate u by “convolutions”. The
approximating sequence satisfies the (1, ¢)-Poincaré inequality and passing
to the limit yields (5). Similar techniques of approximation were employed
in [22], [8], [19]. The case ¢ = p requires new ideas.

As a corollary of Theorem 2 and [14], Theorem 3.1 we obtain the
following theorem of Koskela and MacManus [19].
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COROLLARY 3. — Let 1 < p < oo. If the space supports a (1, q)-
Poincaré inequality for some 1 < q < p, then PYP(S,d, u) = MVP(S,d, ).

The most important example is R” with the Euclidean metric |-| and
the Lebesgue measure H™. The space supports a (1, 1)-Poincaré inequality
and hence

(6) Pl,p(Rn,l : |7Hn) =M1’p(Rn7|' |3Hn)a

forall 1 < p < co. As we already noted both spaces coincide with W1P(R™).
Later we shall generalize this result to the case p = 1 and we shall prove
that WLL(R™) = PLY(R™, |- |, H™). As Wb % M1 we shall also obtain
that PL! £ ML,

Proof of Theorem 2. — We start with a construction of an approxi-
mating sequence. Fix € > 0 and let {B}} be a covering of S by balls with
radii € and the property that the balls %B;‘ are pairwise disjoint. Put now

= 2B}: the doubling property implies that there is a constant C such
that no point of S belongs to more than C balls B;. Let {¢;} be a Lipschitz
partition of unity associated to the given family of balls i.e., >, ¢; = 1,
0 < y; <1, suppy; C B; and all the functions ¢; are Lipschitz with the
same constant Ce~!. To this end it is enough to choose

%zw(d(x;,:c)> <Z¢(d(xk,x)>> ,

where 1) is a smooth function, 1) = 1on [0,1],% =0on [3/2,00),0 < ¢ < 1,
and z; is the center of B; for i = 1,2,... We can define now u. = >, p;up,.
Then [g|u — u|du — 0 as € — 0 on every ball B. Indeed, this is obvious
when u is continuous and the general case follows by approximating u by
continuous functions in the L! norm. For the following lemma, see [19],
Lemma 4.7.

LEMMA 4. — Let u be an arbitrary locally integrable function. If
d(b,a) < €, then
|ue (b) — ue(a)| < Cd(b, a)he(a),

<]£B][ uy) — u(z)| du(y )du(x)> XB

We do not prove this lemma. Later we shall prove a similar result
(Lemma 12), but in a different setting. The proof given there may be easily
modified to cover Lemma 4.

where
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As was noticed in [19], the above lemma implies that Ch, is an upper
gradient for u..

If the space supports a (1, ¢)-Poincaré inequality, we conclude that
the pair (uc, he) satisfies a (1, g)-Poincaré inequality.

Assume now that the pair (u,g) satisfies the assumptions of Theo-
rem 2. It remains to prove that if we pass to the limit as € — 0 in the
(1, ¢)-Poincaré inequality for (ue, h.) then we arrive at the desired inequal-
ity (5).

As a direct consequence of the definition of h. and the (1, p)-Poincaré
inequality for (u,g) we obtain the following result.

LEMMA 5. — If the pair (u,g) satisfies the family (4) of (1,p)-
Poincaré inequalities, then

1/p
he < CZ (][ g° d/“) XB;
41 B;

(3

The following lemma that seems to be of independent interest is the
main new ingredient in our argument.

LEMMA 6. — Let Y be a metric space equipped with a doubling
measure v. Let 0 < g € LP(Y), 1 < p < oo, and suppose o > 1. To every
e > 0 we associate a covering {B;}; as above. Let

1/p
ge = Z (][ g”dV) XB;-
; O‘B,‘

Then limsup,_,,9. < Cg a.e. Moreover, for every ball B and each
1 < ¢ < p, the family {g3}. is uniformly integrable on B and
(7 limsup/ gldv < C/ g% dv.

e—0 B B

Here the constant C depends only on q and on the doubling constant.

We recall that the uniform integrability of the family {g?}c on B
means that sup, [ p 94 < oo and for every n > 0 there exists 6 > 0 such
that if A C B, u(A) < 6, then sup, [, g2 <.

Note that Theorem 2 is a direct consequence of the above two lemmas

and the fact that (u., he) satisfies the (1, g)-Poincaré inequality.

Proof of Lemma 6. — First note that limsup,_,g9.(z) < Cyg(x)
whenever z is a Lebesgue point of gP. Indeed, if x € B;, then ¢B; C
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B(z,2(1 + 0)e), and hence

1/p
limsup g.(z) < limsup C ][ gP dv = Cg(z).
B(z,2(1+0)e)

e—0 e—0

The constant C is independent of € due to the fact that both the number
of balls B; such that z € B; and the ratio v(B(z,2(1 + 0)¢))/v(cB;) can
be bounded by a constant depending only on the doubling constant.

