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The Stepanov theorem for Q-valued functions

PaorLo DE DoNATO

Abstract. In this work we prove the Stepanov differentiation theorem for multiple-valued
functions. This theorem is proved in the wide generality of metric-space-multiple-valued functions
without relying on a Lipschitz extension result. General definitions of differentiability and approx-
imate differentiability for functions between suitable metric spaces are also introduced.

Stepanovin lause Q-arvoisille funktioille

Tiivistelma&. Téassa tyossa todistetaan Stepanovin derivoituvuuslause moniarvoisille funktioil-
le. Tama lause todistetaan suuressa yleisyydessd metrisessé avaruudessa moniarvoisille funktioille
nojautumatta Lipschitzin jatke -tulokseen. Ty0ssd annetaan yleiset madritelmét sopivien metristen

avaruuksien vélisten funktioiden derivoituvuudelle ja likim&éaraiselle derivoituvuudelle.

1. Introduction

The theory of )-valued functions has been developed by Almgren to study reg-
ularity properties of mass-minimizing currents. In particular, in [1] he generalized
the concepts of differential and Sobolev spaces for ()-valued functions, i.e. functions
with values in the space Ag (M) made by unordered Q-tuples of points in a metric
space M, to study regularity properties of “Dir-minimizing” functions, which are -
valued functions that minimize a suitable generalization of the Dirichlet energy for
@-valued functions. His work about Dir-minimizing functions has been readapted
and simplified in [3].

When M = R* we say that a Q-valued function f: Q C R" — Ag (Rk) is
differentiable at x € Q with f(x) = [P] + [P2] + - - - + [Po] if and only if there exist
My, Ms, ..., Mg (k x n)-matrices such that, setting

Q

F(z) = S 1P+ M2

i=1

we have

lim 9 Lf(y), Fy — )]

y—e ly — |

(where G [, -] is the canonical metric on Ag (M) as defined in Section 3) and if P, = P,
for some ¢, j, then M; = M;.

=0
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In [3] the following version of the Rademacher theorem for Q-valued functions is
proved:

Theorem 1.1. If f : R" — Ag (Rk) is a Lipschitz )-valued function, then f is
a.e. differentiable on R".

To prove this, the authors used a Lipschitz extension result for Q-valued Lipschitz
functions from a closed subset of R™ to all R". However, we cannot expect a Lipschitz
extension result when we replace R* with a generic metric space, because it is not
always possible to globally extend a continuous function defined on a closed subset
of R™ with values on a disconnected metric space.

However, an extension result for ()-valued Lipschitz functions is not strictly re-
quired, since it is possible to prove Theorem 1.1 without using the extension result
for Lipschitz @)-valued functions at the cost of introducing a slightly weaker notion
of differentiable function (which coincides with the classical one on interior points).

One goal of this work is to prove the Stepanov theorem for ()-valued functions:

Theorem 1.2. Let f: B — Ag (Rk) be a measurable function defined on a
measurable set B C R"™ without isolated points. Let

Boy—sr  ly—x]
A () — ap limsup SH @S
Bay—o ly—= 7

Ap = {xGB } IV (2) < +oo},
4" ={zen ) [VFI¥ (@) < +oo}

Then f is a.e. differentiable on Ay and a.e. approximately differentiable on Afc".

A proof of the a.e. differentiability on the set A; can be found in Corollary 2.8 of
[7] (see also the proof of Theorem 3.1.9 in [4]). In our work, we generalize this result
to functions defined on doubling metric measure spaces taking values in complete
metric spaces, without requiring the functions in question to be measurable in the
classical sense.

In Section 2 of this work we introduce a broad definition of “differential classes” for
functions defined between two metric spaces. A function f : R® — R* is differentiable
at some point x € R" if and only if there exists an affine function F(y) = Ay + 2o,
where 2o € R¥ and A is a k X n matrix, such that |f(y) — F(y)| is infinitesimal
compared with |y —z|. When f is defined between Hilbert or Banach space we are
still able to define a similar notion of differentiability, which is well-known under the
name of Fréchet derivative.

Both these notions of differentiability rely on approximating our function f with
some affine function F' near x. However, we can replace F' with any Lipschitz func-
tion F |deﬁned ‘only in a neighborhood of = that behaves like F' near z, that is
Fly)-F(y)

ly—=|
equivalence [F] which uniquely identify our initial affine function F', which we will

call in Section 2 differential germ induced by F', and the set of all these differential
germs is called distribution.

Notice that we can define the class of equivalence [F] even if F' is not an affine
function, we only need that F' is Lipschitz on a neighborhood of xy. Moreover, we

lim,_,, = 0. All these locally defined Lipschitz functions form a class of
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can take any set D containing some of these classes of equivalence and say f is D-
|f@)-F@)|

differentiable at xq if and only if there exists [F’ } € D such that lim,_,,, e
0. Each of these sets D, which are still called distributions, introduces a differentiation
structure for functions from R™ into R* which can be richer or poorer than the one
induced by the “standard distribution” generated by affine functions.

