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Abstract. The estimate
1D ull sty < ADul 1
is shown to hold if and only if A(D) is elliptic and canceling. Here A(D) is a homogeneous linear
differential operator A(D) of order k on R” from a vector space V to a vector space E. The operator
A(D) is defined to be canceling if
(| A®WI= o).

£eR™\{0}

This result implies in particular the classical Gagliardo—Nirenberg—Sobolev inequality, the Korn—
Sobolev inequality and Hodge—Sobolev estimates for differential forms due to J. Bourgain and
H. Brezis. In the proof, the class of cocanceling homogeneous linear differential operator L (D)
of order k on R” from a vector space E to a vector space F is introduced. It is proved that
L(D) is cocanceling if and only if for every f € Ll(]R”; E) such that L(D)f = 0, one has
fe W—1.n/(=1)(R": E). The results extend to fractional and Lorentz spaces and can be strength-
ened using some tools due to J. Bourgain and H. Brezis.
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1. Introduction

1.1. Norms on vector valued homogeneous Sobolev spaces

Givenn > 1,k € N, p= 1 and a finite-dimensional real vector space V, the homoge-
neous Sobolev space WX (R”"; V) can be characterized as the completion of the space of
smooth vector fields C2°(R"; V) under the norm defined for u € C°(R”; V) by

1/p
1D ullr = (f |D"u|f’) .
Rﬂ

When dim V > 1, one can wonder whether the norm can be estimated by a quantity
involving only some components of the derivative. More precisely, assume that A(D) is a
homogeneous differential operator of order X on R” from V to another finite-dimensional
vector space E, that is, there exist linear maps A, € L(V; E) with « € N” and |a| = k
such that for every u € C*°(R"; V),

A(D)u = Z Ay (8%u) € C®(R"; E).
A

One can ask whether the norms defined foru € C2°(R"; V) by || D¥u||zr and |A(D)ul|Lr
are equivalent.
When p > 1, the answer is given by the classical result

Theorem 1.1 (A. P. Calderén and A. Zygmund, 1952 [13]). Let 1 < p < oo and A(D)
be a homogeneous differential operator of order k on R" from V to E. The estimate

ID ullr < CIlA(D)u| Lr
holds for every u € C°(R"; V) if and only if A(D) is elliptic.

Here and below the constant C is understood to be independent of the vector field # and
ellipticity is the classical notion of ellipticity for overdetermined differential operators
[21, Theorem 1; 36, Definition 1.7.1] (when dimV = 1, see also S. Agmon [2, §7;
3, Definition 6.3]):

Definition 1.1. A homogeneous linear differential operator A(D) on R” from V to E is
elliptic if for every £ € R" \ {0}, A(&) is one-to-one.

The restriction p > 1 is essential in Theorem 1.1. Indeed, D. Ornstein [30] has shown
that there are no nontrivial L'-estimates of derivatives.!

1 Whereas D. Ornstein’s result does not include explicitly vector valued operators, his theorem
and his method of proof remain valid in this case. B. Kirchheim and J. Kristensen [22, 23] have
given a proof that relies on the convexity of homogeneous rank-one convex functions; their result
covers explicitly the vector case.
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Theorem 1.2 (D. Ornstein, 1962). Let A(D) and B(D) be homogeneous linear differ-
ential operators of order k on R" from V to E and from V to R respectively. If for every
ue CXrR",V),

IB(D)ullpr = CIA(D)ullz1,

then there exists T € L(E; R) such that
B(D) =T o A(D).

Here L(E; R) denotes the set of linear maps from E to R. The derivatives B(D)u are then
linear combinations of the derivatives A(D)u and the estimate is trivial in the sense that it
follows immediately from the boundedness of linear maps defined on finite-dimensional
vector spaces.

1.2. A collection of known Sobolev inequalities and non-inequalities

Whereas Theorem 1.1 fails for p = 1, one can ask whether in some other estimates the
quantity || D¥u|| 11 can be replaced by some weaker quantity ||A(D)ul|1.

Consider the classical Gagliardo—Nirenberg—Sobolev inequality [20; 29, p. 125]
which states that for every vector field u € C2°(R"; V),

lwll pn/m-1 < CllDulp1. (1.1)

One can wonder whether all the components of the derivative Du are necessary in this
estimate when u is a vector field.

A first example of such a possibility is the Korn—Sobolev inequality of M. J. Strauss
[38, Theorem 1] (see also [9, Corollary 26; 43, Theorem 6]): for every u € C2°(R"; R"),

lull pnm-1y < ClIVsullp1, (1.2)

where Viu = %(Du + (Du)*) denotes the symmetric part of the derivative Du €
C>®([R"; L(R"; R™)). This inequality does not follow from (1.1), as the norms || Vu/||;1
and || Dul|;1 are not equivalent by Theorem 1.2 (see also [16, Theorem 1]). In the three-
dimensional space R3, one can wonder whether an estimate of the kind

lull 32 = CIdivull 1 + llcurlu|i,1) (1.3)

holds for every u € C° (R3; R?). The answer is known to be negative even in the case
where curl u = 0; a contradiction is obtained by taking suitable regularizations of the gra-
dient of Newton’s kernel x € R3 > —x /4 |x|?. Surprisingly, J. Bourgain and H. Brezis
[8, Theorem 2; 9, Corollary 7] have proved that for every vector field u € C2° (]R3; R3)
such that divu = 0, one has

lull s < Cllcurlul 1. (1.4)

J. Bourgain and H. Brezis [9, Corollary 17] have proved similarly that for every differen-
tial form u € C2°(R"; /\jZ RR"™), one has the Hodge—Sobolev inequality

Nl -1y < C(lldullpr + ld*ull 1) (1.5)
(see also L. Lanzani and E. M. Stein [26]).
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1.3. Limiting Sobolev inequalities and canceling operators

We would like to determine whether for a given first order homogeneous differential
operator A(D) an estimate of the form

lull pn/a-n = CIIAD)ull 1 (1.6)
holds. The answer is given by

Theorem 1.3. Let A(D) be a homogeneous linear differential operator of order k on R"*
from'V to E. The estimate

1D " ull g1y < CIA(D)u| 1
holds for every u € C2°(R"; V) if and only if A(D) is elliptic and canceling.
The cancellation is a new condition that we introduce:

Definition 1.2. A homogeneous linear differential operator A(D) on R” from V to E is
canceling if

([ A®VI={0).

§€RM\{0}

In the well-known L? counterpart of Theorem 1.3 for 1 < p < n, the ellipticity alone
is sufficient: the estimate

I DX~ || papsn-my < CIlA(D)ut]| Lo (1.7)

holds for every u € C2°(R"; R") if and only if A(D) is elliptic.

The cancellation condition for first-order operators is equivalent to a structural condi-
tion used by J. Bourgain and H. Brezis to prove (1.6) [9, Theorem 25] (see Proposition 6.2
below).

The sufficiency part of Theorem 1.3 will be proved in Proposition 4.6; the necessity
of ellipticity in Corollary 5.2; and the necessity of cancellation in Proposition 5.5.

The estimates (1.1), (1.2) and (1.5) will be derived from Theorem 1.3 in Section 6
together with the non-estimate (1.3). The case of the Hodge—Sobolev inequality (1.4) will
be treated in Section 7 in a generalization of Theorem 1.3 to partially canceling operators.

Theorem 1.3 also remains valid for estimates in fractional Sobolev spaces and in
Lorentz spaces (Section 8). Using some tools due to J. Bourgain and H. Brezis, a coun-
terpart of Theorem 1.3 with a weaker norm is obtained in Section 9.

2 The sufficiency of ellipticity is a consequence of the classical Theorem 1.1 and the Sobolev
embedding. The necessity of ellipticity in (1.7) was probably known to experts; we shall prove in
Proposition 5.1 that ellipticity is necessary in (1.7) for every p € [1, n).
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1.4. Estimates for L' vector fields and cocanceling operators

By the Holder inequality and classical elliptic estimates, the estimate
1D ull gty < CIAD)ull 1

for every u € C°(R"; V) is equivalent to

/ A - ¢ < C'|ADYull 1 | Dol

forevery u € C°(R"; V) and ¢ € C°(R"; E).
This leads us to the related question under which conditions one has an estimate

/Rnf~<p§C|If||L1|ID<plan (1.8)

for every ¢ € C°(R"; E) and every f in some subset of L'(R"; E). To be precise, ¢
takes its values in the linear dual of E, also denoted by E, and f - ¢ is the associated
duality product. Without any restriction on f, this estimate fails when n > 2; it would be
indeed equivalent to

lullee < CllDullzn,

which is known to be false. Surprisingly, J. Bourgain and H. Brezis [8, p. 541; 9, The-
orem 1] have proved that when E = R" and f is taken in the class of divergence-free
vector fields, the above estimate does hold. We want to determine, for a given differen-
tial operator L(D) on R” from E to F, whether an estimate of the type (1.8) holds. The
answer is given by

Theorem 1.4. Let n > 2 and L(D) be a homogeneous differential operator on R" from
E to F. The following conditions are equivalent:

(i) there exists C > 0 such that for every [ € LY(R"; E) with L(D)f = 0 and every
¢ € CXR"; E),

A.Q foo=ClflipIDellLn,

(1) forevery f € LYR"; E), if L(D)f =0, then fR" =0,
(iii) L(D) is cocanceling.

The cocancellation is a new condition that we introduce:

Definition 1.3. Let L(D) be a homogeneous linear differential operator on R” from E
to F. The operator L(D) is cocanceling if

ﬂ ker L(¢) = {0}.

§€R™M\(0}
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The equivalence between (ii) and (iii) in Theorem 1.4 will be proved in Proposi-
tion 2.1; (ii) will be deduced from (i) in Proposition 2.2; (i) will be proved assuming (iii)
in Proposition 2.3, relying on results of J. Bourgain and H. Brezis [9] and the author [45].