Let us show now that the family {gZ}. is uniformly integrable on B.
Since the sum in the definition of g. is locally finite, we have

@F<Cy (][ 9 dV) XB,
i UBi

and hence sup, [ g? dv < C [, g dv. This and the Holder inequality imply
uniform integrability when 1 < ¢ < p, so that we can restrict ourselves to
the case ¢ = p. If the family failed to be uniformly integrable on B, then
there would exist n > 0, a sequence of sets K,, C B and a sequence &, such
that

v(K,)— 0 and / gt dv>n.
K,

Then we would have

(8) n</ gfndVSC'Z/ (7[ g”dz/) dv
Kn i K,NB; oB;

v(K, NB;
KnNBs#£0 t oB;

Given € > 0 we can find § > 0 such that
V(E) <5=¢/g”du<5.
E

By the doubling property, there exists a constant C’ such that ). xp, <
Y iXoB; < C'. Fix a positive integer m and choose n so large that
v(K,) < §/(C'm). Divide now the set of indices ¢ such that K,,NB; # ( into
two classes: the class I; consists of all those 7 such that v(K,NB;)/v(cB;) >
1/m, whereas the class I3 consists of all the remaining indices. We have

,,( U aBi) <mY v(K,NB)=m)_ /K xB,dv < mC'v(K,) < 6.

i€l i€l €1y
Hence

An=Z+ZSZ/BtgpdV-FZ%/UBigpdV

i€l i€l i€l g i€y

SC’<e+l/g”dV).
mJy
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Since we can choose an € arbitrary small and an m arbitrary large we
arrive to a contradiction with (8). This completes the proof of the uniform
integrability.

We now proceed to prove (7). Fix 1 < ¢ < p and a ball B. It is enough
to prove that for every sequence €,, — 0 for which the limit on the left hand
side of (7) exists, we have

lim gd dv < C/ g%dv

n—oJB B
with some constant C' depending on ¢ and the doubling constant only. Fix
such a sequence {e,},. We need the following theorem of Dunford and
Pettis, see [1].

LEMMA 7. — Let Z be a measurable space equipped with a finite
measure v and let f, € L'(Z,v). Then the sequence {fn}n is weakly
relatively compact in L'(Z,v) if and only if the family {|f,|}» is uniformly
integrable.

Due to the above theorem we can find a subsequence of g¢ (also
denoted by g? ) and h € L*(B) such that g¢ — h weakly in L'(B). Then
due to Mazur’s lemma a sequence of convex combinations of gZ converges
to h a.e.

Since limsup,, o ge,, < Cg a.e. we conclude that h < Cg? a.e. and
hence (7) follows.

This completes the proof of Lemma 6 and hence those of Theorem 2
and Corollary 3.

In the case 1 < ¢ < p of Lemma 6 we could provide a more direct
proof. Namely we could avoid the proof of the uniform integrability of the
family {gZ}., and replace Dunford-Pettis’ theorem by the reflexivity of the
space LP/9 and the fact that the sequence g2 is bounded in Lr/a,

The case 1 < g < p of Lemma 6 implies Theorem 2 for 1 < ¢ < p
and hence it is sufficient for the proof of Corollary 3. The case p = ¢ of
Lemma 6 will be used in the next section.

3. Sobolev spaces arising from vector fields.

One of the central applications of the theory of Sobolev spaces on
metric spaces concerns the theory of Sobolev spaces associated with a
family of vector fields that we describe next.
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Let X = (X1,...,X%) be a family of vector fields in  C R™ with
real valued, locally Lipschitz continuous coefficients. One can define the
Sobolev space W)l(’p (©), 1 < p < oo, associated with the family X as the
space of all the functions with finite norm ||uHW;(,p = ||lullp + | Xu||p, where
|Xu|> = > |X,ul? and the derivatives X;u are understood in the sense of
distributions.

Another way to define the space for 1 < p < oo is to take the closure
of C* functions in the above norm. As in the Euclidean case, the two
approaches are equivalent. This was obtained independently in [8] and [10].
The method goes, however, back to some old ideas of Friedrichs.

For the sake of simplicity, we assume from now on that 2 = R™.

It is well known that we can canonically associate with X a metric
(the so-called Carnot-Carathéodory metric, or control metric) as follows:
we say that an absolutely continuous curve v : [a,b] — R™ is admissible if
there exist measurable functions ¢;(t), a < t < b, satisfying Zle ci(t)? <1
and 4(t) = Y5, ¢; () X;(1(t)) ae.

