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Abstract

We prove Luzin N- and Morse-Sard properties for mappings v: R” — RY of
the Sobolev—-Lorentz class W’Iil, p = % (this is the sharp case that guarantees the
continuity of mappings). Our main tool is a new trace theorem for Riesz potentials
of Lorentz functions in a limiting case. Using these results, we find also some very
natural approximation and differentiability properties for functions in W];?l with
exceptional set of small Hausdorff content.
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Introduction

In this paper we continue the study of the Luzin N- and Morse-Sard properties for
the Sobolev mappings under minimal integrability assumptions initiated in our previous
papers [9]-[10], [24], see also [22]. Of course, it is in this context very natural to restrict
attention to continuous mappings, and so require from the considered function spaces
that the inclusion v € WE(R",R?) should guarantee at least the continuity of v. For
values k € {1,...,n — 1} it is well-known that v € WE(R", R?) is continuous for p > %
and could be discontinuous for p < 7. So the borderline case is p = p, = 7. It is
well-known (see for instance [22]) that v € Wy (R”,R?) is continuous if the derivatives of
k-th order belong to the Lorentz space L, 1, we will denote the space of such mappings
by Wr | (R",R?). We refer to section 1 for relevant definitions and notation.

*The author was partially supported by the Russian Foundations for Basic Research and (Grant No. 14-
01-00768-a), by the Grant of the Russian Federation for the State Support of Researches (Agreement No.
14.B25.31.0029), by the Grant of the Russian Federation for the State Support of Researches (Agreement
No. 14.B25.31.0029), and by the Dynasty Foundation.



In this paper we prove the following Luzin N property with respect to Hausdorff
content:

Theorem 0.1. Let k € {1,...,n}, ¢ € [po,n], and v € WE | (R",R?). Then for each
e > 0 there exists § > 0 such that for any set E C R™ if H2 (E) <, then HI (v(E)) < €.
In particular, H4(v(F)) = 0 whenever HI(E) = 0.

Here H4 (E) is as usual the g—dimensional Hausdorff content:

HI (E) = inf {Z(diam E) : Ecl/ E} .
i=1 i=1
Note that the case k = 1 was considered in the paper [22], and the case k > 1, ¢ > p, in

[24], so we omit them and consider here only the remaining limiting case ¢ = po, k > 1.

To study this limiting case, we need a new version of the Sobolev Embedding Theorem
that gives inclusions in Lebesgue spaces with respect to suitably general positive measures.
This result might also be interesting in its own right, and it is the main contribution of
this paper. For 8 € (0,n) denote by M?” the space of all nonnegative Borel measures p
on R"™ such that

lells = sup 0P u(I) < oo, (0.1)

where the supremum is taken over all n—dimensional cubic intervals I C R™ and ¢([])
denotes side-length. Recall the following classical theorem proved by D.R. Adams [2]
(see also, e.g., [30, §1.4.1] ).

Theorem A. Let pu be a positive Borel measure on R™ and o > 0, 1 < p < ¢ < 00,
ap < n. Then for any f € L,(R") the estimate

[t an < s 1518, 02)

holds with 5 = (n — ap)%, where C depends on n, p, q, « only.

Liw = [

n |y — xfne

Here

is the Riesz potential of order a. The above estimate (0.2) fails for the limiting case ¢ = p.
Namely, there exist functions f € L,(R") such that I, f(z) = +o00 on some set of positive
(n — ap)-Hausdorff measure', see, e.g., [23]. Nevertheless, we prove the following result
for this limiting case ¢ = p:

!The above estimate (0.2) remains valid for ¢ = p if the measure p instead of (0.1) satisfies the
stronger condition u(K) < CR, ,(K) for all compact sets K C R"™, where R, , is the Riesz capacity:
Rap(K) =inf{|f|lz, : f € Lp(R"), Iof(z) > 1 on K}, see [3]. Another geometric criterion for such an
estimate (without using of Riesz capacity) was found in [23]. A simpler sufficient condition was found
in [19], see also [31, p. 28].



Theorem 0.2. Let p be a positive Borel measure on R™ and o« > 0, 1 < p < 00, ap < n.
Then for any f € L,1(R") the estimate

1
Haf Ly < Cllells - 11,0 (0.3)

holds with f = n — ap, where C depends on n, p, « only.

In view of the definition of the Lorentz spaces, it is sufficient to prove the above
assertion for the simpler case when f coincides with the indicator function of some compact
set:

Theorem 0.3. Let u be a positive Borel measure on R™ and o > 0, 1 < p < 00, ap < n.
Then for any compact set E C R" the estimate

Ha(Le)lL, 0 < Cllulls meas(E), (0.4)

p(1)

holds with 8 = n — ap, where 1 is the indicator function of the set FF and C' depends on
n, p, a only.

We emphasize that our proof of Theorem 0.3, and hence of Theorem 0.2, is self—
contained, is independent of the previous proofs of this type of results, and uses only very
natural and elementary arguments.

From the definition of the space W | (R", R?) of Sobolev-Lorentz mappings and the
classical estimate |Vv| < C|I},_; V*v|, Theorem 0.2 implies

Theorem 0.4. Let j1 be a positive Borel measure on R", k € {1,...,n}. Then for any
function v € W) | (R") the estimate

/yvv

holds, where C' depends on n, k only.