It is also possible to obtain some partial estimate when L (D) satisfies partially the co-
cancellation condition (see Section 7) and to obtain fractional estimates (see Section 8).
Using some tools due to J. Bourgain and H. Brezis, we show that if L(D) is a cancel-
ing homogenenous differential operator, one can characterize those vector fields f €
L' (R"; E) that define linear functionals on the homogeneous Sobolev space Wl (R"; E)
(see Section 9).

2. Estimates on L' vector fields and cocanceling operators

2.1. Characterization of cocanceling operators

The following proposition characterizes cocanceling operators:

Proposition 2.1. Let L(D) be a homogeneous linear differential operator of order k
on R" from E to F. The following are equivalent:

(i) L(D) is cocanceling,

(1) foreverye € E, if L(D)(6pe) =0, thene =0,
(iii) for every f € L'\(R"; E), if L(D) f =0, then fRﬂ =0
(iv) forevery f € CP(R™; E), if L(D) f =0, then fR” f=0.

Here &g denotes Dirac’s measure at 0. In (ii) and (iii), the differential operator L(D) is
taken in the sense of distributions.

Proof. Assume that L(D) is cocanceling. Fix e € E such that L(D)(épe) = 0. For
every ¢ € C°(R"; E), by definition of the distributional derivative and properties of the
Fourier transform ¢ of ¢,

(L(D)(0e), ¢) = (—=D)'e - (L(D)*p)(0) = /Rn e (27 L&) @) d&

= /R (@) LE)le]) - P(E) dE.

Since by hypothesis L(D)(8pe) = 0, we have, for every ¢ € C°(R"; E),

fR n((2ﬂi)"L($)[e]) - Q(&)dg = 0;

hence L(&)[e] = O for every & € R". Since L (D) is cocanceling, we conclude that e = 0.
We have proved that (i) implies (ii).

Now assume that (ii) holds and let f € LY(R"; E). If L(D)f = 0, define f; :
R" — E for A > 0and x € R” by f5.(x) = A7" f(x/A). One has f5 — §pe in the sense
of distributions as A — 0, where e = fR,, f. Therefore L(D)f, — L(D)(8pe) in the
sense of distributions as A — 0. Since L(D) is homogeneous, L(D) f5 = 0 and hence
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L(D)(6pe) = 0. Therefore by assumption, fR,, f = e = 0. We have proved (iii). It is
clear that (iii) implies (iv).

Finally assume that (iv) holds. Let e € ﬂéeRn\{O} ker L(£). Choose ¢ € C°(R")
such that [, ¥ = 1. For every x € R",

(L(D)(Ye))(x) = /R ) T Qi kL (E)[elP (§) dE = 0.

By (iv), we conclude that e = f]R” Ye = 0. We have proved that L(D) is cocanceling. O

In general, it is not clear whether there exists f € C°(R"; E) \ {0} such that L(D) f
= 0. When L(D) is not cocanceling, Proposition 2.2 below shows that there exists f €
CX(R"; E) \ {0} such that L(D) f = 0.

2.2. Necessity of cocancellation

Using a classical construction, we prove that (i) implies (ii) in Theorem 1.4:

Proposition 2.2. Letn > 2 and f € L'(R"; E). If for every ¢ € CX[R"; E),
[ 7o =ciriipene

then fR" f=0.

Proof. Let € C®°(R™) be such that ¢ = 1 on [0, 1], ¥ (x) € [0, 1] for x € [1,2] and
¥ = 0on [2,00). For A > 0 define ¢ : R" — R for x € R" by ¢ (x) = ¥ (|x|*).
One has lim;_.¢; (x) = 1 for every x € R” and |[Dgyllzn = A'~V"|Dgy||pn. By
Lebesgue’s dominated convergence theorem and the assumed estimate, fRﬂ f=0. O

2.3. Estimates on L' vector fields

We shall now prove that the cocancellation condition implies the estimate in Theorem 1.4:

Proposition 2.3. Let L(D) be a homogeneous differential operator from E to F. If L(D)
is cocanceling, f € L'(R"; E) and L(D)f = 0 in the sense of distributions, then for
every ¢ € C°(R"; E),

/R fe=Clflip I DellLn.

The first ingredient of the proof is a similar result in which the vector condition is replaced
by a single scalar condition. It will be shown in Proposition 3.5 that this is a particular
case of Proposition 2.3.
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Proposition 2.4 (Van Schaftingen, 2008 [45, Theorem 4]). Letk € Nand f, € LYRM
fora e N" with |a| = k. If
D 0% fu=0

aeN"*
oe|=k

in the sense of distributions, then for every o € N" with |a| = k and every ¢ € C°(R"),

[ fue < CUPIDOIL.

The proof relies on a slicing argument which is reminiscent of that used for the proof
of the Gagliardo—Nirenberg embedding [20; 29, pp. 128-129] and the Korn—Sobolev in-
equality [38], and which is a modification of an argument for estimates of circulation
along closed curves [41], divergence-free vector fields [42], closed differential forms [26]
and vector fields that satisfy a second-order condition [43]. This was adapted to fractional
spaces [8, Remark 1; 9, Remark 11; 42, Remark 5; 44, Remark 4.2; 45, Remark 2; 46]
and noncommutative settings [14,47]. A stronger version of Proposition 2.4 can also be
obtained by the methods of J. Bourgain and H. Brezis [9] (see Theorem 9.2).
The second ingredient is an algebraic lemma:

Lemma 2.5. Let L(D) = ZaeNn’ laj=k 0% Lo be a homogeneous differential operator of
order k on R" from E to F. The operator L(D) is cocanceling if and only if there exist
Ky € L(F; E) for every o € N" with |a| = k such that

Z Ky oLy =id. 2.1

aeN"
la|=k

A key consequence of Lemma 2.5 is that given f € L!(R"; E) such that L(D)f = 0,
f is the composition of a linear map with a vector field that satisfies the assumptions of
Proposition 2.4. Indeed by taking g4 = Lo(f), one can write f =3, cnn o=k Ko (8a)
with ZO(EN“, Joe|=k aaga =0.

Proof of Lemma 2.5. Since (§%)«|=k is a basis of the vector space of homogeneous poly-

nomials of degree k, the operator e € E +— (Ly(€))|qj=k € F (e is one-to-one if and
only if L(D) is cocanceling. This is equivalent to this map being left invertible, which
is (2.1). O

Proposition 2.3 will now be a consequence of Proposition 2.4 and Lemma 2.5:
Proof of Proposition 2.3. By assumption ZQGN,.’ laj=k 0% Lo (f) = 0. By Proposition 2.4,
for every o € N" with |a| = k and every ¢ € C°(R"; V),

/Rn Lo(f) - ¥ < CIflipt 1D llLn. 2.2)
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For ¢ € C°(R"; E), in view of (2.1) and (2.2),

o= Lo(f) - K}
[ 1o= Y [ LK)

aeN"
lee|=k

<C Y ILaNOIpIDKE@ I < C'If I D@l o

aeN"
lal=k

3. Examples of cocanceling operators

3.1. Divergence
A first example of a cocanceling operator is the divergence operator:

Proposition 3.1. Let L(D) be the homogeneous linear differential operator of order 1
on R" from R" to R defined for ¢ € R" and e € R" by

LE)le] =& -e.
The operator L(D) is cocanceling.
Proof. Forevery & € R", ker L(§) = &1. Hence, mgeRﬂ\{O} = {0}. O
As a consequence of Theorem 1.4, we recover the following estimate:

Corollary 3.2 (J. Bourgain and H. Brezis, 2004 [8, p. 541; 9, Theorem 1’; 42, Theo-
rem 1.5]). Forevery f € L'(R"; R") such that div f = 0 and every ¢ € C(R™M),

/R fro=Clflip Dol

3.2. Exterior derivative
The construction for the divergence operator generalizes to differential forms:

Proposition 3.3. Let € € {0, ..., n—1} and L(D) be the homogeneous linear differential
operator of order 1 on R" from /\(Z R" to /\e'H R" defined for & € R" >~ /\1 R" and
ee \'R" by

L&)[el=5§ ne.
The operator L(D) is cocanceling.
Proof. Ife € /\(Z R" with £ < n — 1, one checks that if £ A e = 0 for every £ € R”, then
e=0. O
As a consequence we recover from Theorem 1.4 the following estimate:
Corollary 3.4 (J. Bourgain and H. Brezis, 2004 [9, Corollary 17] and L. Lanzani and
E. Stein, 2005 [26]). Let £ € {0,...,n — 1}. For every f € L'(R"; /\Z R"™) such that
df = 0and every ¢ € C°(R"; N'ER),

_[R e <Clflp Dol
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3.3. Higher-order condition
One can also replace the divergence with a similar higher-order condition:

Proposition 3.5. Let k € N, and L(D) be the homogeneous linear differential operator
n+k—1 n+k—1
of order k on R" from RO R defined for £ e R" and e € R by

LE)el= ) £%,.
aeN"
la|=k
The operator L(D) is cocanceling.

Proof. Assume that e € (\gcpn oy ker L(§). Then Y, cnn o= §%€a = 0 for every
& € R". By the properties of multivariate polynomials, one concludes that e = 0. O

As a corollary, one recovers Proposition 2.4 from Theorem 1.4.

3.4. Saint-Venant compatibility conditions

The Saint-Venant compatibility conditions are an example of cocanceling operator. In
order to define it, denote by SZR” the space of symmetric bilinear forms on R”.

Proposition 3.6. Let W (D) be the homogeneous linear differential operator of order 2
on R" from S*R" to S*R" ® SZR" defined for &€ € R", e € S*’R", and u, v, w, z € R" by

(WEleDlu, v, w, z] = e(u, v)(§ - w)(§ - 2) +e(w, 2)(§ - u)(§ - v)
—e(,2)(E - w)(§ -v) —e(w,v)(E -u)§ - 2).
The operator W (D) is cocanceling if and only if n > 2.