Then we can define the distance p(z,y) between z,y € R™ as the
infimum of those T > 0 for which there exists an admissible curve
v :[0,7] —» R™ with v(0) = z, v(T) = y. If there is no admissible curve
joining z to y, then we set p(z,y) = oco.

In general p may not be a metric, since it need not be finite. However,
in many important situations p is finite for every pair of points and hence
it is a metric: for instance, this happens when the family X satisfies
Hormander’s condition (i.e., when the rank of the Lie algebra generated
by X equals n at any point) [21], or when X is a system of Grushin type
vector fields like those in [4]. In what follows we assume in addition that
the identity map induces a homeomorphism between R™ endowed with the
Euclidean topology and R™ endowed with the Carnot-Caratéodory metric.
This assumption excludes pathological situations like typically 0., x40,
in R2.

To avoid misunderstandings, by B we shall denote balls with respect
to the Carnot-Carathéodory metric and we shall call them metric balls;
Lipschitz functions with respect to p will be called metric Lipschitz.

It was proved independently by Garofalo and Nhieu [9], Theorem 1.3
and by Franchi, Serapioni and Serra Cassano [8], Proposition 2.9 that if
u is metric Lipschitz, then X;u € LS for j = 1,2,...,k, where X u
is understood in the sense of distributions. A careful examination of the
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estimates given in [8] and [9] leads, however, to a stronger result.

THEOREM 8. —  If u is metric L-Lipschitz, then | Xu| < L a.e.

Proof. — By [8], [9] we know that X;u € L, for j = 1,2,...,k.
Fix any point & where Xu(z) is defined. We can assume that |Xu(z)| > 0,
otherwise the inequality is obvious. Since Xu = X(u — const.) we can

assume that u(z) = 0.

Let Y = Z;.c:l ¢; X, where ¢; = X;u(z)/|Xu(z)| and let B(z,¢€) de-
notes the Euclidean ball. Since u(z) = 0, supp(, ) lu| < L diam,(B(z,€)).
Now the estimates in [8] imply that for every ¢ € C§°(B(z,¢))

9)  [(Yu,9)| < CL diam,(B(z, ))ll¢ll 1

+ lim sup/ uw(z) — u(exp,(—tY))
t—0+ JB(z,e)

t
where t — exp,(—tY) denotes the integral curve of —Y passing through =z
at t =0.

o (2)| dz,

Note that ¢ — exp,(—tY) is an admissible curve and hence |u(z) —
u(exp,(—tY))| < Lp(z,exp,(~tY)) < L[t, so that

[(Yu, )| < (CLdiam,(B(x,€)) + L)||¢|l -
This implies that

sup |Yu| < CLdiam,(B(z,€)) + L.

B(z,e)
Note that diam,(B(z,e)) — 0 as € — 0 (because of the assumption that the
identity map is a homeomorphism between p and the Euclidean metric),
so that, taking the limit as € — 0, we get |Yu| < L a.e.

In [17], D. Jerison proved that if the vector fields satisfy Hormander’s
condition then the following version of the Poincaré inequality holds:

1/p 1/p
(10) <][~ lu —ugzl’ da:) <Cr (74 | X u|P dx)
B B

for any 1 < p < oco. Here we integrate with respect to the Lebesgue measure.
A similar inequality for Grushin type vector fields has been obtained earlier
by Franchi and Lanconelli [5]. After those papers many other results have
been obtained, see [10] and [14] for extensive references.

We shall formulate our results in an abstract setting that does not
rely on any specific smoothness or structure assumption on X. As e.g. in
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(9], [10], [8], [14] we just assume that the vector fields are such that for
every locally metric Lipschitz function u, the pair (u,|Xu|) satisfies a kind
of (1, p)-Poincaré inequality. More precisely, we assume that there is a Borel
measure y, doubling with respect to p, A > 1, C > 0, and 1 < p < oo such
that for every metric ball B of radius r

1/p
(11) ][~ lu —uzldu < Cr <][~ | XulP du> .
B AB

Note that, as we pointed out above, without loss of generality we may
assume A = 1. However, this will not play any role in our proofs.

As examples show ([14], [16]), even in the Euclidean setting it some-
times happens that a (1, p)-Poincaré inequality holds for some p > 1 but
the (1,1)-Poincaré inequality fails.