When f is defined on a doubling metric measure space (X, J, ) with values in
a complete metric space (M, d) we do not have a notion of affine function, but we
can still define generic distributions as explained before. Simply, we no longer have
a standard distribution as we do in Euclidean and Banach spaces. On the other
hand, this general notion of differentiation through distributions can be adapted to
single-valued functions defined between Euclidean spaces, @-valued functions, and
real-valued functions defined on p-Poincaré metric measure spaces (see [2, 6, 5]).
We then say f: X — M is D-differentiable at x € X if and only if there exists a
differential germ [F| € D such that lim,_,, % = 0.

Moreover, we say f is approximately differentiable at x if for every € > 0 there
exists a p-measurable set U C X which has density 1 at x such that WWLE) ¢

I(y,x)
for every y € U \ {z}, or equivalently p — lim,_,, W = 0 where we have used

the symbol 1 — lim to denote a limit on the topology where every neighborhood of x
contains a p-measurable set with density 1 at z.

Still in Section 2 we investigate the conditions which a distribution D must satisfy
to get a Stepanov-like result, for both differentiability and approximate differentia-
bility, on such metric spaces. Indeed, if D has too few differential germs, then some
Lipschitz functions would be not differentiable on a set with measure strictly greater
than zero. The main goal of this section is to prove the equivalence of the Stepanov
theorem for a generic distribution D with the a.e. differentiability (still for D) of any
Lipschitz function defined on closed subsets of X, as stated in Theorems 2.11 and
2.12.

Section 3 is instead entirely devoted to differentiability properties of metric Q-
valued functions, that is functions with values in Ag (M) instead of Ag (R*) with
M any complete metric space. In this section we use the results provided in Section
2 to prove that if the Stepanov theorem holds for every function from X to M with
respect to some distribution D, then it should hold also for functions from X to
Ag (M) with respect to a suitable distribution D deduced from D.

We finally use the results proved in these two sections to get the following gener-
alized version of Stepanov’s theorem for (-valued functions, which in turn generalizes
theorem 1.2:

Theorem 1.3. Let (X,J, ) be a doubling metric measure space, (M,d) be a
complete metric space, and D a complete (approximate) X -distribution on M. Then
every Q-valued function f: X — Ag (M) is a.e. (approximately) D?-differentiable
on Ay (or A}), where Ay and A’ are defined respectively in (2.2) and (2.3). In
particular, these properties hold whenever M = R* and X is R" or a p-Poincaré
doubling metric measure space (thanks to [2]).

2. Generalized differentiability

2.1. Differential germs. Let (X, J, 1) be a K-doubling metric measure space
(K > 0), that is, (X, J) is a complete separable metric space and p : P(X) — [0, +o0]
is a Borel-regular outer measure on X such that for every x € X and every r > 0 we
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have
0 < p[Bar(2)] < Kp[By(x)] < 400.

Remark. It is simple to show that for every z,y € X and r,s > 0
r+Jz,y
i) < £ (K AED) i)

S
where L(a, 5) > 0 is a suitable function. Indeed, we have

1 [Br(2)] < pt [Briaay ()] < il Baricssteanas(y)] < KPS, (B (y)]
where P(t) = max {0, [log,t]}.

Proposition 2.1. Let E C X be a generic set, there exists a Borel set F' O F
such that p[F' N B.(x)] > p[F N B.(x)] for every x € X, r > 0 and every other
measurable set F' O E'N B,.(x).

Proof. Fix a point xy € X and set Bgr = Bg (7¢) for every R € N. By hypothesis
we have 0 < u (Bg) < +oo and there exists a Borel set Fg such that ENBr C Fr C
Br and pu(Fr) = p(E N Bg) since p is Borel-regular. Then for every B,(x) C Bg
we have

1 (BN By) < p(EN B, (@) + u(EN By \ By ()

a
1 (FrN Bp(2)) + 1 (Fr \ Br(x))
p(Fr) = p(EN Bg),
which implies u (E N B,(x)) = u (Fr N B,(x)) for every B,.(z) C Bg.

Now let F' = -, Npog Fr, clearly E C F and F is a Borel set. For every ball
B, (xz) C X there exists S € N such that B, (z) C Bg and so

<
<

+o0

p(FOB(x) = Jim_p (ﬂ (Fr N Br<x>>> < u(ENB(x).
R=S

Therefore pu (F N B.(x)) = p(EN B, (z)) < pu(F' N B,(x)) for any other Borel set F’

containing £ N B,(x). O

A point z of E is said to be a p-interior point (for F) if and only if there exists
B C E Borel set such that

. p[B.(x)\ B]
A B

Let also E' C E be the set of all the p-interior points for F, and if x € E*', then we
say that F is a p-neighborhood for x.

Notice that F and E'! may not be y-measurable sets, however if E is u-measurable
then p(E\ E') = 0 by using the doubling property of p (see for example [8]).
Moreover, if E and F' are two p-neighborhoods for x then E'N F' is another u-
neighborhood for x because

uB@\ENF)] _ pB@\E | plB@)\F]
BETTUB@] S aB@] A aB@

Therefore the family of p-neighborhoods defines a topology on X, that we will
call the p-topology. This topology is stronger than the metric topology induced by
J on X (which we will also call J-topology).

Proposition 2.2. For every x € X all the following statements are equivalent:
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e x is an isolated point (for X ) with respect to the J-topology;
e 1 is a pu-isolated point;
o i({z}) > 0.

Proof. If z is an isolated point, then there exists r > 0 such that B,.(z) = {«},
and since B,.(z) is itself a y-neighborhood for x, then this would automatically imply
that = is a p-isolated point.

Next if z is p-isolated, then {z} is a p-neighborhood for x so

ConB@\ )]
rs0t p[Br(2)]
which is possible only if p({z}) > 0, otherwise p [B,(x) \ {z}] = u[B,(2)].

Finally, we only need to prove that if u({z}) = 6 > 0, then x is an isolated point,
that is B,.(z) = {x} for some r > 0. First to all notice that since p [B,(x)] < +oo,
lim, o+ p [B,(x) \ {z}] = 0. Therefore there exists 7 > 0 such that p [B.(z) \ {z}] <
0/ K for every 0 < r < .

By contradiction x is not an isolated point in X, therefore fixed 0 < r < 7 there
exist y # x and s > 0 such that

* Bi(y) € B(x) \ {z};
o € Boy(y).
Then

p(B.)) < [Bo()\ (2] < 3 = 1 () < % [Bas)] < 1 [B.()

which is impossible, therefore {2} must be an isolated point. UJ

Proposition 2.3. Consider any nonempty set U C X. Then for every x € U*
we can find a map r,: X — U such that r,(y) =y on U and

Iy, ra(y)] =0 (I (y,x)) for I(y,x) = 0.
Proof. We can assume without loss of generality that = is an accumulation point

(that is, B,(x) # {«} for every r > 0 or equivalently u({z}) = 0) and U is a Borel
set. For every N € N we can find d > 0 such that for every 0 < r < dn

p(B@)\U) _ 1
plBr(x)]  — N
In order to prove our statement we need only to prove that for every ¢ > 0 there
exists > 0 so that for every y € X with J(y,x) < ¢ there exists ¢ € U such that

(2.1) I(y,y') <e3(y,x).
If (2.1) does not hold then there exists ¢y > 0 such that for every N € N there exists

yn such that 0 < ry = J(yn,z) < dn/ (14 &) but Beyry (yny) NU = @. Therefore,
since we have (1 + &) ry < Oy,

1% [BEOTN (yN)] S 2 [B(lJrEo TN( ) \ U] < %M [B(lJrEo)TN (l‘)]

1
< N H [B(2+50)7‘N (yN)] —= ]\;0 [B€0TN (yN)]
where K., is a constant that depends only on ¢y > 0 and p but not on N. Therefore,
for N sufficiently large we will get a contradiction. O

Limits in the p-topology coincide with the approximate limits with respect to
measure g, that is let g: A — R be a function defined on a nonempty set A C X
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and let x € X be a p-accumulation point for A (that is, ANU \ {z} # 0 for every
p-neighborhood U of z). Then we have p — limys,,, g(y) = 2z € R if and only if for
every € > ( there exists a p-neighborhood U of z such that |g(y) — z| < € for every
ye AnU\ {z}.

Moreover, for real-valued functions g: A — R and p-accumulation point x for
A C X we set

p—limsupg(y) = inf ~ sup  g(y).
Asy—w 2€UN yeUnA\{z}
Proposition 2.4. Let f: B — [0,+00) be a real-valued Lipschitz function de-
fined on a p-neighborhood B of x with pu({z}) =0 and f(z) = 0. Then

’ fly) fW)
im sup = p — limsup .
Bay—z (Y, T) Bay—z (Y, T)

Proof. The inequality > is trivial. To prove the opposite inequality take any
p-neighborhood U of z and set C' = U N B\ {z}. Let r,: X\ {z} — C as in
Proposition 2.3, then for every ¢ > 0 there exists § > 0 such that if y € Bs(z), then
J[r:(y),y] < eJ(y,x). Therefore,

/() /() I[rz(y), 7]

sup < sup sup
yEBs(z)NB\{z} J(yv ZL‘) yeC J(yv ZL‘) y€Bs(z)\{z} J(ya ZL‘)

|f(y) = flr=(y)]]

+ sup
y€B;s(z)NB\{z} ‘J(yv ZL‘)
< (1+)sup W | ke
yeC ‘](ya l‘)

for some K > 0. Thus

: f(y) . f(y)

lim su <(l1+e¢e)pu—limsu + Ke

AN Ty R LA e TPy
which proves our statement. O

Analogously to the definitions of |V f|" (x) and A; stated in Theorem 1.2 for
(Q-valued functions, we the following quantities for a generic function f defined on a
nonempty subset A of X with values in some metric space (M, d):

d
Y]
Al fla)]
VAT (z) = p 11&2? ey
(2.2) Ay = {z € A| z accumulation point, |Vf|* (z) < +oo},
(2.3) Al ={reA |  praccumulation point, |V (2) < +oo} .

Clearly we have [V "™ (z) < |Vf|" (z) and A; C A UN where u(N) = 0, because
Ay \ A} may contain accumulation points for A that are p-isolated. This set should
have measure zero since p is Borel regular and so there exists A O A Borel set such
that u [Br(x) N fl] = u[B,(z) N A] for every z € X, r > 0.

Even if f is a Lipschitz function defined on a closed set C' C X we can have
A’; # C, however if C' only contains accumulation points for X, then (C \ A?) =0.
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Now, consider a complete metric space (M,d). We want to define a notion of
differentiability for functions defined on X with values in M. For every topology 7
on X stronger than or equal to the J-topology (in particular, we set 7 = J for the
J-topology and 7 = p for the y-topology), every x € X, P € M let Lip; p (M, X) be
the set of all the equivalence classes [F]_, where F': B — M is a Lipschitz function
defined on a 7-neighborhood B C X of x such that F'(z) = P, with respect to the
equivalence relation

FeG o tim WG]

=0 (with respect to T topology).
vor I (y, )

For every (z, P) € X x M the space [Lip;P (M, X),d, p,0p, |'\x,p] is a pointed
metric space where

dr.p([F,[G]) = limsup w

Op=[re X — PeM],
[F1],. p = da.p ([F],0p) .

We also define
Lip" (M, X)= || Lip]p (M, X)
(z,P)EX XM
and we call the elements of Lip” (M, X)) the X-differential germs of M with respect
to the topology 7. In particular, if 7 = J then the elements of Lip’ (M, X) are just
called X-differential germs, whereas if 7 = p then elements of Lip* (M, X) are called
approzimate X-differential germs.

When 7 is the topology induced by the metric J then arbitrary subsets D of
Lip? (M, X) are called X-distributions for M, and for every (x,P) € X x M we
set D, p = DN Lipi p (M, X). Analogously, when 7 is the topology generated by
the measure p as before then arbitrary subsets of Lip* (M, X) are instead called
approximate X-distributions.

2.2. Differentiation and completeness.

Definition 2.5. Let A be a nonempty subset of X, D be an X-distribution, and
let f: A— M be an arbitrary function. For every x € A accumulation point we say
that f is D-differentiable at x if and only if there exists [F': B — M] € D, s(,) such
that

dlf ), Fy)]

Asy=e - J(y, @)

Moreover, the differential germ [F] that satisfies (2.4) is a D-differential of f at x.
If D is an approximate X-distribution and x is a u-accumulation point for A then
f is approximately D-differentiable at x if and only if

o W), Fy)l

Asy—z I (y,x)

(2.4) = 0.

P — =0

and in that case [F| is an approximate D-differential for f at x.

Remark. If x is a p-interior point for A then f admits at most one approximate
differential at x. However, if x is a boundary point then the differential may not be
unique and f could have infinitely many different differentials.
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Proposition 2.6. Let f: A — M be an arbitrary function that is D-differentia-
ble at some accumulation point x € A. Then x € Ay and |V f|" (z) < ||, fu) Where
[F| € D, y(z) is any differential for f. If, in addition, A is a p-neighborhood for x,
then |V f|" (z) = T2 fls p(ny Where T, f = [F] € D, y(y) is the unique differential of f
at x.

Proof. Let [F| € D, f(;) be a D-differential of f at x, then

‘vf‘Jr (x) = liglysilf W
i d  F . d[F(y), F(x
: liglysilf W Hufjf p% = Flo g -

Next, we prove that if x is a u-interior point for A then f has exactly one D-
differential at 2 and equality holds in the last inequality. Let [G] € D, f(») be another
D-differential of f at xz, then we immediately get

i AEWGWI_
Asy—a J(y, x)

but this does not yet imply that [F] = [G]. Since A is a p-neighborhood of x we
immediately get

. d[F(y),G(y)] . d[F(y),G(y)]
Pl T T AR T )

diF(y), GWl _
~ Asy=e Iy, @) '

Now both F' and G are defined on a neighborhood of x, by proposition 2.4 we finally

get
lim sup ° [F(y), Gl _ o — Timsup & [F'(y), G(y)]
y— J(y,l’) y—x J(y,l’)
thus [F] = [G].
Assume again that A is a p-neighborhood for x, and let T, f = [F| be the unique
D-differential of f at x. Then

=0,

. d[F(y), F(z)]
o flo sy = 1= fim sup W
:u—limsupw < VI (@) -
Asy—sa (y, )

Similarly, we can prove the following:

Proposition 2.7. Let f: A — M be an arbitrary function that is approxi-
mately D-differentiable at some x € A. Then z € A% and IVfI" (x) < 1Fl, )
where [F'] € D, s, is any approximate differential for f. If, in addition, A is a
p-neighborhood for x, then the approximate D-differential T, f = [F] of f at z is
unique with |V f|"* () = T f o fa)-

We then say that a function f: A — M defined on a nonempty set A C X is a.e.
D-differentiable on Ay if and only if on every p-measurable subset B of A; we have
that f is D-differentiable for a.e. point of B. In the same way, we define functions
a.e. approximately D-differentiable on A; .
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Definition 2.8. An X-distribution/approximate X-distribution D of M is dif-
ferentiably complete if it satisfies the following “Rademacher’s condition™

(RC): for every closed nonempty subset C' C X (with respect to the J-topology)
and every Lipschitz function g: C — M we have that ¢ is a.e. approximately
D-differentiable on AL.

Remark. For Lipschitz functions defined on closed subsets D-differentiability
and approximate D-differentiability are equivalent for a.e. point of C', where D is an
X-distribution. Moreover, both A, and Af are Borel sets with p (AgAAg) = 0.

Remark. In (RC) we cannot assume C' = X since for a generic metric space M
we do not have a local Lipschitz extension result.

It is trivial to show that

(1) D = Lip* (M, X) is differentiably complete;

(2) if D is differentiably complete then every C O D is also differentiably complete;

(3) if DY, D?, D3, ... are all differentiably complete then D = (;2, D" is differen-
tiably complete.

Of these statements, only (3) is not trivial, however its proof is quite simple
thanks to uniqueness results contained in propositions 2.6 and 2.7. Let then f: C' —
M be a Lipschitz function defined on a closed subset C' of X, then there exists a
measurable subset V' = V! of C such that for every ¢ € N f is approximately D*-
differentiable at = with differential [F;] € D’. By uniqueness we have [F] = [F}] =
T.f for every i € N, therefore T,.f € (-, D" =D, f(z)-

x.f ()
Example 2.9. Let {X,} .y be a disjoint Borel cover of (X, J, 1) and let ®,: X,
— R be a sequence of Lipschitz functions with N, € N.
We also assume that pu(X,) > 0 and that X, does not contain any p-isolated
point (with respect to itself). Therefore for every k € N, every x € (X,)" and every

p € R* we can set
D,p= {[y € Xy = p+ L[Py(y) — Po()]] ’ L: RNe 5 RF linear} )

Clearly D = |_|(x pexxrr Pzp 18 an approximate X-distribution for R¥ and an X,-

distribution for R¥ for every a.

A well-known result proven for the first time by Cheeger [2] states that under
some conditions on the base space X (in particular, the existence of a p-Poincaré type
inequality for some 1 < p < +00) then D is a complete distribution for every k € N
and sup N, < +0o0, in other words the metric space X is “locally finite dimensional”.

In the last part of this section, we will prove the equivalence of (RC) with a
D-version of the classical Stepanov theorem for differentiability and approximate
differentiability. We first need to generalize Proposition 2.3.

Let 6,17 > 0, we say a measurable set B C X containing y is (0, n)-full at y if

B, B
sup MBWAB] _ o
o<r<n 1 [Br(y)]
Lemma 2.10. There exists 6 = 6(K) > 0 such that the following statements
hold:

(1) If B, and B, are (0,n)-full for some n > 0 at x and y respectively and
0<t=J(z,y) <n/3, then p[Bs(x) N B, N Ba(y) N By] > 0;
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(2) Let E C X be a nonempty set such that x € (E)1 and for every y € E let B,
be a measurable set so that for every z € E \ {z} sufficiently close to x there
exist s,n > 0 such that B, is (0,n)-full at y for every y € By(z), then there
exist a pi-neighborhood U of v and a map r,: U — E such that y € B,,(, for
every y € U\ {z}.

Proof. Fix 6 > 0 and assume by contradiction that (1) does not hold. Thus

p(By N By(x)) < pu(Bs(y) \ By) with 3t < n and then

(1 =0)u (Bi(w)) < p(Bi(w) N By) < pu(Bai(y) \ By)
< op(Ba(y)) < OL(K, 4)p (By(x))

which is impossible when § < 1/[1 + L(K,4)].
To prove (2) we can assume without loss of generality that z is a u-accumulation
point, that is u({z}) = 0. Notice also that we can find a sequence y,, € E such that

E = {y, | n € N}. Then we need only to prove that

EN Be(w) \ <{x} 0y Byn>

neN

I =0

for £ > 0 sufficiently small. o
Otherwise we can find Z C E sufficiently near to = such that Z N B,, =0 and
B.(2)NZ
O<r<mo M [Br(z)]
for some z € Z\ {z} and 0 < 79, in particular Z is (§, no)-full at z. By assumption we
can find s > 0 and 0 < n < 7 such that B, is (4, n)-full at y, for every y,, € B,(z).
Moreover, for n large we also have J (y,,2) < n/3 therefore by (1) we would have
Z N By, # 0, a contradiction. O

Theorem 2.11. Let D be a differentiably complete approximate X -distribution
for M, then every function f : A — M is a.e. approximately D-differentiable on
A’; . Conversely let D be an approximate X-distribution such that every function
f: X — M is a.e. approximately D-differentiable on A‘;, then D is differentiably
complete.

Proof. We first prove that if D is complete then f: A — M is a.e. approximately
D-differentiable on every measurable subset B of A?. Fix a point P € M and for
every 4, j € N let Ej; C A be such that = € Ej; if and only if

(1) dif (@), P] <

(2) there exists a (d,3/j)-full set B, C A at x such that d[f(y), f(z)] < iJ(y,x)

for every y € B,.

The main difficulty here is that the sets FE;; are not in general measurable. By
definition A% = J,; Eij, we now prove that fi;: x € E;; — f(x) € M is 6i-Lipschitz.
Take any y, z € Ej;, if J(y,2) > 1/j, then

dlf(y), f(2)] <d[f(y), Pl +d[P, f(2)] <~ <iJ(y,2).

If instead 0 < t = J(y,2) < 1/j, then by Lemma 2.10 there exists s € B, N B, N
Bsi(z) N Bs(y) such that

d[f (), f(2)] <d[f(y), f(s)] +dlf(s), f(2)] <id(y,s) +iI(s,2) <6id(y, z).
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Since M is complete we can uniquely extend f;; to a Lipschitz function on Fj;,
and since D is complete there exists a measurable subset Gza of A“ C E; such that

( T \Gw) = 0 and f;; is approximately D-differentiable on each pomt of Gza Since
E;; C A‘]ﬁ, every point of El-j is an accumulation point for X, thus ,U(Eij \Afij) =0.
Let B;; = E—” N B and G;; = (é” N B)l, then we immediately get

(B \ Gij) < p <E—m \ éz‘j) +p (éz‘j \ éilj> =
and f;; is approximately D-differentiable on every point of G;;. Let then z € Gj;
and [F;] € D, s(z) be the differential of f;; in z, then for every ¢ > 0 there exists
a measurable p- nelghborhood U, C X of z such that d[f;;(vy), Fi;(y)] < €I(y,x) for
every y € U, N Ejj.

Let s: U — E;; be any function defined on a p-neighborhood U of x such that
J[s(y),z] < LI(y,x) near x and J[s(y),y] = o (I(y, z)) for J(y,x) — 0. Therefore,

d[f(y), Fii(y)] < d[f(y), f[s@)] + dfi; [s(y)], By [s()]] + d[Fy; (y), Fij [s(y)]
< d[f(y), [s@)]] + 0 s(y), 2]) + KI(s(y),y)
= d[f(y), [s@)]] + oI (y,2)).

We now use lemma 2.10 to find an appropriate function s. Let for every y €
Eij 0 Byyj(x)

R(y) Zmin{é,J(y,x)},

B, = B, N Brysa ()

Clearly each B, is [6, R(y)J(y,z)]-full at y (since J(y,2) < 1/j) and R(y) depends
only on J(y,x), therefore assumptions at point (2) in lemma 2.10 are satisfied and
there exists s: U — Ej; such that y € Bs(y) for y near x.

In particular, y € By and J(y,s(y)) < R(s(y)) I(y,z) < 3I(y, z) which leads to

J(s(y), =) < 23(y,z). Moreover, J(y, s(y)) < I(y,x)*> = 0 (I(y,x)) when J(y,z) — 0,
therefore

dlf(y), fls)]] < i3Iy, s(y)] = o(I(y, x))

because s(y) € Ey; and y € By(y), thus f is approximately D-differentiable at .

The converse is trivial. Indeed if every function f: X — M is approximately D-
differentiable a.e. on A‘]ﬁ then to prove that D is complete we need only to accordingly
extend any Lipschitz function g: C' — M on all X with C closed. If g is any extension
of g on all X then we always have

1
CclnAsC AL,

therefore ¢g is automatically a.e. approximately D-differentiable, then D is complete.

0

Theorem 2.12. Let D be a differentiably complete X -distribution for M, then
every function f: A — M is a.e. D-differentiable on Ay;. Conversely let D be an
X-distribution such that every function f: X — M is a.e. D-differentiable on Ay,
then D is differentiably complete.

Proof. The first part of this result can be proved as in the previous theorem by
setting B, = Bs/;(y) when y € Ej;. Moreover, in the last passage we do not need
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lemma 2.10 to find s but we can use directly Proposition 2.3 such that s is now
defined in a neighborhood of z instead of a u-neighborhood.

Now assume that every function f: X — M is a.e. D-differentiable on Ay, we will
prove that D is complete or equivalently that every Lipschitz function g : C' — M
defined on any closed subset C' C X is a.e. D-differentiable on C. We will find an
extension g of g to whole X, and even though we cannot expect that such extension is
Lipschitz it has still some useful properties. More precisely, for every map g: C' — M
defined on a closed set C' C X we can always find an extension g: X — M such that
A, C A

We define g in the following way: if x € C' then we set g(x) = g(x), instead if
x ¢ C then we set g(x) = g(y) where y € C' is any point that satisfies

J(z,y) < 2dist(z, C).

Let x € A, N OC, therefore there exist K,0 > 0 such that if y € C'N By(x),
then d[g(x),g(y)] = dg(x), 9(y)] < KJ(x,y). Let z € Bs3(x) \ C, we can then find
y € C'N Bs(z) such that J(y, z) < 2dist(z,C) and §(z) = g(y). Therefore,

dlg(z),g(2)] = dlg(z), 9(y)] < KI(z,y) < K (I (z,2) + 2dist(z,C)) < 3KJ (2, 2)

which implies © € A; with |[Vg|™ (z) < 3|Vg|" (). Since A, N C= A; N é’, where

C' is the set of interior points of C, we have proved that A, C Aj.

Now assume g: C' — M is Lipschitz, then A, is a measurable subset of C' which
is contained in A; where g: X — M is the extension found before. By assumption
g is a.e. D-differentiable on Aj;, then g is a.e. D-differentiable on A, and so D is
complete. O

3. @Q-valued functions

On a generic metric space (M, d) we can define the space of Q-points Ag (M),
where () is a positive integer, as the set of all measures P on M that can be rep-
resented as the sum of @ Dirac measures [P] + [P] + - - - + [Pg] not necessarily
distinct. Then a ()-valued function from a set A to M is just a function defined on
A with values on Ag (M). Clearly, 1-valued functions from A to M are equivalent
to classical (single-valued) functions from A to M.

Moreover, () single valued functions fi, f, ..., fo can be used to compose a single
Q-valued function f(z) = [fi(z)]+ [fo(z)]+- - -+ [fo(x)], conversely every Q-valued
function f can be globally decomposed into ) single valued functions by choosing a
total ordering on M. However, such decomposition is never useful except when M
is a really good space (usually M = R) because many useful properties of f will not
be inherited by such general decompositions.

On Ag (M) we define the following Wassenstein metric:

Q Q

where Sg is the set of all the permutations on {1,2,...,Q}. Therefore a Q-valued
function f from a topological /metric/measurable space €2 to M is continuous/Lips-
chitz/measurable if and only if f: Q — Ag (M) is continuous/Lipschitz/measurable.
Every measurable Q-valued function can be globally decomposed into () measur-
able single-valued functions (see [3|), however continuous @-valued functions cannot

Q

g
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usually be decomposed into () continuous single-valued functions, for example the
following function

2e€C— [[23/2]] + [[—23/2]] € A, (C)

cannot be decomposed into two continuous functions in any neighborhood of the
origin.

If D is an X-distribution for a complete metric space M then we are able to
derive another X-distribution D? but on Aq (M): for every P = 3% [P] we say
[F] € DY p if and only if there exist [F}j] € Dy, p, for every i =1,2,...,@Q such that

0

Q
(3.1) F(x) = Z [Fi(x)] Vz in a Borel neighborhood of x,
i=1

Notice that Ag (M) is always a complete metric space whenever M is complete,
and can be proved by induction on ). This is trivial for () = 1, thus assume both M
and Ag (M) are complete. Let P; € Agii (M) be a Cauchy sequence, by induction
on [ we can easily find a subsequence in the form P, = [P] + P}, where both
P e M and P} € Ag (M) are Cauchy sequences that converge to some P € M
and P’ € Ag (M) respectively. Therefore Py, — [P] + P’ which in turn implies
P, — [P] + P’ because P, is Cauchy.

Many authors (see for example [3|) impose condition (3.2) in their definition of
differentiable )-valued functions since it makes it easier to work componentwise. For
example if M = R™ and [F] € D? is a differential germ for f = S22 [f] at some
r € R¥ with f; continuous at = then we can always take the i-th component F; € D
of F so that [F}] is a D-differential for f; at x.

Instead other authors (for example [9]) do not use (3.2) in their definition of
differentiable Q-valued functions, since with (3.2) we could have a sequence of C! Q-
valued functions f,, such that both f,, and V f,, uniformly converge to some functions
f and F respectively but f is not differentiable everywhere. Therefore when one
needs to work with sequences of C'! (Q-valued functions it may be useful to require
only (3.1) without (3.2).

However, if one needs only a.e. differentiability for functions from R™ into Aq (R¥)
with respect to the Lebesgue measure on R™ (for example when dealing with Sobolev
functions) then (3.2) is unimportant because the set of differentiability points for
which (3.2) is not satisfied has zero measure. In this place we will always assume
that germs in DY satisfy both (3.1) and (3.2).

Theorem 3.1. Forevery P € Ag (M)\{Q[P] | P € M} thereexist1 < R < @,
an open neighborhood U of P and two continuous maps 7t : U — Ar (M), 7% : U —
Ag—r (M) such that

e Q= F(Q) +7E(Q) for every Q € U;
* GIQR]’ =G [rP(Q), T R)]" +G [ (Q). 7} (R)]” for every QR € U.
Proof. Clearly there exist 1 < R < @, P, Pry1,Pry2,...,Pp € M, and € > 0
such that P = R[P] + ZZQ:RH [P] and d(P,P;) > € for every R+ 1 < j < Q.
Therefore, the subset U C Ag (M) defined so that A € U if and only if there exists
o € Sq such that d (P, Aa(i)) < e/3 forevery i =1,2,..., R and d (Pi,AU(i)) <e/3
forevery t = R+ 1, R+ 2,...,(Q is open and contains P.
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If A € U we can assume without loss of generality that o(i) = i, then we always
have

A17A27 .- '7AR € B€/3(P)7
AR+17AR+2, .- '7AQ ¢ 325/3(]3),

R Q
GIP AP = "d(P,A) + Y d(P.Aw),
=1

i=R+1

where n € Sg with n(i) = i for every 1 < i < R. We will prove only the last assertion.
First of all, assume that

R Q
GIP, AP =Y "d(PAw) + Y. d(P,Ay)’
=1 i=R+1

and set
E={i=1,2,...,R|n(i) > R+ 1},
F={i=R+1,R+2,...,Q | n(i) < R}.

Set P, = Pfori=1,..., Rweclearly have d (PZ-, An(i)) > 2¢/3ifi € EUF. Moreover,
both E and F must have the same cardinality, thus if E is not empty, then we can
find another 1’ € Sg such that /(i) = n(i) if i ¢ EUF and d (P, Ayw)) < €/3 for
every ¢. But this is impossible by our assumption on 7.

Therefore we can set

R
AU =Y [A] € Ar (M),
=1

Q
m o AeU— Y [A] € Agor (M). O
i=R+1
Corollary 3.2. Let 2 C X be open nonempty and f: Q — Ag (M) be contin-
uous at x € Q\ A where

A={xeQ| f(z) =Q[P] for some P € M}.

Then there exist an open neighborhood U of x and g: U — Ar (M), h: U — Ag (M)
with Q = R+ S, f|; = (9] + [h] and

Vgl" (@), VA" (2) < V[T ().

Theorem 3.3. If an approximate X-distribution D for M is complete then the
X-distribution D9 for Ag (M) satisfying both (3.1) and (3.2) is complete too.

Proof. We use induction on . If ) = 1 then we can use assumption (RC) on
M, thus we can assume that theorem 3.3 holds for any 1 < @’ < @ in order to prove
it for Q. Let f: C' — Ag (M) be a Lipschitz function defined on a closed subset C'
of X and let z € C.

If ¢ A then by corollary 3.2 we have f|, = [¢] + [h] with x € A;N A, =V for
some open neighborhood V' of z, thus we can use induction on g and h to prove that
f is a.e. differentiable on V. Since C' is separable we can cover C'\ A by countably
many of such V', thus we immediately get that f is a.e. differentiable on C'\ A.

On A we have instead f(z) = Q [f.(x)] with f,: A — M Lipschitz, therefore by
induction hypothesis f, is a.e. approximately D-differentiable on A’;a. If L C A’;a
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is the set of points on which f, is approximately D-differentiable with differential
|F] € Dy f.(x) then we can assume that L C AN A?. In this way f is approximately
DC-differentiable on every point of L because

Gl ), QIFWI = VQ d[fu(y) F(y)]
for every y € A. O

With this result we are finally able to prove theorem 1.3.

Proof of theorem 1.3. Let D be a complete X-distribution for (M, d), then by
theorem 3.3 the X-distribution D? for (Ag (M), G) is complete for every Q > 1.
Then by theorem 2.12 we immediately get that every function f: X — Ag (M) is
a.e. D9-differentiable on A;. U
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