Proof. First note thatif n = 1, then L(D) = 0.
Assume that n > 2 and let ¢ € SZR” be such that for every u,v,w,z € R" and
§eR,
WE)leDlu, v, w,z] =0. 3.1

Let u € R”. Since n > 2, one can choose w € R" \ {0} such that w - u = 0. Then
(W(w)leD[u, u, w, w] = e(u, uw)||lw*,

from which one deduces by (3.1) that e(u, u) = 0 for every u € R”. Since e is symmetric,
e=0. O

Corollary 3.7. Let n > 2. For every f € LY (R"; S’R") such that W(D)f = 0 and
every ¢ € C°(R"; SZR™),

/R f-e=Clflip I DellLn.
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Here - denotes the scalar product in S>R”. Corollary 3.7 is the core of the proof of the
Korn—Sobolev inequality by using estimates under second-order conditions [43, Theo-
rem 6].

We can also consider higher-order Saint-Venant operators [33, (2.1.9)]. We denote
by SKR” the space of symmetric k-linear forms on R”.

Proposition 3.8. Let W(D) be the homogeneous linear differential operator of or-
der k on R" from S¥R" to S*R" @ S¥R" defined for ¢ € R", ¢ € SR, and
v?,...,v,?,v%,...,v,l € R" by
(WEleDlvy, ..., v vl v
= > DMt E T €y,

ae{0,1}*
The operator W (D) is cocanceling if and only if n > 2.

The condition W (D) f = 0 is satisfied by the symmetric derivative of a field of symmetric
k — 1-linear forms.

Sketch of the proof of Proposition 3.8. Assume that e € ﬂgeRn\{o} ker L(¢). Given
u € R", one chooses w € R" \ {0} such that w - u = 0. Then

Ww)leDlu, ..., u,w,...,w]=-c(u,..., u)||w||2k,

from which one concludes that ¢ = 0. O

4. Proof of the Sobolev estimate

In this section we prove a Sobolev estimate for an elliptic canceling operator. We proceed
in several steps. First we recall in Section 4.1 a classical elliptic estimate for elliptic op-
erators. Next in Section 4.2 we recall how the range of a given linear differential operator
can be characterized as the kernel of another linear differential operator of compatibility
conditions and we study when this operator is cocanceling. Finally, in Section 4.3, we
prove the estimate by combining the previous ingredients with Theorem 1.4 proved in
Section 2.

4.1. Classical elliptic estimates

In order to prove Theorem 1.3, we shall use a classical variant of Theorem 1.1.

Proposition 4.1. Let A(D) be a linear homogeneous differential operator of order k
onR" from V to E. If A(D) is elliptic and p > 1, then for every u € C°(R"; V),

DX ullr < CIAD)ulyp-1.p-
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Proof. Forevery a € N" with || = k — 1 and every & € R" \ {0}, one has
— 1 —
u(§) = Eé“(f\(é)* 0o A(€) ™ o A®)* (A(D)u(®)).

Recall that [[A(D)ully-1,, = ||(—A)_l/2A(D)M||Lp. By the theory of singular integrals
on L? (see for example E. Stein [37, Theorem 6 in Chapter 3, §3.5 together with Theo-
rem 3 in Chapter 2, §4.2]), one has the desired estimate. O

In general A(D) is an overdetermined elliptic operator; as a consequence, there are many
possible choices for a singular integral operator that inverts A(D). In the proof of Propo-
sition 4.1, a change of the Euclidean structure on E would result in a different singular
integral operator that would have the same properties.

4.2. Compatibility conditions

The last tool in the proof of the sufficiency part of Theorem 1.3 is

Proposition 4.2. Let A(D) be a homogeneous differential operator on R" from V to E. If
A(D) is elliptic, then there exists a finite-dimensional vector space F and a homogeneous
differential operator L(D) on R" from E to F such that for every & € R" \ {0},

ker L(§) = A(§)[V].
In the language of homological algebra, for every & € R" \ {0},

A L
% (é)E (E)F

forms an exact sequence.

The proof will be done in two steps. First we will recall the construction due to
L. Ehrenpreis [17; 25, Theorem 2; 36, Theorem 1.5.5] of a compatibility condition for
an overdetermined linear differential operator that does not need to be elliptic. We then
show that under the ellipticity condition, this operator has the required property.

Let Pg (R"; V) be the space of exponential polynomials of degree at most £, that is,
of functions u : R" — V that can be written for every x € R" as

u(x) = Z x%e5 vy,

aeN"
ler] <€

where v, € V foreach o € N with |or| < £. We also set Pe (R"; V) = (e Pg(R”; V).

If we define for £ € R” the function ez : R" — R by eg(x) = ¥ for every x € R”, one
has PL(R"; V) = ez P{[R"; V).

Finally, K (D) is a linear differential operator on R” from E to F of order at most £ if
it can be written for u € C*® as K(D)u = Z%Nn,mgg Ko (0%u).

The next lemma gives a necessary and sufficient condition for the solvability of the
equation A(D)u = f in the framework of exponential polynomials.
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Lemma 4.3. Let A(D) be a linear differential operator of order at most k on R" from V
to E and let & € R". For every f € Pg (R™; E), there exists u € P§+k (R™; V) such that
A(D)u = f if and only if for every linear differential operator K (D) on R" of order at
most £ from E to R such that K (D) o A(D) = 0, one has K(D)f = 0.

Proof. Note that for every linear form ¢ on Pg (R"; E) there exists a unique differential
operator K (D) of order at most £ on R” from E to R such that (¢, g) = (K (D)g)(0) for
every g € Pg (R"; E). If we want to characterize A(D)’PS“]‘ (R"; V) by duality, we are
led to study the differential operators K (D) of order at most £ on R” from E to R such
that K (D) o A(D)u(0) = 0 for every u € P¢ ™ (R"; V). Note that since K (D) o A(D)
is of order at most k + £, this is equivalent to K (D) o A(D) = 0, which is the condition
appearing in the proposition. O

The drawback of the previous lemma is that the number of conditions imposed on the
data f depends on the degree of f. This can be improved by some commutative algebra
construction.

Lemma 4.4. Let A(D) be a linear differential operator of order k on R" from V to E.
There exists a finite-dimensional vector space G and a linear differential operator J (D)
from E to G such that for every f € P:(R"; E), there exists u € Pe(R"; V) such that
A(D)u = fifand only if J(D) f = 0.

In the language of homological algebra, the sequence

PR V) 22 . By 22 P RY; 6) 4.1

is exact.

Proof of Lemma 4.4. Let K be the set of linear differential operators K (D) on R” from E
to R such that K(D) o A(D) = 0. The set K is a submodule of the module of linear
differential operators on R” from V to R over the ring of linear differential operators
on R" from R to R which is isomorphic to the ring of polynomials on R”. Therefore,
KC is finitely generated (see for example [5, Proposition 3.32 and Corollary 4.7]): there
exists a finite-dimensional space G and a linear differential operator J (D) on R” from E
to G such that for every K (D) € I, there exists a differential operator Q(D) from G
to R such that K(D) = Q(D) o J(D). The lemma then follows from the application of
Lemma 4.3. O

One can ensure that J(D) has minimal order by using tools of computational commuta-
tive algebra [5, §6.1 and 10.3].
In order to complete the proof of Proposition 4.2, we need to show that ker J(§) =
A(&)[V] for every £ € R" \ {0}. This is equivalent to the exactness of
PAR" v) 22 PO E) L2 POR"; 6. “.2)
Under the ellipticity condition, the exactness of the sequence (4.1) implies the exactness
of (4.2):
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Lemma 4.5. Let A(D) be a homogeneous linear differential operator of order k on R"
fromVto E, & e R"\ {0}, £ € Nand u € P:(R"; V). If the operator A(D) is elliptic
and A(D)u € P{(R"; E), then u € PL(R"; V).

The lemma implies that if A(D) is elliptic, £ € N and & € R" \ {0}, the sequence
PLR™ V) 225 Pl £y L2 pLR™; 6)

is exact. When £ = 0, this is (4.2).

Proof of Lemma 4.5. 1t is sufficient to show that if u € ’Pg“(R”; V) and A(D)u €
PLR"; E), then u € PER"; V). Write u = eg p with p € Pg*' (R"; V). One has
A(D)lez p] = ez (A(D + &) p) = e (AE)[p] + (A + D) — AE)[p]).

Note that (A(§ + D) — A(§))[p] € P{(R"). Therefore, A(£)[p] € P§(R"; E). Since
A(&) is one-to-one, this implies that p € Pg R"*; V). m]

Proof of Proposition 4.2. Let J(D) be given by Lemma 4.4. In view of Lemma 4.4 and
Lemma 4.5, for every & € R" \ {0} one has

ker J(§) = (f € PAR" E) 1 J(D)f = 0} = {A(D)u 1 u € PYR": V)} = A@)[V],
where the isomorphism is given by e € E > ege € PQ(R”; E).

There exist v € N and for every i € {0, ..., v} homogeneous differential operators
J; (D) of order i on R” from E to G such that

v
J(D) = Z J;(D).
i=0
Since A(D) is homogeneous, for every £ € R" \ {0} one has

[ker Ji§) = A@IVI.
i=0

Therefore, by taking F = []_(®" ' R") ® G and

L&) = (E® © Jo&), £ @ N1(€), ..., £ ® Jy_1(5), Ju(€)),

we obtain a homogeneous differential operator that has the required properties. O

The ellipticity assumption in Proposition 4.2 might seem unnatural. It is nevertheless
essential, as shown by the following example:
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Example 4.1. Consider the homogeneous linear differential operator A(D) of order 1
on R? from R? to R? defined by the matrix

& —&
wo=(§ 5)
The operator A(D) is not elliptic, since A(£) is not one-to-one when |§;| = |&]. (The
reader will note that this is a hyperbolic operator.) Assume now that there exists a ho-
mogeneous differential operator L(D) from R? to a vector space F such that for every
£ eR?,
L(§)o A(§) =0.
Since A(€) is onto when |&1| # |&|, we have L(§) = 0 when |&1]| # |&|. From this
we conclude that L(§) = 0 for every & € R2. Thus ker L(1,1) = R? # R(1,1) =
A(1, D[R?]. Also note that since A(1, )[R?] = R(1, 1) and A(1, —1)[R?] = R(1, —1),
A(D) is canceling, but L(D) = 0 is not cocanceling.