Podp < Cllp

po IV*o i(;o,l (0.5)

From these results we deduce also some new differentiability and approximation prop-
erties of Sobolev-Lorentz mappings v € W’;O,I(R”). Namely, for m < n the m-order
derivatives V™v are well-defined H"P°-almost everywhere, a function v is m-times dif-
ferentiable (in the classical Fréchet—Peano sense) H™P°-almost everywhere, and, finally,
it coincides with C™-smooth function on R™ \ U, where the open exceptional set U has
small H7Po-Hausdorff content (see Theorems 2.1, 2.2-2.3 ). Note that for mappings of the
classical Sobolev space W’;O (R™) the corresponding exceptional set U has small Bessel ca-
pacity Bi_m,(U) < ¢, and, respectively, the gradients V™v are well-defined in R™ except
for some exceptional set of zero Bessel capacity Bi_.,, (see, e.g., Chapter 3 in [15] or [7]).

In the last subsection 2.5 we discuss Morse—Sard type theorems for Sobolev—Lorentz
mappings. Namely, for an open set 2 C R™ and a mapping v € Wko,1,1oc(Q>Rd) denote
Zym = {x € Q : v is differentiable at z and rankVu(z) < m} (recall, that by previous
results v is differentiable H?* a.e.). We state:
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Theorem 0.5. If k,m € {1,...,n}, Q is an open subset of R", and v € W’;O’UOC(Q,Rd),
then H%* (v(Zy,m)) = 0.

Here
n n—m+1 _1
Po=7p and qozm—l—i—T:po—i—(m—l)(l—k ). (0.6)
The theorem was proved for C*-smooth functions by Morse [33] in 1939 for the case

k=n, m=d=q = 1, and subsequently by Sard [37] in 1942 for kK = n — m + 1,
m = d = q,. For arbitrary values k,n,m € N and C*-smooth functions the result was
proved almost simultaneously by Dubovitskii [15] in 1967 and Federer [18, Theorem 3.4.3]
in 1969

The Morse-Sard Theorem for Sobolev spaces W';(R”,Rm) with p > n (i.e., when
WHR™) «— CF!(R")) was obtained in [12] (see also [20] for a simple proof), and for
Lipschitz and Hélder continuous mappings C** see, e.g., in [5] and [0] respectively. For
further background on these issues the reader is referred to [9], [10], [24], where the above
Theorem 0.5 was proved in the Sobolev context W’Ijo (R™) for k,m € {2,...,n}. Since the
case k =1 (i.e., ¢ = n) can be considered folklore (see, e.g., [38]) we shall in the present
paper only consider the cases m =1, k > 1, ¢o = po = 7.

Let us end this introduction by noting an interesting phenomenon that occurs for
functions of the Sobolev-Lorentz space WF |(R",R?). On the one hand, the order of
integrability of the k—th derivative, Lebesgues index p, and Lorentz index 1, is the minimal
one on the Lorentz scale that guarantees continuity of mappings. On the other hand,
these mappings a posteriori have many additional analytical regularity properties: the
Luzin N-property, differentiability and approximation properties, and the Morse—Sard
property (see above).

For instance, if k = n—m+1, then almost all level sets of mappings v € ngoyl(Rn, R™)
are C'-smooth manifolds [24]. The result should be contrasted with the fact that map-
pings of class W’;ml(R”, R™) are continuous only and need not to be C!'-~smooth in general.
This property recently found some applications in mathematical fluid mechanics (see [25] ).

Acknowledgment. We are grateful to Professor Jean Bourgain for very useful interaction

on the subject of this paper. The main part of the paper was written during a visit of
MVK to the Oxford Centre for Nonlinear PDE in May 2015.

1 Preliminaries

By an n-dimensional cubic interval we mean a closed cube in R™ with sides parallel to
the coordinate axes. If @) is an n—dimensional cubic interval then we write £(Q) for its
sidelength.

2Federer announced [17] his result in 1966, this announcement (without any proofs) was sent
on 08.02.1966. For the historical details, Dubovitskii sent his paper [15] (with complete proofs) a month
earlier, on 10.01.1966.



For a subset S of R" we write £"(S) for its outer Lebesgue measure. The m-—
dimensional Hausdorff measure is denoted by H™ and the m—dimensional Hausdorff con-
tent by H7. Recall that for any subset S of R" we have by definition

H™(S) = lim H)'(S) = sup H,' (5),

a\0 a>0
where for each 0 < a < oo,

Ho'(S) = inf {Z(diam S)™ o diam S; < a, S C USZ} .
i=1 =1
It is well known that H"(S) = HZ (S) ~ L"(S) for sets S C R™.

To simplify the notation, we write || f|r, instead of || f{|,®n), etc.

The Sobolev space W} (R",R?) is as usual defined as consisting of those R*-valued
functions f € L,(R™) whose distributional partial derivatives of orders [ < k belong to
L,(R™) (for detailed definitions and differentiability properties of such functions see, e.g.,
[16], [30], [45], [13]). Denote by V*f the vector-valued function consisting of all k—th
order partial derivatives of f arranged in some fixed order. However, for the case of first
order derivatives k = 1 we shall often think of V f(z) as the Jacobi matrix of f at z, thus
the d x n matrix whose r—th row is the vector of partial derivatives of the r—th coordinate
function.

We use the norm

£l = I fll, + IV flle, + -+ 1V fl,,

and unless otherwise specified all norms on the spaces R®* (s € N) will be the usual
euclidean norms.

Working with locally integrable functions, we always assume that the precise repre-
sentatives are chosen. If w € Ljo.(€2), then the precise representative w* is defined for

all x € Q2 by

w*(z) =< ™0

(1.1)

lim ][ w(z)dz, if the limit exists and is finite,
B(z,r)
0 otherwise,

where the dashed integral as usual denotes the integral mean,

][B(x,r)w(z> == m /B(W)w(z) dz,

and B(xz,r) = {y : |y — x| < r} is the open ball of radius r centered at x. Henceforth we
omit special notation for the precise representative writing simply w* = w.

We will say that x is an L,~Lebesgue point of w (and simply a Lebesgue point when
p=1),if

][ lw(z) —w(z)Pdz =0 as r\0.
B(z,r)
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If k < n, then it is well-known that functions from Sobolev spaces WF(R") are con-
tinuous for p > % and could be discontinuous for p < p, = 7 (see, e.g., [30, 45]). The
Sobolev-Lorentz space W | (R") € WE (R") is a refinement of the corresponding Sobolev
space that for our purposes turns out to be convenient. Among other things functions
that are locally in W’;m1 on R™ are in particular continuous.

Given a measurable function f: R® — R, denote by f.: (0,00) — R its distribution

function
Fs) = La € R ¢ | ()] > s},
and by f* the nonincreasing rearrangement of f, defined for ¢ > 0 by

() =inf{s > 0: f.(s) <t}.

Since |f| and f* are equimeasurable, we have for every 1 < p < oo,

( / @) dr) v z( +/Oof*(z)p dt> ”

The Lorentz space L, ,(R") for 1 < p < 00, 1 < ¢ < oo can be defined as the set of all
measurable functions f: R” — R for which the expresssion

( +o00o
dt 1/q
(3 /(tl/”f*(t))q7) if 1<q< oo
p
1Ly, = 0
sup tY/P f*(t) it ¢ =00
\ >0
is finite. We refer the reader to [28], [10] or [15] for information about Lorentz spaces.

However, let us remark that in view of the definition of |- ||, , and the equimeasurability of
[ and f* we have || f||r, = [|f||r,, so that in particular L, ,(R") = L,(R"™). Further, for a
fixed exponent p and ¢; < g2 we have the estimate || f|lv,,, < [|fl|L,,, , and, consequently,
the embedding L, 4, (R") C L, 4, (R") (see [28, Theorem 3.8(a)]). Finally we recall that
|-l is a norm on L, ,(R") for all ¢ € [1,p] and a quasi-norm in the remaining cases
q € (p, 0] (see [28, Proposition 3.3]).

Here we shall mainly be concerned with the Lorentz space L, ;, and in this case one
may rewrite the norm as (see for instance [28, Proposition 3.6])

“+o00

|umf1/uﬂwekwuun>ﬂﬂ

0

3 =

dt. (1.2)

We record the following subadditivity property of the Lorentz norm for later use.



Lemma 1.1 (see, e.g., [30] or [28]). Suppose that 1 < p < oo and E = |J;oy Ej, where
E; are measurable and mutually disjoint subsets of R". Then for all f € L, we have

Z ||f ’ 1Ej||€p71 S ||f ’ 1E||£p,1’
J

where 1g denotes the indicator function of the set E.

Denote by W} | (R") the space of all functions v € W} (R") such that in addition the
Lorentz norm ||V*vl|y, , is finite.

For a mapping u € L;(Q,R?), @ C R", m € N, define the polynomial Pg,,[u] of
degree at most m by the following rule:

[ o o) = Pouful)) dy =0 (1.3
Q
for any multi-index a = (a, ..., ) of length |a] = a3 + - - + o, < m. Denote Pylu| =
PQJg,l[u].

The following well-known bound will be used on several occasions.

Lemma 1.2. Suppose v € Wi | (R",R?) with k € {1,...,n}. Then v is a continuous
mapping and for any n-dimensional cubic interval () C R"™ the estimate

Slelglv(y) — Po[v](y)| < Cll1g - V|, , (1.4)
)

holds, where C' is a constant depending on n,d only. Moreover, the mapping vg(y) =
v(y)—Pov](y), y € Q, can be extended from @) to the whole of R" such that the extension
(denoted again) vy € WE | (R",R?) and

IV*0g L, 2@ < Col|VF0llL,. (@), (1.5)

where Cy also depends on n,d only.

Proof. For continuity and the estimate (1.4) see [24, Lemma 1.3]. Because of coordinate

invariance of estimate (1.5), it is sufficient to prove the assertions about extension for the

case when () is a unit cube: @ = [0, 1]". Put u(y) = vo(y) = v(y) — Polv](y) for y € Q.
By Peetre theorem (see Theorem 6.5 in [28, page 10]) it is easy to deduce that

IV™ull,. . @ < CIV*ullL,. @  Vm=0,1,....k—1. (1.6)

Using the standard Extension operator for Sobolev spaces (the well-known ”finite-order
reflection” procedure, see, e.g., [30, §1.1.17]), function u on the unit cube @ = [0, 1]™ can
be extended to a function U € W’;OVI(]R”) such that the estimate

k
IV*U I, ey < €Y IVl 1@

m=0

holds. Taking into account the identity V*u = V*v on @Q and (1.6), we obtain the required
estimate (1.5). O



Corollary 1.1 (see, e.g., [24]). Suppose v € Wr |(R*,R?) with k € {1,...,n}. Thenv
is a continuous mapping and for any n-dimensional cubic interval () C R" the estimate

diam v(Q) gc("m'gh +1g-VEull, ) SC(WHH Vo, ) (1.7)

holds.

The above results can easily be adapted to give that v € Cy(R™), the space of contin-
uous functions on R” that vanish at infinity (see for instance [28, Theorem 5.5)).
Analogously, from previous estimates one could deduce

Corollary 1.2. Suppose v € WE (R",RY) with k € {1,...,n}. Then for all m €

{1,...,k} and for any n-dimensional cubic interval ) C R" the estimate
V™|, @) K
supu(y) ~ Ponalol)] < € (=520 @ 4 l1g - Tl (18)
yeQ (Q)
holds.

Theorem 1.1 (Boundedness of the maximal operator, see [28]). Let f € L, ,(R"), 1 <
p<oo, 1 <q<oo. Then
IMFllL,, < Cliflly..

Here

Mi(z) = sup 1" / )l dy
B(z,r)

is the usual Hardy-Littlewood maximal function of f.

Corollary 1.3 (Regularization in Lorentz spaces [28]). Let f € L,,(R"), 1 < p < oo,
1 < ¢ < oo. Suppose that f € L, ,(R") and ¢ € C3°(R") is a standard mollifier. Then
Ysx f— f in L, ,(R") asd — 0.

Here and henceforth C3°(R") denotes the space of C* smooth and compactly sup-
ported functions on R".

Corollary 1.4 (Regularization in Sobolev—Lorentz spaces). If f € W’;q(R"), 1 <p<oo,
1 < ¢ < oo, then there exists a sequence of smooth functions f; € C5°(R"™) such that
V™ (f = fi)llu, @) — 0 form =0,1,....k, [[V*(f = fi)llL, &) — 0 as i — oo.

Remark 1.1. By Sobolev inequality, under conditions of Corollary 1.4, if, in addition
1 <qg<pand (k—m)p < n for some m € {0,1,...,k — 1}, then we have also the
convergence ||[V™(f — fi)llz,,, ,&r) — O, where py, is a Sobolev exponent p,, = P
(see, e.g., [28, §8]).

We need also the following important Adams strong-type estimates for maximal func-
tions.



Theorem 1.2 (see Theorem A, Proposition 1 and its Corollary in [1]). Let § € (0,n).
Then for nonnegative functions f € Co(R™) the estimates

/meo({xeR”:Mf(a:) >t < G /OOHfO({xe]R” (@) >t dt

< Coswp{ [ Faus e M, Juls <1}

hold, where the constants C7,Cy depend on [3,n only.
We need also the following classical fact (cf. with [3]).

Lemma 1.3 (see Lemma 2 in [13]). Let u € W*(R"), m < n. Then for any n—dimensional
cubic interval Q C R™, x € ), and for any j = 0,1,...,m — 1 the estimate

[Vu(e) — V7 Pgoslu] (2)] < CHQ)™ (MY ™) (x) (L9)

holds, where the constant C' depends on n, m only.

2 Proofs of the main results

2.1 The trace theorem

Theorem 0.3 plays the key role among other results. Its proof splits into a number of
lemmas. Fix parameters m >0, 1 <p < 00, 0 < ap < n, and a positive Borel measure p
on R” satisfying

w(B(a,r)) < "7 (2.1)

for every ball B(z,r) C R". Fix also a compact set £ C R". Denote by Ig the corre-
sponding Riesz potential I, (1g).
It is very easy to check by standard calculation that

0 < In(z) < ColB7, (2.2)

where the constant Cy depends on n, a only.
Denote also t,,, = 2™ (here m € Z),

E,={x € E:Ig(x) € [tm, 2t,]},

E, ={rcE:Igx)<tn}, E.={rcE: Igx)>t,}

In this section we will write f < g, if f < Cg, where C' depends on n, «, p only (really,
most of the corresponding constants below up to Lemma 2.6 depends on n, « only).

Lemma 2.1. There exists a positive constant my € N depending on n,« only such that
for any m € Z and x € R™ if Ig(x) > t,,, then Igy () Z tm.

9



Proof. The claim follows from the well-known maximum principle: g (x) < 2", for
every m € Z (see [21, Theorem 5.2]). O

Lemma 2.2. For any z,y € R" if Ig(y) =t and |z — y| < (2t)a then Iz(z) > t.
Proof. Let Ig(y) =t and

ly — x| < (2t)7. (2:3)
Denote r = |y — z|, B= B(y,r) = {z € R" : |z — y| < r}. Then by construction

t=1Ip(y) = lenp(y) + Ip\a(Y)- (2.4)

Consider two possible situations.
(). Ignp(y) <%, then Ipp(y) > 5. For any z € E\ B we have |z —y| > r = |z —y],
thus, |z — z| < |z —y| + |2 — y| < 2|z — y|, consequently,

Ig(z) > Ip\p(z) > 2" *Ip\B(y) > 2ol (2.5)

(II). Igng(y) > %. Then (2.2) implies £ < Co|B N E|». Since BN E C B(x,2r), by
elementary estimates we have

n n

|BOE| > C/ la (253) ol ta
@ = e = Y

IE<£IZ'> Z 1= Ogt

]

Denote F,,, = {z € R" : Ig(x) € [tm,2tm]}, pm = wW(Fn), pm(-) = poFy. By
construction,

||] 1E HL( Z tmﬂm

So our main purpose below is to estimate t,,pt,,. Of course, t,,it,, < fRn Ip(z) dpm ().
By Fubini Theorem we have

/Jﬂﬂmm@)Zl/f“”JL/WWBQWWMM@ ap
l 0 L R»
= / p et / tim [ B(y, p)] dy | dp. (2.6)
0 L F
Lemma 2.3. The estimate
%Ms/’w1tﬂ%m0 Bz, )| dun(z) | dp (2.7)

holds, where my is a constant from Lemma 2.1.

10



Proof. By Lemma 2.1, ]Eiil_mo > Chty, on F,, therefore tppin, < C [g, IE;;_mO () dpty, (),
and the last inequality implies in conjunction with Fubini’s Theorem (2.7). [

Lemma 2.4. There exists a constant m; € N such that

[e.e]

tinbin S / pret / 1By N B2, p)| dpm () | dp. (2.8)

R"

Proof. Let m; € N, its exact value will be specified below. We have |E N B(z, p)| < w,p",
where w,, is a volume of a unit ball in R™. Thus

1

to

1
7% my m—mq

—n+o¢ 1 a—1 Wn Wn mi
]E N B(x,p)| dim(x) | dp < wpfim P dp = Eﬂmtm—ml = E2 Lt
0

0

So the target estimate (2.8) follows from (2.7) provided that 1w,2™™ is sufficiently small.
[

Lemma 2.5. There exists a constant iy € N such that for all i > m — my the equality

/ B, 0 Bla,p)] dun(a) | do

Rn

Q\»—‘

Z [ [1mnne )| i 29

t.

Qe

holds, where mg, m; are the constants from Lemma 2.1, 2.4 respectively.
Proof. Let 1 > m — my,

P < b, (2.10)
and y € E; N B(z,p), x € F,, = supp f,. Then by definitions of these sets

I5(z) < 2t (2.11)

and Ig(y) > t;. Suppose j > i+ 1. Then (2.10) implies |z — y|* < t;41 < t;, therefore,
by Lemma 2.2 (applying for t = ¢;) we have Ig(z) > Cyt;. Thus by (2.11) we obtain
j < m + mgy for some constant mo depending on «, n only.

Finally we have j < max(i+ 1, m 4+ ms) < max(i + 1,7+ mq + ms) finishing the proof
of the Lemma. O

11



Lemma 2.6. The estimate

[e.e]

i S S B (2.12)

Jj=m—mg
holds for all m € Z, where my, 1o are the constants from Lemmas 2.1, 2.5, respectively.
Proof. We have

(2.8) t

i & 3 [t | 1B, 0 B o 5

(2 . 9) l—‘,—’LO i+1

S fpw1[RpEmB@,pndum(x)]dp:

!
=]
=5
S M
ST
Mg
e
b|
3
+
Q
—
—
=
Sy

Y, p)] dy] dp S
(2.13)

i+1i0 1— changing order of summation i<>j 00 00 -
S SR SRR < 2 B X )P
=m—m1 j=m—mg j=m—mg i=j—1i0
geometric progression 00

S > 1Bl(t—i) P

Jj=m—mg

Lemma 2.7. The estimate

> e 1] (214)

m=—0oQ

holds.
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Proof. We have

2.12) oo

> ot S Y X BT S

tj*iO

m=—oo m=—00 j=m—mg
changing order of summation m<»j 0 Jj+mo . p—1
< Bl X (=)' S (2.15)
j=—00 M= o0 0

geometric progression oo

titm
S > Byl (Fe

j=—o0 ti=io

Z |E'j|2(mo+i0)(p—1) 5 |E|

j==o0

)p—l definition of ¢;

2.2  On approximation of Sobolev—Lorentz mappings

Using the established Theorem 0.2 and Adam’s estimate from Theorem 1.2 with § =
n — (k — 1)p, we obtain the following estimates, which are key ingredients in the proof of
N-property.

Corollary 2.1. Let p € (1,00), k,l € {1,...,n}, | < k, (k—1)p < n. Then for any
function f € WE (R") the estimates

IV A, < CllllsIV*fIE,, Vi€ MP, (2.16)

| Hale e R MOV @) 2 iyt < €IV, (217)

hold, where § =n — (k —l)p and the constant C' depends on n, k,p only.
The main result of this subsection is the following

Theorem 2.1. Let p € (1,00), k,l € {1,...,n}, l <k, (k—1)p < n. Then for any
f € WE(R") and for each e > 0 there exist an open set U C R" and a function
g € CY(R™) such that

(i) M) <)
(ii) each point x € R"\ U is an Ly,-Lebesgue point for V' f, j =0,....1;
(iii) f=g, VIf=VigonR"\U forj=1,...,1l.

Note that in the analogous theorem for the case of Sobolev mappings f € W’;(R”) the
assertion (i) should be reformulated as follows:

(i") Bi—ip(U) < eifl < k, where B, ,(U) denotes the Bessel capacity of the set U (see,
e.g., Chapter 3 in [15] or [7]).
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Recall that for 1 < p < oo and 0 < n — ap < n the smallness of H" *?(U) implies
the smallness of B,,(U), but that the opposite is false since B, ,(U) = 0 whenever
H"=*P(U) < 0o. On the other hand, for 1 < p < oo and 0 < n—ap < § < n the smallness
of B,,(U) implies the smallness of HZ (U) (see, e.g., [1]). So the usual assertion (i’) is
essentially weaker than (i).

Proof of Theorem 2.1. Let the assumptions of the Theorem be fulfilled. By Theorem 1.1
and Corollary 1.4, we can choose the sequence of mappings f; € Cg°(R"™) such that
V¥ f = V¥ fille, .y < 47 Denote f; = f — f;. Then by Corollary 2.1

H P ({z e R" - M(IV!iP) (2) > 27°}) < C27%

Then one could repeat almost word by word the proof of Theorem 3.1 in [10]. Since there
are no essential differences, we omit the detailed calculations here. O

2.3 On differentiability properties of Sobolev—Lorentz mappings
We start with the following simple technical observation.

Lemma 2.8 (see, e.g., Lemma 4.1in [24]). Ifl,k € {1,...,n},l <k, andv € WE  (R",R?),
then for any e > 0 there exists an open set U C R™ such that H?°(U) < e and the uniform
convergence

r g - VF|L,,, — 0 asr N\, 0
holds for x € R"\ U.
Proof. The proof of the Lemma follows standard arguments, we reproduce it here for
reader’s convenience. Fix o > 0. Let {B,} be a family of disjoint balls B, = B(z4,74)

such that
H]‘Ba : vkaLpo,l 2 O-Tla

and sup,r, < 0 for some 6 > 0, where 0 is chosen small enough to guarantee that
sup, |15, - V*v||r,,, < 1. Then by Lemma 1.1 we have

Zrlgf" < g7Pe Z I1s, - VFv
« (0%

Since the last term tends to 0 as £L"({J, Ba) — 0, and L"({J, Ba) < ¢ 3" 7P we
get easily that > 77> — 0 as § \, 0. Using this fact and some standard covering lemmas
we infer in a routine manner that for a set

i(;70,1 S O'_pOHan Bao ” Vkv

po (2.18)

Lpo,1”

Agsi={z e R":3Ir € (0,8] 77 1p@n -V, , >0}

the convergence

Hiff (Ag,g) —0 as 0 \ 0

holds for any fixed ¢ > 0. The rest part of the proof of the lemma is straight forward, so
we omit it here. O
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From the last lemma (for [ = 1), Theorem 2.1 (ii) and estimate (1.7) we obtain the
following result:

Theorem 2.2. Let k € {1,...,n} and v € W} |(R",R?). Then there exists a Borel set
A, C R" such that H?°(A,) = 0 and for any v € R"\ A, the function v is differentiable
(in the classical Fréchet sense) at x, furthermore, the classical derivative coincides with
Vou(z) (x is a Lebesgue point for Vv ).

The case k = 1, p, = n is a classical result due to Stein [39] (see also [22]), and for
k =n, po = 1 the result is also proved in [13].
We have the following extension of Theorem 2.2.

Theorem 2.3. Let k,l € {1,...,n},l < k, and v € W';OJ(R”,Rd). Then there exists
a Borel set A, C R" such that H"°(A,) = 0 and for any x € R™\ A, the function v is
[-times differentiable (in the classical Fréchet—Peano sense) at z, i.e.,

lim  sup ‘U(y) — Tv’l’x(y)l =0,

N0 yep@m\ey [T =yl

where T, .(y) is the Taylor polynomial of order [ for v centered at x (which is well defined
H'Pe-a.e. by Theorem 2.1).

Proof. We consider only the case [ < n; for [ = n the arguments are similar and becomes
even simpler. Below we follow methods of [9, proof of Lemma 5.5] and [10, proof of
Theorem 3.1]. By Theorem 2.1 of the present paper, there exists a set A; such that
H'Pe(A;) = 0 and the derivatives Viv(z) are well-defined for all x € R*\ A; and j =
0,1,...,1. Further, by Lemma 2.8 there exists a sequence of open sets U; C R" such that
U; D Usy1, H?P(U;) < 27" and the uniform convergence

r_l||1B(x,T) . V%”Lm,l —=0 asr \, 0

holds for x € R™ \ U;. It means that there exists a function w;: (0,+00) — (0, 400) such
that w;(r) — 0 as r\ 0 and

r s - VL, < wi(r) Ve e R"\ U;. (2.19)
Take a sequence of mappings v;: R" — R? from Corollary 1.4, i.e., v; € C3*(R") and
[V*(v —v;)||L,, ,(rn) < 4~". Denote 0; = v — v; and
Bi = {CL’ S R" : M(|Vl171|p°)($) Z 2_ip°}, Gz = Al U Ul U <U Bj>
j=i
Then by estimate (2.17) we have

HP(B;) < 277, (2.20)

o0
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therefore,

HP(G;) < C27°, (2.21)
By construction,

V() < M(I9'5,7) () < 27 (2.22)

for all z € R™\ G; and all j > i. Moreover, since v; € C3°(R"), there exists constants M,
such that |V*v;(x)| < M; Vx € R", this fact and (2.19) implies

r g - VL, < wilr) + M Ve € R"\ G;. (2.23)

We start by estimating the remainder term v;(y) — Ts,1..(y). Fixy € R", z € R"\ G,
j > i, and an n—dimensional cubic interval @ such that z,y € Q, |z —y| ~ ¢(Q). By
construction and Lemma 1.3, for any multi-index o with |a| <[ we have

(2.22

0°0,() — 0 Poali))(@)] < CHQIMT') (@) < Cr-lel2i (2.2

where r = |z — y|. Consequently,

105(y) = Tio;.(y)] < 10;(y) = Pou-1[05] ()| + [Poa-1[0](y) — T,.0(y)]
(1.8), (2.22), (2.23) A
< [C’Q‘%J + w;(r)r + Mjr”}
1 (654 (0% -~ (0%
+ > —(070(2) = 0" Paua[i](@)) - (y — )"
lev|<i
(2.24) A
< (Cr277 + wi(r) + My h)rh, (2.25)
Finally from the last estimate and equality v = v; + v; we have
0(y) = TroaW) < 105(y) = Tiay e ()] + [05(y) — Tho, 2 (y)]
< (Ci277 4 wi(r) + Myr™ et + wy, (r)r!

= (0127j + w;(r) + Mj?”nil + Wy, (T))T’l,

where w;(r) — 0 and w,,(r) — 0 as 7 — 0 (the latter holds since v; € C§°(R")). We
emphasize that the last inequality is valid for all y € R", j > ¢, and x € R"\ G;. Therefore

[0(y) — T2 (y)]

|z =yl
uniformly for all z € R™\ G;. This means, that v is uniformly /-times differentiable (in
the classical Fréchet—Peano sense) at every x € R"\ G;. Then the estimate (2.21) finishes
the proof. n

—0 asy —> T
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2.4 Proof of the N—property

In this subsection we aim to prove the assertion of Theorem 0.1, namely the Luzin N—
property for W;fo’l—mappings with respect to Hausdorff content HEs (i.e., when ¢ = p, =
7). Let us for emphasis restate the result:

Theorem 2.4. Let k € {1,...,n}, and v € W} | (R",R?). Then for each € > 0 there
exists § > 0 such that for any set E C R™ if HE(E) < ¢, then HP(v(E)) < e. In
particular, H?°(v(E)) = 0 whenever H?*(E) = 0.

Recall that for the case k = 1 this assertion was proved in [22], and for & = n it was
proved in [10], so we omit these cases. Our proof here for the remaining cases follows and
expands on the ideas from [10].
For the remainder of this section we fix k € {2,...,n—1}, and a mapping v in W’;OJ(R”, R%).
To prove Theorem 2.4, we need some preliminary lemmas that we turn to next.
Applying Corollary 2.1 for the case p = p, = 7, [ = 1, we obtain
IVOll o < Cllally V50l ¥ € M2, (2.26)

Lpo,1

where C' depends on n, p,, d only.
By a dyadic interval we understand a cubic interval of the form [f—,;, ké,tl] XX [5—,’;, ’“g,jg 1,
where k;, m are integers. The following assertion is straightforward, and hence we omit

its proof here.

Lemma 2.9. For any n—-dimensional cubic interval J C R" there exist dyadic intervals
Ql, e an such that J C Ql U---u QQH and g(@l) == g(@Qn) S 2€<J)

Let {Qu}aca be a family of n-dimensional dyadic intervals. We say that the family
{Q.} is regular, if for any n-dimensional dyadic interval @) the estimate

QP = D UQa)" (2.27)

:QaCQ

holds. Since dyadic intervals are either nonoverlapping or contained in one another,
(2.27) implies that any regular family {Q,} must in particular consist of nonoverlapping
intervals.

Lemma 2.10 (see Lemma 2.3 in [10]). Let {Q,} be a family of n—dimensional dyadic
intervals. Then there exists a regular family {Jz} of n—dimensional dyadic intervals such

that U, Qo C Uz Js and
S < 3 1Qu)
B «

Lemma 2.11. For each € > 0 there exists d = d(¢,v) > 0 such that for any regular family
{Q.} of n—dimensional dyadic intervals we have if

D UQu) <4, (2.28)
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then

> g, - VRl <« (2.29)
and

ZE - po/ Voo < e. (2.30)

Proof. Fix € € (0,1) and let {Q,} be a regular family of n-dimensional dyadic intervals
satisfying (2.28), where 6 > 0 will be specified below.
Let us start by checking (2.29). We have

k Lemma 1.1 k
Z 11q. - V[T Lpo 1 < 11y, @ - VI Lpo1

Using (1.2), we can rewrite the last estimate as

—+00

Zyu% Vil | < (/[ﬁ"({x cJQa: [VFu(2)| >t})}plodt)po. (2.31)

0

Since
—+o0

/ (£ ({z € R : [VFu(2)] > t})]7 dt < oo,

0
it follows that the integral on the right-hand side of (2.31) tends to zero as L™(|J, @a)
tends to zero. In particular, it will be less than ¢ if the condition (2.28) is fulfilled with a
sufficiently small §. Thus (2.29) is established for all 6 € (0, 1], where §; = d;(e,v) > 0.

Next we check (2.30). By virtue of Corollary 1.4, applied coordinate-wise, we can find
a decomposition v = vy + vy, where ||Vug|lL~ < K = K(e,v) and

Ve, < (2.32)
Assume that 6 € (0,0,] and
D UQu) < < e (2.33)

Define the measure p by

= (Ze = —1 ) L (2.34)

where 1¢,, denotes the indicator function of the set Q).
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Claim. The estimate

Sljp{ﬁ(J)_p"u(J)} < onre (2.35)

holds, where the supremum is taken over all n—dimensional cubic intervals.
Indeed, write for a dyadic interval ()

Q= Y Qs Y SNl

a:QaCQ a:QaZQ E(Qa)n P

By regularity of {Q,} the first sum is bounded above by ¢(Q)*°. If the second sum is
nonzero then there must exist an index « such that Q, € @ and Q,, @ overlap. But as
the intervals {Q,} are nonoverlapping and dyadic we must then precisely have one such
interval @), and @), D ). But then the first sum is empty and the second sum has only
the one term £(Q)"/¢(Q,)" P2, hence is at most £(Q)P°. Thus the estimate u(Q) < £(Q)P°
holds for every dyadic (). The inequality (2.35) in the case of a general cubic interval J
follows from the above dyadic case and Lemma 2.9. The proof of the claim is complete.

Now return to (2.30). By properties (2.26), (2.32) and (2.33) (applied to the map-
ping v; ), we have

IPo— 1Kpo 9Po—1
Do Po
> oy npo/|Vv| < Tt S gy npo/|w1|

< <€ + / |V |Pe d,u) < ("¢,

Since £ > (0 was arbitrary, the proof of Lemma 2.11 is complete. n

Proof of Theorem 2.4. Fix ¢ > 0 and take 6 = d(e,v) from Lemma 2.11. Then by
Corollary 1.1 for any regular family {Q,} of n—dimensional dyadic intervals we have
if >, 0Qa)"° < 4, then > (diamv(Q,))” < Ce. Now we may conclude the proof of
Theorem 2.4 by use of Lemmas 2.9 and 2.10. Indeed they allow us to find a dy > 0 such
that if for a subset E of R” we have H2Z:(E) < dp, then E can be covered by a regular
family {Q,} of n— dimensional dyadic intervals with ) £(Qq)" < 6. O

Remark 2.1. Note that the order of integrability p, is sharp: for example, the Luzin N—
property fails in general for continuous mappings v € W} (R, R") (here k = 1,q = p, =
n), see, e.g., [27].

2.5 Morse—Sard—Dubovitskii—Federer theorem for Sobolev map-
pings

Let k,m € {1,...,n} and v € W’;MUOC(Q,Rd), where ) is an open subset of R™. Then,
by Theorem 2.1 (ii), there exists a Borel set A, such that H?*(A,) = 0 and all points of
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the complement Q \ A, are L, _-Lebesgue points for the gradient Vu(z). Moreover, v is
differentiable (in the classical Fréchet sense) at every point of 2\ A,.

Denote Z,,, = {x € Q\ A, : rankVuv(z) < m}. The purpose of this section is to prove
the assertion of Theorem 0.5:

He (0(Zym)) = 0. (2.36)

The exponents occurring in the theorem are the critical exponents that were defined
in (0.6):

n q 14 n—m+1
o= — an o =m — _
Pe =% 4 K
By an easy calculation, assumptions n >m > 1, k > 1 imply
Do < Qo S M. (2.37)

Note that in the double inequality (2.37) we have equality in the first inequality iff m = 1
or k = 1, while in the second inequality equality holds iff £ = 1. In particular,

Po<@o<n forkme{2 ... ,n}

By results obtained in the previous papers [9]-[10], [21] (see commentary to the Theo-
rem 0.5 in the Introduction), we need only consider the case
n
m =1 o =Po = —.
) q p k

Before embarking on the detailed proof let us make some preliminary observations that
will enable us to make some convenient additional assumptions. Namely because the
result is local we can without loss in generality assume that 2 = R". For the remainder
of the section we fix k € {2,... n} and a mapping v € W} (R, R?). In view of the
definition of critical set we have for m =1

Zy =12y ={x e R"\ A4, : Vu(z) = 0}.
The following lemma provides the main step in the proof of Theorem 0.5.
Lemma 2.12. For any n-dimensional dyadic interval () C R™ the estimate
HE:(0(Z, 0 Q) < CIV* 0l o) (2.38)
holds, where the constant C' depends on n, m,k, d only.

Proof. By virtue of (1.5) it suffices to prove that
2 (0(Z, 0 Q) < CIT ugll e (2.39)

for the mapping vg defined in Lemma 1.2, where C' = C'(n,m, k,d) is a constant. To
establish (2.39) it is possible to repeat almost verbatim the proof of Lemma 3.2 in [24]. One
must observe the following minor changes: first ¢, = p,, and next, instead of Corollary 1.8
from [241] one must use Corollary 2.1 established above. Note that in the present situation
the calculations simplify since for m = 1 many of terms from [24, proof of Lemma 3.2]
disappear. O
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Corollary 2.2. For any € > 0 there exists § > 0 such that for every subset E of R"
we have HE (v(Z, N E)) < e provided L"(E) < §. In particular, H* (v(Z, N E)) = 0
whenever L"(E) = 0.

Proof. Let L"(E) < 6, then we can find a family of nonoverlapping n-dimensional dyadic
intervals @, such that £ C |, Qq and ) "(Q,) < Cd. Of course, for sufficiently small

§ the estimate ||V*olly, ,(0.) < 1 is fulfilled for every a. Then in view of Lemma 1.1 we
have

DIV o < IV5E e (2.40)

This estimate together with Lemma 2.12 allow us to conclude the required smallness of

> H(Z,N Qo) = H(Z,NE).

]

Invoking Dubovitskii-Federer’s Theorem (see commentary to the Theorem 0.5 in the
Introduction) for the smooth case g € C¥(R",R?), Theorem 2.1 (iii) (applied to the case
[ = k) implies

Corollary 2.3 (sce, e.g., [12]). There exists a set Z, of n-dimensional Lebesgue measure
zero such that H?*(v(Z, \ Z,)) = 0. In particular, H**(v(Z,)) = HP*(v(Z,)).

From Corollaries 2.2 and 2.3 we conclude that H?°(v(Z,)) = 0, and this ends the proof
of Theorem 0.5.
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