Let dy = wdz, w > 0 a.e., w € LIIOC. We define the Sobolev spaces
H)lf’p (R™, i), 1 < p < oo, associated with the family of vector fields as a
completion of locally metric Lipschitz functions in the norm

lull g @n ) = Nullze g + 11X wlLe -

If 1 < p < o0, then every metric Lipschitz function can be approximated
by C* functions in the Sobolev norm, so equivalently H)l(’p(R", 1) can be
defined as the closure of C*° functions. Indeed, let u be metric Lipschitz
with compact support. Then by the argument of Friedrichs, (8], [9], the
usual convolution approximation u. = . * u satisfies u, — w uniformly,
Xu. — Xu in LP (with respect to the Lebesgue measure) and Xu, is
uniformly bounded, as we can see since

Xjue = [X; (ux pe) — (Xju) # 0] + (Xpu) * pe.
Indeed, the last term is bounded since X;u is bounded (again by [8] and
[9]), whereas the first term can be bounded by writing it explicitly as in

the proof of Proposition 1.4 of [8]. This easily implies that ue — u in
HZP(R™, ).

Under some additional assumptions on g all the above definitions are
equivalent with the distributional definition, see [8], [9]. However in the
case of general weights it is more appropriate to define the Sobolev space
as a closure of locally metric Lipschitz functions.

Recently, N. Garofalo and R. Strichartz independently raised the
following question: does the Sobolev space H )lgq(R") associated with a
system of vector fields satisfying (for instance) Hormander’s condition
coincide with the Sobolev space defined using the Carnot-Carathéodory
distance as in definition (1)?
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As we have seen, even in the classical Euclidean setting the answer is
negative when ¢ = 1, so that we assume in the question that ¢ > 1.

If Poincaré inequality (11) holds for some p > 1, then [14], Theo-
rem 3.1 implies the inclusion Hy?(R™, u) C M 4(R", i) C PL9(R™, ) for
p < g < oo. Thus the question concerns the opposite inclusions.

In the following theorems we give an affirmative answer. Moreover we
give a “metric” characterization of the Sobolev space even for ¢ = 1 which
is a more striking result. Let us start with the following abstract result.

THEOREM 9. — Let (S,d, ) be a metric space equipped with a
doubling measure and let N be a positive integer. Suppose that there is
a linear operator which associates with each locally Lipschitz function u a
measurable function Du : S — R in such a way that

1. If w is L-Lipschitz with L > 1, then |Du| < CL a.e.

2. If u is locally Lipschitz and constant in an open set 2 C S, then
Du =0 a.e. in €.

Let H'?(S) be the Banach space defined as the closure of the set of
locally Lipschitz functions with finite norm |ju|| = ||lu|l, + ||Du|lp. Then
PLP(S) Cc HYP(S) for 1 < p < oo.

It seems that in general there may be a problem with the definition
of Du for a given v € HV?(S). Namely, suppose that u; and vy are two
sequences of locally Lipschitz functions such that both sequences converge
to w in LP, but Duy — g in LP, Dvy — h in LP, g # h. Then (u,g) and
(u, h) represent two different elements in H1P(S), which means that the
gradient is not uniquely determined (for related examples, see [2], p. 91).
This makes the situation very unpleasant. Fortunately, for a reasonable
class of spaces we have the uniqueness of the gradient.

We say that the uniqueness of the gradient holds if the following
condition is satisfied: if u,, is a sequence of locally Lipschitz functions such
that u, — 0 in LP and Du — ¢ in L?, then g = 0. In such a situation we
can associate a unique Du obtained by taking the limit of ‘gradients’ of the
approximating sequence of locally Lipschitz functions to each u € HLP(S).

THEOREM 10. — Let (S,d, u) be a metric space equipped with a
doubling measure and let N be a positive integer. Suppose that there is
a linear operator which associates with each locally Lipschitz function u a
measurable function Du : S — R¥ in such a way that
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1. If u is L-Lipschitz with L > 1, then |Du| < CL a.e.

2. If u is locally Lipschitz and constant in a measurable set E C S,
then Du =0 a.e. in E.

Let 1 < p < oo. Assume that there exist C > 0 and A > 1 such
that for every locally Lipschitz function w, the pair (u,|Du|) satisfies
a (1,p)-Poincaré inequality with given C and A. Define H'P(S) as in
Theorem 9. Then HV?(S) = PVP(S), the uniqueness of the gradient holds
and |Du| < Cyg a.e., whenever (u, g) satisfies the (1, p)-Poincaré inequality.

COROLLARY 11. — Assume that the system X of vector fields on
R™ is such that the identity map gives a homeomorphism between the
Carnot-Carathéodory metric p and the Euclidean metric. Let . be doubling
with respect to the metric p and such that dy = wdz, w >0 a.e.,w € L{ _.

Let 1 < p < co. Assume that there exist C > 0 and A\ > 1 such that for
every locally metric Lipschitz function u

1/p
(12) ][N|u—u§|du <Cr (][~|Xu|pd,u>
B AB

for all metric balls. Define H)lg” (R™, u) as before (completion of the space of
all locally metric Lipschitz functions). Then H ,1(”’ (R™, u) = PLP(R™, p, ),
the uniqueness of the gradient holds and | Xu| < Cg whenever (u, g) satisfies
a (1,p)-Poincaré inequality (with constants which may be different from C
and X in (12)).

The assumptions of the corollary are satisfied for instance by a system
of vector fields satisfying Hormander’s condition, by Grushin-type vector
fields like those in [4] or by the general vector fields considered in [10], [14].

Proof of Theorem 9. — Assume that u € PYP ie., there exist
0<geLPand C >0, A>1such that the (1,p)-Poincaré inequality

1/p
][ IU_UB]dNSCTG gpdu)
B AB

holds on every ball B of radius r.

Fix € > 0 and define the covering { B; }, the Lipschitz partition of unity
{¢:}, and u. as in the proof of Theorem 2. First we show that u, — u in
LP(S) ase — 0.

Due to Lemma 1 there exist 7 > 1 and C > 0 such that

1/p 1/p
(J[ lu —ug|P du) <Cr (][ g7 du)
B B
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on every ball B of radius r. Here the constant C' is not necessarily the same
as in the first inequality.

Using the fact that the sum in the definition of u. only has a uniformly
bounded number of nonzero terms we obtain

Iu - u&‘lp < CZ |(p7'lp|u - uBilp < CZ I’U, —Up; |pXBm
7 i

and hence

/|u—ue|pdu§C'Z/ |u—u3i|”du§C€Z/ g”duSCe/g”dp.
S i Bi i TBi S

Thus ue — u in LP(S) as € — 0.

The following lemma is a variant of Lemmas 4 and 5. For the sake of
completeness we provide a proof.

LEMMA 12. — Assume that the pair (u,g) is as above. Then

1/p
Du.| < C (][ g° du) XB; -
| | Z; 3AB;

Proof. — For x € S fix a ball in the covering that contains z. Denote
the ball by By. Then

|Duc ()| = |D(ue — up, ) ()]
< Z |Dpi(x)||up; — uB,|

. TEB;

<t ¥ f 0 f o)~ u(2) o) )

. x€EB;

< 05—1][ |u(y) — usp, | du(y)
3Bo

1/p
coffru)"
3ABo

In the proof of the first inequality we used finite additivity of D and
property 2. of D. The proof of the lemma is complete.

We claim that we can subtract a subsequence of Du.,, weakly
convergent in LP. Assume for a moment that we have already proved this
claim. We show how to complete the proof of the theorem: indeed, by
Mazur’s lemma a sequence of convex combinations of u., is a Cauchy
sequence for the norm in the space H'P and this sequence converges to u.
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Thus v € H*P and Theorem 9 is proved once the claim is proved. Thus we
are left with the proof of the claim.

Assume first that p > 1. By Lemma 12, sup, |, s |DuclPdp <
C f s 9Pdu, so that the sequence Du, is bounded in L? and the claim fol-
lows from the reflexivity of the space. The case p = 1 requires more effort.
By Lemma 6 and Lemma 12 the family |Du,, | is uniformly integrable and
limsup,,_, o |Due,| < Cg. Hence, by the Dunford-Pettis theorem, we find a
function h € L] _ and a subsequence of Du,, (also denoted by Du,,) that

converges weakly to h in L! on every bounded set. Now it suffices to prove
that the given subsequence converges weakly in L!(S).

As in the last step of the proof of Lemma 6, Mazur’s lemma implies
that |h| < Cg and hence h € L'. We have to prove that for every ¢ € L™,

(13) / Due, pdu — / he du.
S S

We know that this property holds for ¢ with bounded support. By B(R)
we shall denote the ball with radius R centred at a fixed point. Fix ¢ € L*.
We have

| [ - h)sol <

+llello / k]
S\B(R)

Helloe / \Du..,|.
S\B(R)

The first term on the right hand side goes to 0 as n — oco. The second term
is very small provided R is sufficiently large. To estimate the last term we

apply Lemma 12,
/ |Du, | < C/ g.
S\B(R) S\B(R—8)\en)

This term is very small (independently on n) provided R is large. The
estimates imply convergence (13). The proof of Theorem 9 is complete.

| (Du, ~my
B(R)

Proof of Theorem 10. — 1In the proof we shall need the following
result, see [14], Theorem 3.2.