Remark 4.1. It is also possible to obtain an operator L (D) satisfying the conclusion of
Proposition 4.2 by setting

L(§) = det(A(§)" 0 A(§))id —A(§) o adj(A(§)" 0 A(§)) 0 A(E)", (4.3)

where adj(A(£)* o A(§)) = det(A(£)* o A(§))(A(E)* o A(£))~! is the adjugate operator
of A(£)* o A(&). (Here the spaces are endowed with a Euclidean structure; this construc-
tion this construction is up to the multiplicative constant det(A(£)* o A(&)) the classical
orthogonal projector on A(£)[V] used for example for least-square solutions of overde-
termined systems.) The latter construction of L(D) can be much more complicated than
necessary. For example, if one is interested in the Hodge—Sobolev inequality (1.5), one
takes V = /\l R” and for every u € C°(R"; V),

A(w) = (du, d*u).
The operator L(D) given by (4.3) is
L(g.h) = (=A)""d*dg, (=2)""'dd" h),
where m = dim A" R" +dim AT R" = (")) + (/). It is possible to show that
L(g,h) =0if and only if dg = 0 and d*h = 0.

4.3. Sobolev inequality

We now have all the ingredients to prove the sufficiency part of Theorem 1.3.

Proposition 4.6. Let A(D) be a linear differential operator of order k on R" from V
to E. If A(D) is elliptic and canceling, then for every u € C°(R"; V),

I D* il pjnry < CIIA(D)ul| 1.
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Proof. Let L(D) be given by Proposition 4.2. One notes that
L(D)(A(D)u) = 0.

Since A(D) is canceling and ker L(§) = A(§)[V] for every & € R" \ {0}, L(D) is
cocanceling. Therefore, by Theorem 1.4,

IAD)ullyy-1n/m-n < CIAD)ul 1.
Finally, by Proposition 4.1,

k-1
D" ull pnjw-1y < CIA(D)ullyi-1.n/0-1) - o

5. Necessary conditions for the Sobolev estimate

In the section, we study the necessity of ellipticity (Section 5.1) and cancellation (Sec-
tion 5.2) for the Sobolev estimate.

5.1. Necessity of ellipticity

We show that the ellipticity condition is necessary in Sobolev-type inequalities:

Proposition 5.1. Let A(D) be a homogeneous linear differential operator of order k
on R" from V to E, let B(D) be a homogeneous differential operator of order k — 1
onR" from V to F, and let p € [1, n). If for every u € C°(R"; E),

I B(D)ull pnp/n-p < CIIA(D)ullLr,
then for every & € R", ker A(§) C ker B(§).
As a corollary, we have the necessity of ellipticity in Theorem 1.3:

Corollary 5.2. Let A(D) be a homogeneous linear differential operator of order k on R"
from 'V to E. If for every u € C°(R"; V),

—1
ID*=Yull pupsn-my < CIA(D)ul| L,

then A(D) is elliptic.

Proof. Take B(D) = D*~!. For every & € R" \ {0}, one has ker B(§) = {0}. The
conclusion follows by applying Proposition 5.1. O

Proof of Proposition 5.1. Let & € R" \ {0} and v € ker A(§). Choose ¢ € C*°(R) \ {0}
such that suppe C (—1,1) and ¢ € CZ°(R") such that ¢ # 0 on the hyperplane
H={xeR":&£.x=0}.For A > 0, define u, : R" — R by

u)(x) = @& - x)¥(x/Av  forx e R".
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Since A(&)[v] = 0, for each x € R" and A > 0 one has

k
|A(D)ur(x)| < C Y27 D'y (x /M)
i=1

Therefore, for every A > 0,

k
IA(D)u; P < C / AP DIy P,
/. >/,

where Hy = {x e R" : | - x| < A™!}. Since forevery i € {1, ..., k},
lim A [ [Diy? =/ D'y,
L—00 H)L H

we conclude that, as A — oo,

|A(D)uy|P = 00" 17P).
Rﬂ

On the other hand, for every x € R"” and A > 0,

k—1
|B(D)u;. (x) — ¥ (x /M * V(& - ) B@E] < C Y A7 D'y (x/2).

i=1

As previously, we have, as A — o0,
/ | BD)us (1) = ¥ (/0" V& - 0)BEI™/ P dx = 0TI,
Rn
whence
[ im0 =@ 16900 [ oo,
R? R H
Therefore, in view of the assumption, we have, as A — oo,
|B(§)[U]M('I—1)/P—l+1/" — 0()\(”—1)/17—1)‘
This is only possible if v € ker B(§). O

The proof of Proposition 5.1 strongly relies on the fact that we are considering k — 1-th
derivatives on the left-hand side of the estimate. For lower derivatives one can still obtain
some inequality without the ellipticity of A(D).

Consider the homogeneous linear differential operator A(D) of order 2 on R* from R
to R? defined for u € C*®(R*) by

A(D)[u] = (9102u, 0304u).

Since ker A(1, 0, 1,0) = R, this operator is not elliptic. By Corollary 5.2, there exists
b € R* such that the estimate

1D Vullpas < C(10102u 1 + 1|9304ull 1)

does not hold. In fact, the estimate does not hold for any b € R*\ {0}:
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Proposition 5.3. Let b € R*. If for every u € C°(R*; R),
- Vullpas < C10102ull 1 + [19304ull 1),

then b = 0.

Proof. By Proposition 5.1, if & € R? satisfies £1& = 0 and £3&4 = 0, then b - £ = 0. By
taking for & elements of the canonical basis of R*, one concludes that b = 0. O

On the other hand, we have
Proposition 5.4. For everyu € C SO(R“; R),

lullp2 < C0102ull L1 + 119304u| p1). (.1

Proof. The proof is a direct adaptation of a proof of E. Gagliardo [20, teorema 5.I] and
L. Nirenberg [29, 128—129]. The proof goes as follows: for every x = (x1, x2, x3, x4) € R4,

X1 X2
u(x) =/ / 010u(s, t, x3, x4) dt ds.

—00 J OO

Hence, for every x € R,
lu(x)| < /1‘&2 |010u(s, t, x3, x4)|ds dt.
Similarly, for every x € R4,
lu(x)| < /RZ |0304u(x1, X2, 8,1)|ds dt.
Therefore, for every x € R4,
|u()c)|2 < /szlazu(s, t,x3,x4)| dsdt /Rz|8384u(x1, x2,s,t)|dsdt.
Integration of this inequality with respect to x on R* and application of Young’s inequality

yields (5.1). ]

We thus have an operator which is not elliptic. By Proposition 5.3, there is no first-order
Sobolev inequality, but there is a second-order Sobolev inequality of Proposition 5.4.
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5.2. Necessity of cancellation

The necessity of the cancellation property for Sobolev-type estimates is given by

Proposition 5.5. Assume that A(D) is an elliptic homogeneous linear differential oper-
ator of order k on R" from V to E. Let £ € {1, ...,k — 1} be such that £ > k — n. If for
everyu € C°(R"; V),

1D ]| pwjn-—en < CIIADYull 1,
then A(D) is canceling.

In this statement the operator is assumed to be elliptic, which is not necessary for the
estimate when £ < k — 1. We do not have any examples that show that this assumption is
necessary:

Open Problem 5.1. Does Proposition 5.5 remain true without the ellipticity assumption?

Remark 5.1. Proposition 5.5 does not cover the case £ = n — k. In the case n = 1, for
every k € N, the homogeneous linear differential operator A(D) defined for £ € R by
AE) = ék is elliptic but not canceling. Nonetheless, for every u € C2°(R),

Ju® D oo < @11

We did not find higher-dimensional examples.

Proof of Proposition 5.5. Lete € mseR"\{O} A(&)[V]. Since for every £ € R"\ {0}, A(§)
is one-to-one, the function U : R" \ {0} — V defined for each £ € R" \ {0} by

AGIUE)] =e

is smooth. This can be seen by the implicit function theorem or by the formula U (§) =
(A(&)* o A(e,%))*1 o A(&)*[e]. Since A(§) is homogeneous of degree k, for every & €
R"\ {0} andt € R\ {0},

U@e) = 15U ).

Choose now a function ¥ € C°°(R") such that supp 1,/7 C B>(0) and 1,/7 = 1on By,»(0).
For A > 0, define ¢, : R* — R for x € R"” by ¥, (x) = A"¥(Ax), and consider
uy : R" — V such that for each & € R”,

5.8) = Qri) *Wa(€) — Y1 ENUE).

If & > 2, then supp(¥ — ¥1/1) C B2 (0) \ Bi/21)(0). Hence, u; is well-defined and
belongs to the Schwartz class of fast decaying smooth functions.
We now claim that for every A > 2,

I D us || prjon—tie—ty < CIlA(D)uslp1- (5.2)
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To see this, consider a function ¢ € C°(R") such that ¢ = 1 on B1(0). For R > 0, define
¢r : R" — Rby pr(x) = ¢(x/R) for x € R". By hypothesis, for every R > 0,

1D (@ru)|| pr/o-te-0n < ClIAD) (@ru) |l 1.

By letting R — o0, we obtain (5.2).
Now, by definition of u; and the choice of e, one has

AD)uy = (r — Yye, (5.3)

and therefore
IA(D)upll 1 <201l 5.4

On the other hand, for every « € N*, A > 2 and x € R",
) = [ FEGEN - T0) Qi) e U de.
Rn

By writing, for every £ € R",
—~ - ME S (E\ dt
V(E/A) — Y (rE) = — =-Vyl =) —,
1/x t t t
we have, by Fubini’s theorem,
A
dt
3%us (x) =/ w® ()" kel
/A t

where w® : R” — V is defined by

w¥(x) = —(zm')'“‘—"f

ezmg»xé . Vl’ﬁ\(S) E*U(E)dE  forx e R™.
Rn

Since w,, decays fast at infinity, if || > k — n and x € R” \ {0}, the limit
. o X dt
u®(x) = lim 8%, (x) = f w® (1)l 22 (5.5)
A—>00 0 t

is well-defined.
Assume for contradiction that there exists « € N” such that |o| = ¢ and u, # 0. For
every x € R" and ¢ > 0, by (5.5) one has

u(x)

u®*(tx) =
Since u® # 0, this implies that

/ e = G=0) .
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By Fatou’s lemma we have

liminf [ 9%, "/ —k=0) > |u® M/ = k=0) — 5
L—>00 Rn - R? ’

in contradiction with (5.2) and (5.4).
We have thus u* = 0 for every o € N" with |¢| = £. Foreachx € R" \ {0}, > > 0
and o € N" with |a| = £, by (5.5) we have

00 dt 1 o0 X
%u; (x)| < w (tx) |~ K0 = = —/ whlt— ||t
[0%uy (x)] _/0 lw® (1x)| r T o x|

and therefore

n—(k—t) ﬂ

t

o
< -
00| = Ty

By Lebesgue’s dominated convergence theorem, Du; — 0 in L} (R"). Taking now
¢ € C°(R™), we deduce by a suitable integration by parts that

lim | ¢A(D)u; = 0. (5.7)
A—>00 JRn

On the other hand, in view of (5.3), one has

¢ A(D)u; = / (W — Y1 )ce,
Rn Rn

whence

lim | ¢A(D)u; = ¢(0)e.
A—>00 JRn

Since this should hold for every ¢ € C°(R"), this implies in view of (5.7) thate = 0. O

6. Characterization and examples of canceling operators

6.1. Analytic characterization of elliptic canceling operators

We have seen in Proposition 2.1 that the cocanceling condition is equivalent to a property
of the vector fields that are in its kernel. For elliptic canceling operators, the same methods
allow one to characterize canceling operators by properties of the image of vector fields.

Proposition 6.1. Let A(D) be a homogeneous differential operator of order k on R"
from V to E. If A(D) is elliptic, the following are equivalent:

(i) A(D) is canceling,
(ii) foreveryu € LIIOC(R”; V), if A(D)u € L'(R"; E), then fRﬂ A(D)u =0,
(iii) for everyu € C*(R"; V), if supp A(D)u is compact, then fRn A(D)u =0,
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If forevery j € {0, ...,k — 1},
lim [D/u(x)||x"/ =0
|x]—00
then f]R" A(D)u = 0 for any operator A(D). It is thus crucial that no decay assumption is
imposed on u in (iii).

Proof. First note that since A(D) is elliptic, Proposition 4.2 applies and yields a homoge-
neous differential operator L(D) on R" from E to F. This operator L(D) is cocanceling
if and only if A(D) is canceling.

Let us now prove that (i) implies (ii). Let u € L}OC(R"; E) be such that A(D)u €
L'(R": E). By construction of L(D),

L(D)(A(D)u) = 0.

Since by assumption L (D) is cocanceling, Proposition 2.1(iii) yields fRn A(D)u = 0.

It is clear that (ii) implies (iii). Assume now that (iii) holds. Let f € C°(R"; E) be
such that L(D)f = 0. This allows us to define w : R" — £¥(R"; V) whose Fourier
transform w satisfies, for every & € R",

AG[DE[vr. ... vd] = E-v) - E v FE).
Since A(D) is elliptic and f is smooth, w is smooth. Write now

(1 — k!

1
M(X) — /(; w(z‘x)[_x, ce ,X]W df,

so that D¥u = w and hence A(D)u = f. By assumption we have

f f:/ A(D)u = 0.
R~ R~

In view of Proposition 2.1, we have proved that L (D) is cocanceling. Consequently, A (D)
is canceling. O

6.2. Equivalence between cancellation and the Bourgain—Brezis algebraic condition

J. Bourgain and H. Brezis [9, Theorem 25] have proved the estimate
lull rso-1 < CIIA(D)ull

for an elliptic operator A(D) under the structural condition that there exist a basis
el,...,eq of E and vectors &1,...,& € R"\ {0} such that for every i € {1,..., ¢},
e, L AEDIV]. 3 This condition is in fact equivalent to the cancellation condition

3 The statement and proof of [9, Theorem 25] are written for dim V = n; the arguments adapt
straightforwardly to the case when dim V' # n.
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Proposition 6.2. Let A(D) be a homogeneous differential operator on R" from V to E.
The operator A(D) is canceling if and only if

span( U A(E)[V]l>=E.
E€R\{0}

Proof. For every £ € R", since A(&) is a linear operator, one has e € A(£)[V] if and
only if f-e = 0forevery f € A(S)[V]J—. Therefore, e € mgeRn\{O} A(&)[V]if and only

if f-e=0forevery & € R"\ {0} and every f € A(£)[V]*. We thus have

N aovi=( U @)

§eR"\{0} geR"\{0}
Hence,
(| A®[V1={0} ifandonlyif span( U A(g)[V]i) —E,
£€R"\{0} £€R"\{0}
which is what we wanted to prove. O

Remark 6.1. The same argument shows that a linear homogeneous differential operator
L(D) on R" from V to E is cocanceling if and only if

span( U kerL(E)J‘)zE,

£€R"\{0}

or equivalently

span( U L(E)*[V]):E.

§€R™M\{0}

6.3. First-order canceling operators

We shall now give explicit examples of canceling operators.

6.3.1. Gradient operator. The simplest example is the gradient operator:

Proposition 6.3. Let A(D) be the homogeneous linear differential operator of order 1
on R" from R to R" defined for & € R" by

A(§) =§.
The operator A(D) is elliptic. It is canceling if and only if n > 2.

Proof. For every & € R" we have A(£)[R] = RE, therefore ﬂéeRn\{O} AE)[R] = {0} if
n > 2 and ﬂéeRn\{O} A@)[R]=Rifn =1. O
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6.3.2. Symmetric derivative. The symmetric derivative operator appearing in the Korn—
Sobolev inequality (1.2) is also an elliptic canceling operator. Recall that S”R” is the
space of symmetric bilinear forms on R”.

Proposition 6.4. Let A(D) be the homogeneous linear differential operator of order 1
on R" from R to S’R" defined for & € R", v € R" and w, z € R" by

AGIw.2) = 5(E - w)(v-2) + E - D@ - w)).
The operator A(D) is elliptic. It is canceling if and only if n > 2.
Proof. The operator A(D) is elliptic: assume that v € R” and £ € R" \ {0} are such that

A(&)[v](w, z) = 0 for every w, z € R”. In particular, for every w € R”,

AGI(w, w) = (& - w)(v-w).

We thus have v - w = 0 for every w € R” such that £ - w # 0. Since such w span R”, we
have proved that A(D) is elliptic.

Now we prove that A(D) is canceling whenn > 2. Lete € ﬂgeRn\{O} A(&)[R"]. For
every w € R", choosing & € R" \ {0} such that £ - w = 0, one has, for every v € R",

A@)[v]l(w, w) =0,

and therefore e(w, w) = 0. Since w € R" is arbitrary and e is symmetric, we conclude
thate = 0. O

The application of Theorem 1.3 yields the Korn—Sobolev inequality (1.2). The application
of Theorem 8.1 would yield fractional Korn—Sobolev inequalities.

This example has a counterpart for the symmetric (or inner) derivative of a symmetric
multilinear form [33, p. 25]:

Proposition 6.5. Let A(D) be the homogeneous linear differential operator of order 1
on R” from S*R" to S*TIR" defined for v e S*R", £ € R" and wy, ..., wrs1 € R” by
AG)[vI(wr, ... wi1)
a7 (€ - wv@w, . wegn) + (€ - w)v(wr, wa, ..., wer)
+ o € w)v(w, ., wy))

The operator A(D) is elliptic. It is canceling if and only if n > 2.

Proof. For the ellipticity, assume that v € S¥R” and & € R”" \ {0} are such that
L&) [vI(wy, ..., wg+1) = O for every wy, ..., wg+1 € R". In particular, for every
& eR”,

A)v](w, ..., w)=(E - -wv(w,...,w)=0.
Therefore, v(w, ..., w) = 0 for every w € R” such that £ - w # 0. This implies that
v=0.
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Now we prove that A(D) is canceling whenn > 2. Lete € ﬂgew\{o} AE)[SFR™.
For every w € R”, choosing £ € R”\ {0} such that £ -w = 0, one has, for every v € SKR”,

A& v](w,...,w) =0,

and therefore e(w, ..., w) = 0. Since w € R” is arbitrary and e is symmetric, we con-
clude that e = 0. O

6.3.3. Exterior derivative. We now turn to the study of canceling operators appearing in
exterior differential calculus.

Proposition 6.6. Let £ € {1,...,n — 1} and let A(D) = (d, d*) be the homogeneous
linear differential operator of order 1 on R" from N*R" to A\*T'R" x A*"'R™ such

that for every & € R" and v € /\Z R”,
A@)[v] = (§ Av, x(§ A *v)).
The operator A(D) is elliptic. It is canceling if and only if € € {2,...,n —2}.

Proof. The ellipticity follows from the Lagrange identity |v|?|£|* = |£ Av|?4|*(€ Axv)|?.
For the cancellation, if (f, g) € ﬂéeR”\{O} A(&)[/\‘Z R™], then for every £ € R”,
EANf=0and& A*xg=0.Since2 < ¢ <n —2,thisimpliesthat f =0and g =0. O

As a consequence of Proposition 6.6, one gets the Hodge—Sobolev inequality (1.5).

6.3.4. Directional derivatives of vector fields. One also has a general construction to
control a vector field by directional derivatives of some components:

Proposition 6.7. Let m = dim V. Consider a family of n + m — 1 n-wise linearly
independent vectors (1i)1<i<n+m—1 of R" and m-wise linearly independent vectors
(Wi)1<i<n+m—1 of V and define, for € € R" andv € V,

A@ ] = (1 - &) w1 - v), ..., Omgn—1 - &) Wimgn—1 - V).
The operator A(D) is elliptic. It is canceling if and only if n > 2.

This construction is due to D. G. de Figueiredo [18, inequality (K)] in the framework
of L? estimates. It was introduced by the author in the context of generalized Korn—
Sobolev inequalities [9, Remark 16].

Proof of Proposition 6.7. Let us first show that v is elliptic. Let § € R"\{0} and v € V be
such that A(§)[v] = 0. Since the vectors (1;)1<;j<n+m—1 are n-wise linearly independent,
there is an increasing sequence of indices iy, ..., in such that n;, - § # 0O for every
j €{1,..., m}. Therefore, wi; -V = 0 for every j. Since the vectors wj,, ..., w;, form
a basis of V, we conclude that v = 0.

For the cancellation, assume that e € ﬂgeRn\{o} A(&)[V]. By taking & € R™\{0} such

that & - n; = 0, we see that ¢; = 0 for every e € A(&;)[V]. Since e € ﬂf:lmfl AEDV],
we conclude that e = 0. We have thus proved that A(D) is canceling. ]

By Theorem 1.3, this yields



902 Jean Van Schaftingen

Proposition 6.8. Let m = dim V. Consider a family of n + m — 1 n-wise linearly
independent vectors (0i)1<i<n+m—1 of R" and m-wise linearly independent vectors
(wi)i<i<n+m—1 of V. For everyu € C°(R"; V),

m+n—1
leell porn-vy < € Nlwi - Dulnilll -

i=1

6.3.5. Minimizing the number of components of the derivative. The previous example
shows that a vector field u € C2°(R"; R™) can be estimated by n + m — 1 directional
derivatives of components. One may wonder whether it is possible to use fewer derivatives
[9, open problem 3].

For a lower bound we have

Proposition 6.9. Assume that A(D) is a differential operator of order 1 on R" from V
to E that is canceling and elliptic. Then dim E > dim V and dim E > n.

Proof. Since A(D) is canceling, there exists £ € R” such that A(§)[V] # E. Since A(D)
is elliptic, this implies that dim £ > dim V.

Next fix v € V and consider the linear map T : R" — FE defined by T (§) = A[£](v).
Since A(D) is elliptic, ker T = {0}. Therefore, n = dim 7 (R") < dim E. ]

If we define I*(n, m) to be the minimal dimension / such that there is a canceling elliptic
linear differential operator on R” from R™ to R/, by Propositions 6.7 and 6.9 we have

max(n,m + 1) <I*(n,m) <m4+n — 1. 6.1)

In particular, the construction of Proposition 6.7 is optimal if m = 1 (the scalar case) or
n=2.

The Hodge—Sobolev estimate for n = 4 and ¢ = 2 uses fewer components: one
has V = A’R? and thus m = dimV = 6 whereas E = A'R* x AR*, so that
dimE =8 <9 =n+m — 1. We thus have 7 < [*(4, 6) < 8. In all the other cases
the Hodge—Sobolev inequality does not allow estimates with less than n +dimV — 1
components. Indeed, dim(A\*"'R" x A R?) = dim A*R” + (Z:;) + (2;{) To have
the Hodge—Sobolev inequality we need 2 < ¢ < n — 2. If we want to use less than
n 4+ m — 1 components, we need (7)) + (Z;%) < n — 1. This is only possible if n = 4
and £ = 2.

The Korn—-Sobolev uses dim E = n(n 4 1)/2 components, which is no smaller than
2n — 1.

There are now specific constructions that work in some cases. Let H ~ R* be the
algebra of quaternions.

Proposition 6.10. Let A(D) the homogeneous linear differential operator of order 1
onR* from V. = {x € H : Rex = 0} to H, defined for every v € V and & € R*
by

A®)[v] = év.

The operator A(D) is canceling and elliptic.
Alternatively, writing & = (&1, £”) € R! xR, one has A(£)[v] = (—£"-v, Ejv+&" X v).
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Proof. Since the multiplication of quaternions is invertible, A(D) is elliptic.

For the cancellation property, for every v € V and & € R*\ {0}, one has
Re(é_lA(E)[v]) = Rev = 0. Hence, if e € A(§)[V] for every & € R4 \ {0}, one
has Re£~le = 0 for every £ € R*\ {0}, whence e = 0. O

This gives, for every u € C*° (R* R3),
llue]l a3 < C(||div” ullpr + 101u + curl” ullp1),

where div” u and curl” u denote respectively the divergence and the curl with respect to
the last three variables.

The previous example shows that /*(4, 3) = 4. The same construction can be made
with the octonions and allows controling a vector field from R® to R, showing that
[*(8,7) = 8. If the same construction is made with complex numbers instead of the
octonions, one recovers the limiting Sobolev inequality for scalar functions on R2,

The previous construction also allows one to show again that [*(4,6) < 8 and to
show that that /*(8,7j) < 8, which is an improvement of the previous bound (6.1)
when j < 6.

6.4. Second-order estimates

We now give example of second-order canceling elliptic operators and of application of
Theorem 1.3.

6.4.1. Splitting the Laplace—Beltrami operator. The Laplacian is never a canceling op-
erator. However, when split into two parts, it might become canceling:

Proposition 6.11. Letn > 2, £ € {1,...,n — 1} and let A(D) be the homogeneous
linear differential operator of order 2 from \'R" to N*R" x \“R" defined for u €
C®R"; \*R") by

A(D)[u] = (dd*u, d*du).
The operator A(D) is elliptic and canceling.

Proof. Since dd* 4+ d*d = A is elliptic, A(D) is clearly elliptic. For the cancellation, let
g€ mgeRn\{O} AE)[V].Forevery £ e R*,onehas £ A f =0and & A xg = 0. Since
f,g e /\ZR" with € € {1, ..., n — 1}, this implies that f = g = 0. O
Corollary 6.12. Letn >2, £ € {l,...,n —1}. Foreveryu € C°(R"; /\Z R™),

I Dull prso-n < Clldd*ullpr + lld*dull1).
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6.4.2. Linearly independent collections of operators. A similar situation can be observed
for a collection of scalar operators:

Proposition 6.13. Let (w;)1<i<m+1 be m-wise linearly independent vectors of V and
(ai)1<i<m+1 be quadratic forms on R" such that for every i, j € {1,...,m + 1} with
i <j,

{EeR":q;(5) =0}N{§ e R" : q;(§) = 0} = {0},
and for everyi € {1,...,m + 1},

{€ e R" 1 q;(§) = 0} # {0}.

The operator A(D) defined for every & € R" and v € V by

A®] = (a1 E)(wi - v), ..., a1 (E) Wit - V)

is elliptic and canceling.

Proof. We first prove that A(D) is elliptic. Indeed, if A(§)[v] = O, then there exists
jefl,...,m+ 1} such that a;(§) # O fori # j. Thus, w; - v = 0 fori # j, which
implies v = 0.

Now we show that A(D) is canceling. For every i € {1,...,m + 1}, one can find
& € R"\ {0} such that a; (§) = 0. This proves thatif e € ﬂgeRn\{o} A(&)[V], thene; = 0.
Since this is true for every i € {1, ..., m + 1}, A(D) is canceling. O

The construction of Proposition 6.13 is always possible given any n > 2 and V. Indeed,
take &1, ..., &, 11 to be unit vectors of R” such that |&; - §;| = 0if i # j and set a;(§) =
|E|> — (& - £)% for & € R". Since for an elliptic canceling linear differential operator
A(D) on R" from V to E one needs to have dim E > dim V, this construction is the most
economic in terms of the number of components of the second-order derivative that are
taken.

In view of Theorem 1.3, for every u € C°(R"; V),

m+1
1Dl oo = €D las(Dyw; w1 )-

i=l1
In particular for every u € C°(R?),
IVull 2 < CAIdull 1 + 1183ull 1) (6.2)

This inequality is originally due to V. A. Solonnikov [35, Theorem 3]. It is quite striking
because there is no estimate of the form

IVull 2 < Clldfu + d3ull 1, (6.3)
as one can see by inspection of the fundamental solution of —A on R, nor of the form
ID?ullpr < C07ullr + 103ull 1) (6.4)

(this was the original motivation of D. Ornstein’s work [30]). The inequality (6.2) also
explains why the construction of D. Ornstein to disprove (6.4) had to go beyond the study
of fundamental solutions, as one does to disprove (6.3).
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7. Partially canceling operators

7.1. Partially canceling operators

If an operator A(D) is not canceling, there is still a weaker inequality:

Theorem 7.1. Letn > 2, let A(D) be an elliptic linear homogeneous differential opera-
toronR" from'V to E and let T € L(E; F). The estimate

1Dt gy < CLAD)l
holds for every u € C°(R"; V) such that T o A(D)u = 0 if and only if

ﬂ AE)[V]NkerT = {0}.

§€R"\{0}

Remark 7.1. The above estimate does not imply ellipticity. Indeed, take A(D) on R?
from R? to R? defined by A(D)[u] = (d1u1, dru1, dpuz) and T € L(R3; R?) defined by
T(v) = (v, v3). fu € CPR?* R?) and T o A(D)u = 0, then u = 0. Therefore the
estimate holds trivially. On the other hand A (D) is not elliptic, since A(1, 0)[(0, 1)] = 0.

7.2. Estimates for partially cocanceling operators

In order to prove Theorem 7.1 we shall need an extension of Theorem 1.4 to partially
cocanceling operators.

Proposition 7.2. Let L(D) be a homogeneous linear differential operator of order k
onR" from E to F and let Q € L(E; E) be a projector. If

ker Q = ﬂ ker L(£),

£eR™M\{0}

then for every f € L'(R"; E) such that L(D) f = 0 and every ¢ € CX[R"; E),

‘£JQof%¢SCWQ0waDwum

Proof. Define L(D) to be the linear homogeneous differential operator on R” from Q(E)
to F defined by restriction of L(D). Since ﬂSeR"\{O} ker L(§) C ker Q, L(D) is co-
canceling. Moreover, since ker O C ﬂéeRn\{o} ker L(§) and Q is a projector, for every
& € R" we have (id — Q)(E) = ker Q C ker L(&). Hence, one has L(§) = L(§) o Q =
L(&)0 Q. Assume now that L(D) f = 0. Then L(D)(Qo f) = 0. Since L is cocanceling,
Theorem 1.4 applies to Q o f and gives the estimate. O

There is a converse statement to Proposition 7.2:



906 Jean Van Schaftingen

Proposition 7.3. Let L(D) be a homogeneous linear differential operator from E to F
and let Q € L(E; F). If for every f € L'(R"; E) such that L(D)f = 0, one has
Qo fe W tWo=D(Rnr: E) then

m ker L(&) C ker Q.

§eR™\{0}

Proof. Lete € ﬂgeRn\{O} ker L(£). By assumption if f € L'(R"; R), one has fQ(e) €
W=1n/@=D “and then necessarily Jgn fQ(e) = 0. By choosing f such that [, f =1,
we conclude that Q(e) = 0. ]

7.3. An example of a partially cocanceling operator

An example of a partially cocanceling operator is given by the Curl Div operator:

Proposition 7.4. Let L(D) be the homogeneous linear differential operator of order 2
on R" from L(R™; R™) to /\2 R" defined for & € R" ~ /\1 R" and e € L(R"; R™) by

L(&)[e] =& ne(®).

Then
ker L(§) = Rid.
§€R™\{0}
Proof. If for every & € R”, L(&¢)[e] = 0, then for every & € R”, there exists A € R \ {0}
such that e(§) = A&. Since e is linear, there exists A € R such that e = A id. m]

By the application of Proposition 7.2, we deduce

Corollary 7.5 (M. Briane and J. Casa('lo-Dl’aZ, 2010 [12]). If f € L'(R™; L(R"; RY))
and L(D)f = 0, then f — (tr f)id € W1/ =D(R": £L(R"; R")) and

ILf = f)idllyp-10e-n = ClLf = (r f)id] 1.

This result is used in the study of some Navier—Stokes equation [12].

7.4. Proof of the Sobolev estimate

We now have the proof of the sufficiency part of Theorem 7.1. We shall prove a quantita-
tive version:

Proposition 7.6. Let n > 2 and let A(D) be an elliptic linear homogeneous differential
operator on R from V to E and let P € L(E; E) be a projector on

[ A®LVI.

§€R\{0}

For every u € C°(R"; E), one has

ID*~ ull sy < C(IIGd = P) 0 ADYull1 + [P o ADYu ] yi-1at1)-
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The interpretation is that the image of A(D) has some bad directions ﬂg R\ (0} AE)[V].
If one has some better control in these directions, one can have a control on
|| Dk_lu ”Ln/(nfl) .

Proof of Proposition 7.6. If L(D) is given by Proposition 4.2, one has
ﬂ ker L(§) = ﬂ A(§)[V] = P(E) = ker(id — P).

§€R"\{0} £€R"\{0}
In view of Proposition 7.2, one has
(id — P) o A(D)ullyjy-1n/w-1y < Cll(id — P) o A(D)ull 1.
Hence,
IAD)ullyy—1n/m-1 < C(I1Gd = P) o A(D)ullz1 + | P o A(D)ullyy-10/0-1).
One concludes by using the ellipticity of A(D) as in the proof of Proposition 4.6 that
1D ull -y < C'(IlGGd = P) 0 AD)ull 1 + | P o AD)utllyjp-1ra-)- o

7.5. The necessity condition for the estimate
We finally sketch the proof of the necessity part of Theorem 7.1:

Proposition 7.7. Let n > 2 and let A(D) be an elliptic linear homogeneous differential
operator on R" from V to E and let T € L(E; E). If for every u € C°(R"; E) such that
T o A(D)u = 0 we have

I D* Y| pjin-ry < CIA(D)u| 11

then

(1 A®I[VINkerT = {0}.

§€RM\{0}

Proof. Following the proof of Proposition 5.5, one chooses e € mgeRn\{O} AGIVIN
ker T' and one checks that by construction of u;, T o A(D)u; = 0. ]

7.6. An example of partially canceling operator

We consider the Hodge—Sobolev inequality in the case that was not treated corresponding
to (1.4)

Proposition 7.8. Let n > 2 and A(D) = (d, d*) be the homogeneous linear differential
operator of order 1 on R" from /\1 R" to /\2 R" x /\0 R" such that for every & € R" and
vE /\1 R",
AE)[v] = (6 Av, x(§ A *v)).
The operator A(D) is elliptic, and
M AGIA'R"T={0} x \R".

§€RM\{0}
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By Theorem 7.1, we have the inequality obtained by J. Bourgain and H. Brezis [8, Theo-
rem 2; 9, Corollary 12; 26, Main Theorem (b); 42, Theorem 1.1]: for every u € C°(R")
with d*u = 0,

lull prym-1 < Clidullp:.

If we use the quantitative version of Proposition 7.6, this gives

Corollary 7.9. For every u € C°(R"; /\1 R™),
Nl pnso-n < Cldullpr + lld*ullyi—1.0/m-1).

By the embedding of the real Hardy space #!'(R") in W—1%/"=D(R"), Corollary 7.9
also implies the estimate of L. Lanzani and E. Stein [26, Main Theorem (b)]

lull prso-n < Clldullpr + lld*ullgg).

8. Fractional and Lorentz estimates

8.1. Sobolev estimates in fractional and Lorentz spaces

If A(D) is a homogeneous linear differential operator of order k on R” from V to E, then
one has the inequality
1Dl gy < CIAD)ull 1.

This estimate can be improved in various fractional cases.

8.1.1. Sobolev-Slobodetskii spaces. In the case of fractional Sobolev—Slobodetskil
spaces, we have

Theorem 8.1. Letn > 1 and let A(D) be a homogeneous linear differential operator of
order k on R" from V to E and let s € (0, 1) and p € (1, 00) be such that 1/p —s/n =
1 — 1/n. The estimate

1Dl s < CIA(Dull s

holds for every u € C2°(R"; V) if and only if A(D) is elliptic and canceling.

Here, ||v]|yys,» is the homogeneous fractional Sobolev—Slobodetskii seminorm,

p lv(x) —v(IP
vl = /n/n P dydx.
The sufficiency part of Theorem 8.1 is not a consequence of Theorem 1.3.
Recall that the derivative operator is canceling if and only if n > 2 (Proposition 6.3).
This allows us to recover the classical result of [10, Appendix D; 32, Proposition 4]:

Corollary 8.2. Letn > 1,s € (0, 1) and p € (1,00) be suchthat1/p —s/n =1—1/n.
The estimate
lllyirs.p < CllDullp1

holds for every u € C°(R") if and only if n > 2.
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The sufficiency part of Corollary 8.2 also follows from the inequality
lullpyr = CllVull

forevery u € C2°(R") obtained in the more general context of anisotropic Sobolev spaces
[35, Theorem 2] by V. I. Kolyada [24, Theorem 4] or the estimate

1—

el gz < CUValy el ajiasy

il
obtained by A. Cohen, W. Dahmen, I. Daubechies and R. DeVore [15, Theorem 1.4]
(see also J. Bourgain, H. Brezis and P. Mironescu [10, Lemma D.2]) together with stan-
dard embeddings between Besov spaces and the identification of Besov spaces with
fractional Sobolev—Slobodetskii spaces [40, 2.3.2(5), 2.3.5(3) and 2.5.7(9)]. A counter-
example when n = 1 can be obtained by taking regularizations of a characteristic func-
tion [32].

8.1.2. Triebel-Lizorkin spaces. Theorem 1.3 also extends to Triebel-Lizorkin spaces, as
was already the case for the Hodge—Sobolev inequality (1.5) [46, Theorem 1]. In the scale
of Triebel-Lizorkin spaces, we have

Theorem 8.3. Let n > 1 and let A(D) be a homogeneous linear differential operator
of order k on R" from V to E, lets € (k —n/(n — 1), k) and p € (1, 00) be such that
1/p—s/n=1—k/n,andlet q € (0, 00]. The estimate

Iy, < ClADull
holds for every u € CI°(R"; V) if and only if A(D) is elliptic and canceling.

We need the restriction s > k — n/(n — 1) to prove ellipticity. As discussed at the end of
Section 5.1, the theorem fails for s < k — 2. This raises the problem

Open Problem 8.1. Letn > 3. Does Theorem 8.3 fail fors € (k — 2,k —n/(n — 1)]?

8.1.3. Besov spaces. The extension of the Hodge—Sobolev inequality in Besov spaces
[28, Proposition 1; 46, Theorem 1] to homogeneous linear differential operators is

Theorem 8.4. Let n > 1 and let A(D) be a homogeneous linear differential operator
of order k on R" from V to E, lets € (k —n/(n — 1), k) and p € (1, 00) be such that
I/p—s/n=1—k/n,andlet q € (1, 0). The estimate

g = CIAMDul
holds for every u € CZ°(R"; V) if and only if A(D) is elliptic and canceling.

In the case g = oo, ellipticity alone is necessary and sufficient (see Proposition 8.22).
When g = 1, ellipticity and cancellation are necessary, but as for the Hodge—Sobolev
estimate [46, Open Problem 1] we do not know whether they are sufficient:
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Open Problem 8.2. Let k > n and A(D) be a homogeneous linear differential operator
of order k on R" from V to E. Assume that A(D) is elliptic and canceling and that
s € (k—n,n)and p € (1, 00) satisfy 1/p — s/n = 1 — k/n. Does one have, for every
ueCIR,;V),

Il gy, < CHADul11?

The answer is positive in the scalar case V = R [24, Corollary 1]. The question is
already open for the Hodge—Sobolev inequality [46, Open Problem 1].

8.1.4. Lorentz spaces. Finally, in the framework of Lorentz spaces, we have, as for the
Hodge—Sobolev estimate [46, Theorem 3]:

Theorem 8.5. Letn > 2 and let A(D) be a homogeneous linear differential operator of
degree k on R" from V to E and let q € (1, 00). The estimate

1D ]l g < CILAD)ull
holds for every u € C2°(R"; V) if and only if A(D) is elliptic and canceling.

Again, when g = oo, ellipticity alone is necessary and sufficient (see Proposition 8.24). If
q = 1, ellipticity and cancellation are necessary, but as for the Hodge—Sobolev estimate
[46, Open Problem 2] we could not determine whether they are sufficient:

Open Problem 8.3. Let k > n and A(D) be a homogeneous linear differential operator
of order k on R” from V to E. Assume that A(D) is elliptic and canceling. Does one
have, for every u € C°(R"; V),

I DX~ )| fwjw-11 < C|A(D)u| 12

This property is true when one considers the gradient in Sobolev spaces for Lorentz
spaces [4,39].
Since
1D ullioe < Cllhp—as) s

ey

5). n—(k—s)),1

and
1D " ullzoe < Cllln—ge—o) | priao.00 I D ull prn-e-en.1,
where I, is the Riesz potential of order « € (0, n) defined for x € R" \ {0} by
72T (/2)
C((n —a)/2)|x|"~

Iy(x) =

a positive answer to either Open Problem 8.2 or Open Problem 8.3 would imply the
estimate

DX oo < ClA(D)ul| 1.

This motivates
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Open Problem 8.4. Let k > n and A(D) be a homogeneous differential operator of
order k on R" from V to E. Assume that A(D) is elliptic and canceling. Does one have,
forevery u € C°(R"; V),

ID*"ul| e < CA(DYU 11? 8.1)
The answer is positive in the scalar case: for every u € C°(R"),
lullze < IID"ullpr.
A nontrivial vector example is given by the estimate
[VullLee < CIIAVuU] L1 (8.2)

for every u € C° (R?). This estimate was obtained by J. Bourgain and H. Brezis [8, Re-
mark 5; 9, Theorem 3] (see also [11, Theorem 2.1; 44, Corollary 4.9]). For an alternative
proof, note that

32 —07 2319

Vu = (Vdiv)A™2(AVu) =
(VA )<23182 33 — 0f

) A2 (AVu). (8.3)

If G denotes the fundamental solution of A% in RZ, P. Mironescu has shown that
312G — 822 G and 010G are bounded [27, Proposition 1]. The estimate (8.2) then follows.
More generally, if n is even, one has

Vu = (Vdiv) A~ 1 (A2 vy) = (nV div —A) A2 LA 2vy).

n—1

If G denotes the Green function of A"/2+1 on R”, then nD?*G — AGid € L® [27,
Proposition 3], and therefore

lullgoe < CIA™*Vul 1.

Also note that as noticed in Remark 5.1, canceling is not necessary for (8.1).

8.2. L' estimates and cocanceling operators

In order to prove the fractional and Lorentz space estimates, we first extend the results of
Section 2 concerning cocanceling operators:

Proposition 8.6. Let L(D) be a homogeneous differential operator from E to F, and let
s € (0,1)and p € (1, 00) be such that sp = n. If L(D) is cocanceling, f € L'(R"; E)
and L(D) f = 0 in the sense of distributions, then for every ¢ € C°(R"; E),

A Foo=Clfliplielysp-



912 Jean Van Schaftingen

Proof. The proof is similar to the proof of Proposition 2.3, it relies on the counterpart of
Proposition 2.4 for fractional Sobolev—Slobodetskii spaces [45, (4)]. O

The cocancellation condition is here necessary (see the proof of Proposition 2.2).

One can also use the same kind of argument to obtain a counterpart of Proposition 2.4
for Triebel-Lizorkin spaces [46, proof of Proposition 2.1]. This shows that in the state-
ment of Proposition 8.6 one can replace W*?(R"; E) by F 5.q R E) forevery g = 1.
This can also be deduced from Proposition 8.6 by standard embeddmgs between frac-
tional spaces [40, Theorem 2.7.1 and §5.2.5]:

Proposition 8.7. Let L(D) be a homogeneous differential operator from E to F, let
s € (0,1) and p € (1,00) be such that sp = n, and let q € [1, 00]. If L(D) is co-
canceling, f € L'(R"; E) and L(D) f = 0 in the sense of distributions, then for every
¢ € C*(R"; E),

f.ﬁwSCWhWMh.
Rn P.a

The cocancellation condition is still necessary for Triebel-Lizorkin spaces.
For Besov spaces, one has

Proposition 8.8. Let L(D) be a homogeneous differential operator on R" from EtoF,
lets € (0,1) and p € (1, 00) be such that sp = n, and let g € (1, 00]. If L(D) is
cocanceling, f € L'(R"; E) and L(D) f = 0 in the sense of distributions, then for every
¢ € CX([R"; E),

/ fro=Clfliglelgs -
R p-q

This can be deduced from Proposition 8.6 or from Proposition 8.7. The case ¢ = 1 is a
consequence of the estimate

lgllze < Cliglg .

the cocancellation condition is not necessary in this case (see Proposition 8.17). In the
other cases, it is necessary.

The case ¢ = oo is open. The current arguments fail in this case because Proposi-
tion 2.4 relies on a Fubini-type property that is only present in Triebel-Lizorkin spaces.
Proposition 2.4 can thus only be proved in those spaces; the Nikol’skif spaces B, ., do
not embed in this scale of spaces.

We remark that a counterexample cannot be constructed by taking for ¢ a regulariza-
tion of x € R" +— log |x]|:

Proposition 8.9. Let L(D) be a homogeneous differential operator of order k on R"
from E to F. If L(D) is cocanceling, f € L'(R"; E) and L(D)f = 0 in the sense of
distributions, then for every ¢ € C°(R"; E),

AH‘wSWﬂME:wMMHy(M

1)66 n
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Proof. We extend the argument proposed in the case where L(D) is the divergence oper-
ator [44, Proposition 4.3]. Let K, be given by Lemma 2.5 and define P : R" — L(E; F)

for x € R" by
x* .
P(.X') = E JKO[

aeN"
lo]=k

One has in view of (2.1), for every x € R”,

worpm=Y T ek =i
5 Ol! o o °
fol=+

Therefore, since L(D)f =0,
/R fe =/R [ (L(D)*P)lg] =/R [+ ((L(D)*P)[p] — L(D)*(P[g)).

One concludes by noting that for every x € R”,

k
[(L(D)* PY)[p@)] — (L(DY*(PLpD) ()] < € Y Ix || Dl (). o
=1

The estimate of Proposition 2.3 becomes, in the framework of Lorentz spaces,

Proposition 8.10. Let L(D) be a homogeneous differential operator from E to F and
q € [1,00). If L(D) is cocanceling, f € LYR"; E) and L(D)f = 0 in the sense of
distributions, then for every ¢ € C°(R"; E),

/R f -9 =ClflipIDellLra.

Again the cocancellation condition is necessary if ¢ > 1 and the case ¢ = 0o is open.

8.3. Proofs of the Sobolev estimates

The proof of the Sobolev estimates in the fractional and Lorentz spaces can be done as
in Section 4. First one notes that the results in Section 4.1 extend to fractional Sobolev—
Slobodetskil spaces, Triebel-Lizorkin, Besov and Lorentz—Sobolev spaces by standard
multiplier theorems adapted to these spaces [40, Theorem 2.3.7].

Our previous approach extends to fractional Sobolev—Slobodetskii spaces: by us-
ing Proposition 8.6 instead of (1.4) and the counterpart of Proposition 4.1 in fractional
Sobolev—Slobodetskii spaces, we obtain the sufficiency part of Theorem 8.1:

Proposition 8.11. Let A(D) be a homogeneous linear differential operator of order k
onR" fromV to E and lets € (0, 1) and p € (1, 00) be suchthat 1/p —s/n=1—1/n.
If A(D) is elliptic and canceling, then for everyu € C°(R"; V),

1Dl gipsp < CILA(DY 11
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Similarly, in Triebel-Lizorkin spaces, one has the sufficiency part of Theorem 8.3:

Proposition 8.12. Let A(D) be a homogeneous linear differential operator of order k
onR" fromV to E, lets € (k—n, k) and p € (1, 00) be suchthat1/p—s/n=1—k/n,
and let q € [1, oo]. If A(D) is elliptic and canceling, then for every u € C°(R"; V),

lullgy, < CIAMDul 1.

Proof. For q > 1, the proof goes as the proof of Proposition 4.6, using Proposition 8.7
instead of Theorem 1.4 and the counterpart of Proposition 4.1 in Triebel-Lizorkin spaces.
One can then treat the case g € (0, 1] by embeddings between Triebel-Lizorkin spaces
[31, Proposition 2.2.3; 40, Theorem 2.7.1]: if t € (s,n) and r € (1, co) are such that
1/r —u/n=1—k/nand u € (0, oo], then

ullps < Cllullpe - O
lullgy, < