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A LEBESGUE-LUSIN PROPERTY FOR GRADIENTS
OF FIRST-ORDER LINEAR OPERATORS

ADOLFO ARROYO-RABASA

ABSTRACT. We prove that for a first-order homogeneous linear partial
differential operator A and a map f taking values in the essential range
of the operator, there exists a function w of special bounded variation
satisfying

Au(z) = f(z) almost everywhere.

This extends a result of G. Alberti for gradients on RY. In particular,
for m < N, it is shown that every integrable m-form field on R” is
the absolutely continuous part of the boundary of some locally normal
current with finite mass.

1. INTRODUCTION

We consider a general constant-coefficient system of linear partial dif-
ferential equations acting on functions of R¥-variables. That is a partial
differential operator of the form

N
Z An0%u, A, € Hom(E; F), (1)
|a|=k
where E, F are finite-dimensional R-spaces. Here o = (ay,...,ay) € (Ng)¥

is a multi-index with modulus || = a4 - - +ay and 9% = 9] o-- -0 is
the composition of distributional directional partial derivatives. The Fourier
transform establishes a one-to-one correspondence between homogeneous op-
erators and their associated principal symbol A : RN — Hom(V; W), which
in this context is given by the k-homogeneous tensor-valued polynomial

:ZAQ€Q= =M. teRV.
la|=k

Suppose now that u € 2'(Q; E) is a distribution such that Au is a zero-
order distribution, i.e., represented by an F-valued Radon measure. Let
g: RN — F be the polar vector of Au. If additionally A is a constant-rank
operator (see [5,7,8]), the De Philippis-Rindler theorem [6] establishes that
g is constrained to take values on the image cone at singular points. More
precisely,

g(x) €Ly U ImA(¢ | Au| almost everywhere on U,
I¢]=1
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for all Borel sets U C RN with £y (U) = 0. This property extends a classical
result of Alberti [1], which says that if the distributional gradient Du of a
map u : RY — RM is represented by an R™*¥_valued Radon measure,
then its polar vector must take values in the cone of rank-one matrices at
singular points:

u
rank m(:ﬂ) =1 | Du| almost everywhere in U.
U
In counterpart with this restriction over the polar of Du at singular points,
Alberti showed in [2] that the absolutely continuous part of a gradient
measure is fully unconstrained: if f € L*(RY;RM*¥) then there exists
u € BV(RY; RM) such that (%)

D“u:f.,iﬂN.

In the context of the De Philippis—Rindler theorem, this begs the answer
to the following natural question: is the absolutely continuous part of an
A-gradient measure fully unconstrained? Theorem 1 states that, at least
when A is a first-order operator, this is indeed the case.

2. NOTATION AND RESULTS

In all that follows,  will denote an open subset of RY. We will write
2N to denote the N dimensional Lebesgue measure and sy _1 to denote the
(N —1) dimensional Hausdorff outer measure on R". The space BV (Q; E),
of F-valued vector fields with bounded variation on €2, consists of all maps
u : F — € whose distributional gradient can be represented by a bounded
Radon measure. It is well known (see, e.g., [3]) that such maps are Lebesgue
continuous outside of a countably .7y _1 rectifiable set J, C €2, called the
jump set of u. Moreover, the map u has Lebesgue one-sided limits u™,u™
across any measure theoretic orientation v, of J,. We define

F = { Au(z) : u € C*(RN; E)}¥, (2)

the essential range of the operator A. It is easy to see that every distribution
Au takes values in this space, and it is the smallest space with this property.
With these considerations in mind, we can state the main result:

Theorem 1. Let A be a first-order operator as in (1) and let f: Q — F be
integrable. Then there exists a map u € BV (Q; E) satisfying

Au = f Ly + A(Vu)[u+ —u” ] AN (3)
[Dul(2) < C|[fllLr e (4)

where C' is a constant that only depends on A.

LAlberti’s result is written originally for functions f : & — R. Applying it on each
component yields the general case for R™-vector fields.
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Remark 1 (Second-order operators). A similar statement holds for second-
order operators (k = 2) with u € BV? instead. The proof will be part of a
forthcoming paper where we will consider higher-order operators.

Remark 2 (Fourier coefficients). The essential range F defined in (2) co-
incides with the space span{ A(¢)[e] : £ € RN, e € E} = span{Z4} of all
A-gradient amplitudes in Fourier space (for a proof see [4, Sec. 2.5]).

Theorem 1 is a corollary of the following equivalence result and Alberti’s
original result for gradients. In stating it, it will be convenient to introduce
the following short-hand notation

Pev=Puv®...0uv, PcE®RM, veRY
—_———

(k—1) times

for £ > 1 and simply
Pev=P

for k = 1.

Proposition 2. The following are equivalent:

(a) Let A be a k™ order linear operator as in (1) and let f : Q — F be an
integrable map. Then there exists u € BV*(Q; E) satisfying

Au = fF L + Alwy)[(wh —w™) e vy, ] 1
IDFFI(9) < Cllf o)

for some constant C. Here w = VFu.

(b) Let f:Q — RS]/\y[fn be an integrable map. Then there exists u € BVF(1)
satisfying

DFy = f %y + [wt — w7 @ vy, 1

; lwt —w™|dAN—1 < C||fll 10

for some constant C. Here w = VF 1.

Proof of Proposition 2. The implication (a) = (b) is obvious, given that
the principal symbol of the kth order Hessian is given by

DF(¢) = ®¢.
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Therefore the gradient has the form (1) by setting A, = M,, where the
family { M,, : |a| = k } is the canonical orthonormal basis of Ré\)f,lfn

We now show (b) = (a). The first step is to use the alternative expres-
sion A[D*u] = Au, where A : E® Ré\)f,lfn — F' is the (unique) linear map
satisfying

Ale @ ¢l = A*()[e] forallec E. (5)

The existence of A is a direct consequence of the universal property of the
tensor product and the k-linearity of the principal symbol in the frequency
variable £. For the sake of simplicity, let us write Ex = F ® Ré\ﬁn By
construction, we have

ImA=span{A(¢)[e] : E€RN,ec E} =F.

Let us consider the Moore-Penrose quasi-inverse At associated with A. This
is an element of Hom(F'; Ej) satisfying the fundamental identity

AOAT::lImA:].F. (6)

In particular, by our assumption on f, AT f(x) is well-defined almost every-
where on Q and AT f € L'(Q; E.,). Now, we make use of the assumption (b)
over each E-coordinate to find u € BV*(Q; E) satisfying

DFy = AT f SN + D, w=VF1ly,

where as usual Diw = §HVN ! = [wT —w™| ® vy Sy _1 is the jump part of
Dw. Pre-composing this expression with A, we arrive at the expression

Au= AD*u = A [ATf.zN n gHN—l] .

Since A is a linear map, we may pull in and distribute A into the densities
that belong to the sum of the right-hand side, hence concluding that

Au= Ao ATf &y + AguN—1 LY ¢ o o gN-1

where g = 15, - A([w™ — w™] ® v,). In passing to the last equality in the
formula above, we have used the almost everywhere pointwise restriction
f(x) € F. Now, we use the fact that at jump points, it holds

w™ —wh = ([w™ —w]ew,) @ vy .

This follows from the curl operator’s compatibility conditions on symmetric
k'™ order tensors. From this we obtain that g = 1, - A(v,)[(wT —w™) ev)u]
as desired. Lastly, the bound on the total variation of D*u follows from the
estimates

/rA*frdxg HATHFﬁEk/\f\dx,

/ gl A1 < | Allg,r / 3 dAov

and the fact that |AT||g, o7 < (||Allg,—F)"'. This finishes the proof. [
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Proof of Theorem 1. The proof of Theorem 1 follows directly from the valid-
ity of the Lusin property for gradients ([2, Thm. 3]), the previous proposition
(with k£ = 1), and the equivalence in Remark 3. O

An application for normal currents. Let m be a non-negative integer.
An m-dimensional current T on £ is an element of the continuous dual

D (1) = 2™(Q)*, where
P™(Q) = C®(Q; A""RY)

is the space of smooth and compactly supported m-vector fields on 2. The
(distributional) boundary operator on currents is defined by duality through
the rule

Il (p) =T(dp)  v€P™(Q)

where d is the exterior derivative operator acting on 2™ (2). The boundary
operator then maps Z,,,(€2) into Z,,—1(€2). The mass of a current ' € Z,,,(Q2)
is defined as

M) = sup { 7(6) € 27(8), sup ol <1}

A current T is called locally normal if T is representable by a Radon measure
and either 07 is representable by a Radon measure or m = 0. The space of
locally normal m-dimensional currents on €2 is denoted by N©¢(().

Corollary 3. Let m € [0,N) be an integer and let S : Q@ — A™R™ be an
integrable m-form. Then, there exists a normal current T € N°C | (Q), with

bounded variation and finite mass on §2, such that
Or = S%y + (TT=T7) sv, HY 1L Jp,

Moreover,
|IDT|() < Cru NS (02)-

Proof. Since the symbol of the exterior derivative is precisely the exterior
multiplication (i.e., d(§)a = a A§), the interior product is then precisely the
map associated with the symbol of the boundary operator on m-vectors:

de=w_€ RN we AmRY.

In particular, the boundary operator 9 defines a constant-coefficient first-
order operator from 2™*1(Q) to 2™ (). Moreover, since Imd(¢) = A™RN
for all nonzero &, it follows that A™RY = F5. We may thus apply Theorem 1
to find T € BV (2 AMRN) satisfying the desired properties. The fact that
T € N°¢ | (Q) follows directly from the fact that 9 is a first-order operator
and that T has bounded variation on (2. O
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Corollary 4. Let S be as above. There exists a countably F¢n_1 rectifiable
set J with orientation v, and a Borel (m + 1)-form
g:J— ANTHRN
satisfying
08 = a(g—lvu ,%pN_lLJ)

in the sense of distributions.

Divergence-free fields. Another exciting application of Theorem 1 is the
following rectifiable completion for systems of vector fields to systems of
solenoidal measures.

Corollary 5. Every vector field f € L*(Q;RN) is the absolutely continuous
part of a solenoidal field measure up to a rectifiable measure. More precisely,
there exists a countably 7¢n_1 rectifiable set R C Q and a Borel vector field
g: R — RN satisfying
div(f Ly + 9N "TLR)=0 g(z) € Tan(R,x) HN-1 a.e.
and such that
| gl <l

for a constant C' that depends only on N.

Proof. Consider the first-order operator

curl* V = 0;V;; V.0 - RY

skew 1

whose associated symbol is given by

curl*(€)[P] = P¢ Ve RY’

skew *

This defines an operator from Ré}:w to RY. Notice that Fe, - = RY so
that the essential pointwise restriction is trivial in this case. By Theorem 1

we may find V € BV (Q; Ré\{iw) satisfying
p=curl*V=Ff% + [V -V vy n_1LJy
and
IDV(Q) < ClIfll 1o -
for some constant C' depending only on NV (since the symbol of the divergence
operator on R" depends only on the dimension N). In particular, Since V/
is a skew-symmetric matrix field, it follows that

Vt—V7w vy =0 = |,u_s| € Tan(Jy,z) H#n—1 almost everywhere.
i
Moreover,
N
divpy =divocurl* V = Z 0;Vi; = 0.

1,7=1
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Setting R = Jy and g = 1, - [V — V" Juy yields the sought assertions. O
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