LEMMA 13. —  Assume that the pair (u,g), u € L},,,0< g€ L? |
p > 1, satisfies inequality (2) for every ball B. Then

[u(z) - u(y)| < Cd(z,y) (Mg?(@))"/7 + (Mg (y))"/?)

for almost every z,y € S, where Mh(z) = sup,, fB(z . |h|dp is the
maximal function.
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First we prove the uniqueness of the gradient by modifying the
argument of Semmes [15]. Let w, be a sequence of locally Lipschitz
functions such that w,, — 0 in LP and Du,, — g in LP. We have to prove
that g = 0.

By selecting a subsequence we may assume that
1 [ (s~ wal? + 1Dtng = Dual? ) < 1077
s

This implies that the sequences u,, and Du,, converge a.e. Let u,41 —u, =

v, Since by assumption (v, |Duv,|) satisfies the (1, p)-Poincaré inequality,

Lemma 13 gives

(41 = un) (@) = (Uny1 = un)(y)| < Cd(z, y)((M|Du, P (2)) /P
+(M| Do, [P(y)) /7).

Hence for £ > k > ko

[(ue — uk)(x) = (we — uk)(Y)| < Cd(z,y) (gko () + gko (¥)) 5

where
o0

(@) = > (M|Du,[P())"?.

n=k0

Taking the limit as £ — oo we obtain

(15) luk(z) — ur(y)| < Cd(z,y)(gro (%) + gro (¥)),

for all k > kg and almost every xz and y. Now we estimate the size of the
level sets of the function gy,:

oo

on, >0 < 3 ({0niury > 551

n=ko

2 9(n—ko+1)p
< Z C—tp—/S|DUn|pdN

n==kgo
< C'tP10RoP,
In the middle inequality we used the weak type estimate for the maximal
function, while in the last inequality we invoked (14).

Let Ex, ¢ = {gr, > t}. Note that (15) implies that uk|s\g,,, is
Lipschitz with Lipschitz constant C't.

Observe now that if u is locally Lipschitz and u|r is Lipschitz with
Lipschitz constant L, then |Du| < CL almost everywhere in F. Indeed,
u|F can be extended to a globally Lipschitz function @ on S with Lipschitz
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constant L see [3], Section 2.10.4. Hence |Da| < CL a.e. Since u — 4 = 0
in F, then |D(u — @)| = 0 a.e. in F and thus |[Du| < CL a.e. in F.

Returning to the theorem we get |Dui| < Ct a.e. in S\ Ej, ., and
hence |g| < Ct a.e. in S\ Eg,¢. Thus p({|g] > Ct}) < u(Ek,t) — 0 as
kg — oo. Since t > 0 can be arbitrary small we conclude that g = 0 a.e.
and the uniqueness of the gradient follows.

By Theorem 9 we know that P?(S) C H'P(S). The converse
inclusion follows from the definition of H1?(S) and the fact that we have
a (1, p)-Poincaré inequality for locally Lipschitz functions.

Thus it remains to prove that if the pair (u, g) satisfies (1, p)-Poincaré
inequality, then |Du| < Cyg a.e.

As in the proof of Theorem 9 we find a sequence u,,, such that u., — u
in L? and Du,, is weakly convergent in LP. Then by Mazur’s lemma a

sequence of convex combinations of u., is a Cauchy sequence in the norm
of HYP,

By Lemma 6 and Lemma 12, limsup,,_,., |Du.,| < Cg a.e. Since

convex combinations of Du,., converge to Du in LP, we conclude that
|Du| < Cg a.e. This completes the proof.

Proof of Corollary 11. — According to Theorem 10, we need only
to prove the following lemma which is of independent interest.

LEMMA 14. —  Assume that the system of vector fields on R™ is
such that the identity map gives a homeomorphism between the Carnot-
Carathéodory metric p and the Euclidean metric. If u is locally metric
Lipschitz and it is constant in a measurable set F, then Xu =0 a.e. in E.

Proof. — Obviously, we may assume that u = 0in E. Let x € E
be simultaneously a Lebesgue point of Xu and a density point of E, both
with respect to the Lebesgue measure.

Let ¢ € C(B(0,1)), ¢ 2 0, [ () dz = 1, and p.(2) = e~ (z/e).
Inequality (9) holds with Y replaced by any of the X’s, so that we get

(16) |(Xju * ¢e)(x)| < CL diam,(B(z,¢))

+ Clim sup ][
t—0+ JB(z,e)
Now (Xju * ¢c)(z) — Xju(z) as e — 0, and thus it remains to show that
the right hand side of the above inequality tends to 0 as ¢ — 0. This is

u(2) — u(exp, (-tX;))
t

dz.
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obviously true for the first term on the right hand side, so we are left with
the second one.

Let E!, and E?, denote the sets of all z € B(z,e) with u(z) # 0
or u(exp,(—tX;)) # 0 respectively. Since the integrand in (16) is bounded
by the Lipschitz constant of w in a neighborhood of x (cf. the proof of
Theorem 8), it suffices to prove that to every € > 0, there is t(¢) > 0 such
that supgss(c) B2 ¢|/|B(z,€)| — 0 as € — 0 for 4 = 1,2. This is obvious
for i =1, as x is a density point of F and u = 0 on E. Now it remains to
show that supy,<y(ey |E2,| = o(e™).

Assume that t > 0 is sufficiently small. Let ®;(z) = exp,(tX;). The
inverse mapping is ®_;(z) = exp,(—tX;). By [8], p. 101, the mapping
z +— ®4(z) is bi-Lipschitz on B(z,e). Moreover for T > 0 small, the
Jacobian of the mapping, which is defined a.e. (by Rademacher’s theorem),
satisfies J(z,t) = 1 + Jy(z,t), |Ji(2,t)| < Ct for 0 <t < T, z € B(z,¢),
with the constant C not depending on z and t.

Note that |E N B(z,e —€?)| = |B(z,€)| + o(e™) as € — 0. Indeed,
B B(r,e - )] = |E N B(x,)| - [EN (B(z,e) \ Bz, e — ).

Now since z is a density point of E, |E N B(z,¢e)| = |B(z,¢)| + o(e™),
and |E N (B(z,¢) \ B(x,e — €?))| < |B(z,¢) \ B(z,e — €2)| = o(e™). For
€ > 0 we can find t(¢) such that t(¢) — 0 as ¢ — 0 and such that
®,(B(x,e—¢?)) C B(z,e) for 0 < t < t(e). Hence by the change of variables
formula
(17) |®«(E N B(z,e —€?)| > / 1—Ct(e) = |B(z,¢e)| + o(e™).
ENB(z,e—e?)
Observe now that if 2 € ®,(EN B(z,& —¢€?)), then exp,(—tX;) = ®_4(2) €
E N B(z,e — €%), so u(exp,(—tX;)) = 0. Hence ®;(E N B(z,e — %)) C
B(z,¢) \ EZ,, and then by (17), |E? | = o(¢™). This ends the proof of the
lemma and hence that for the corollary.

In the metric setting a good counterpart of the length of the gradient

would be for example
Du(z) = limsup |u(y) — u(z)|/d(y, z).
y—o

Note that Du is an upper gradient of a given metric Lipschitz function
u. However, this operator is not linear, and thus it is not covered by the
above theorem. Thus it seems that the following modification of the above
theorem would be more suitable for the general metric setting. Because
this operator D is not linear, we cannot use Mazur’s lemma to turn a
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sequence uy convergent in LP with Duy weakly convergent in LP into a
Cauchy sequence in WP, Thus we replace in the assumption that our
space is a Banach space by the property of being closed under a kind of
weak convergence.

THEOREM 15. — Let (S,d, ) be a metric space equipped with a
doubling measure. Suppose that with each locally Lipschitz function u we
can associate a nonnegative measurable function Du (called the length of
the gradient) in such a way that

1. D(u +v) < C(Du + Dv) and D(Mu) < C|A\|Du a.e. whenever u, v
are locally Lipschitz and )\ is a real number.

2. If u is L-Lipschitz, then Du < CL a.e.

3. If u is locally Lipschitz and constant on an open set ) C S, then
Du =0 a.e. in Q.

Assume that W1P(S), 1 < p < oo is a function space equipped with
a norm || - || and with the following properties:

3. If u € LP(S) is locally Lipschitz and such that Du € LP(S) then
u € WHP(S) and ||ull < C(|lull, + | Dullp).

4. If up, € WHP converges in LP to w and the sequence Duy converges
weakly in LP, then w € WhP,

Then P17(S) Cc WLP(S).

Because the proof is almost the same as that for Theorem 9, we leave
it to the reader.

BIBLIOGRAPHY

[1] C. DELLACHERIE, P.A. MEYER, Probabilities and potential, North-Holland Math-
ematics Studies, 29, North-Holland Publishing Co., 1978.

[2] E.B. FaBes, C.E.KENIG, R.P. SERAPIONI, The local regularity of solutions of
degenerate elliptic equations, Comm. Partial Differential Equations, 7 (1982),
77-116.

[3] H. FEDERER, Geometric Measure Theory, Springer, 1969.

[4] B. FrancHI, C. GUTIERREZ, R.L. WHEEDEN, Weighted Sobolev-Poincaré in-
equalities for Grushin type operators, Comm. Partial Differential Equations, 19
(1994), 523-604.



DEFINITIONS OF SOBOLEV CLASSES ON METRIC SPACES 1923

[5] B. FrancHI, E. LANCONELLI, Hélder regularity theorem for a class of linear
- nonuniformly elliptic operators with measurable coefficients, Ann. Scuola Norm.
Sup. Pisa Cl. Sci., (4) 10 (1983), 523-541.

[6] B. FrancHI, G. Lu, R.L. WHEEDEN, Representation formulas and weighted
Poincaré inequalities for Héormander vector fields, Int. Mat. Res. Notices (1996),
1-14.

[7] B. FraNcHI, C. PEREZ, R.L. WHEEDEN, Self-improving properties of John-

Nirenberg and Poincaré inequalities on spaces of homogeneous type, J. Funct.
Anal., 153 (1998), 108-146.

[8] B. FRANCHI, R. SERAPIONI, F. SERRA CASSANO, Approximation and embedding
theorems for weighted Sobolev spaces associated with Lipschitz continuous vector
fields, Boll. Un. Mat. Ital., (7) 11-B (1997), 83-117.

[9] N. GAROFALO, D.M. NHIEU, Lipschitz continuity, global smooth approximations
and extension theorems for Sobolev functions in Carnot-Carathéodory spaces, J.
Anal. Math., 74 (1998), 67-97.

[10] N. GArROFALO, D.M. NHIEU, Isoperimetric and Sobolev inequalities for Carnot-
Carathéodory spaces and the existence of minimal surfaces, Comm. Pure Appl.
Math., 49 (1996), 1081-1144.

[11] P. HA)tAsz, Sobolev spaces on an arbitrary metric space, Potential Analysis, 5
(1996), 403-415.

[12] P. HAaJiasz, Geometric approach to Sobolev spaces and badly degenerated elliptic
equations, The Proceedings of Banach Center Minisemester: Nonlinear Analy-
sis and Applications, (N.Kenmochi, M.Niezgédka, P.Strzelecki, eds.) GAKUTO
International Series; Mathematical Sciences and Applications, vol. 7 (1995), 141—
168.

[13] P. HAntasz, P. KOSKELA, Sobolev meets Poincaré, C. R. Acad. Sci. Paris, 320
(1995), 1211-1215.

[14] P. HAnAsz, P. KOSKELA, Sobolev met Poincaré, Memoirs Amer. Math. Soc., to
appear.

[15] J. HEINONEN, P. KOSKELA, Weighted Sobolev and Poincaré inequalities and
quasiregular mappings of polynomial type, Math. Scand., 77 (1995), 251-271.

[16) J. HEINONEN, P. KOSKELA, Quasiconformal maps on metric spaces with controlled
geometry, Acta Math., 181 (1998), 1-61.

[17) D. JerisoN, The Poincaré inequality for vector fields satisfying Hérmander’s
condition, Duke Math. J., 53 (1986), 503-523.

(18] T. KILPELAINEN, Smooth approximation in weighted Sobolev spaces, Comment.
Math. Univ. Carolinae, 38 (1997), 29-35.

[19] P. KoskELA, P. MACMANUS, Quasiconformal mappings and Sobolev spaces,
Studia Math., 131 (1998), 1-17.

[20] G. Lu, The sharp Poincaré inequality for free vector fields: An endpoint result,
Rev. Mat. Iberoamericana, 10 (1994), 453-466.



1924 B. FRANCHI, P. HAJLASZ & P. KOSKELA

[21] A. NAGEL, E.M. STEIN and S. WAINGER, Balls and metrics defined by vector
fields I: Basic properties, Acta Math., 155 (1985), 103-147.

[22] S. SEMMES, Finding curves on general spaces through quantitative topology with
applications to Sobolev and Poincaré inequalities, Selecta Math. (N.S.), 2 (1996),
155-295.

Manuscrit regu le 19 juin 1998,
révisé le 15 mars 1999,
accepté le 20 juillet 1999.

Bruno FRANCHI,
Universita di Bologna
Dipartimento di Matematica
Piazza di Porta S. Donato, 5
1-40127 Bologna (Italy).

franchib@dm.unibo.it

Piotr HAJLASZ,

Warsaw University

Institute of Mathematics

ul. Banacha 2

02-097 Warszawa (Poland).
hajlasz@mimuw.edu.pl
Pekka KOSKELA
University of Jyvéaskyla,
Department of Mathematics
P.O. Box 35

FIN-40351 Jyvaskyld (Finland).

pkoskela@math.jyu.fi



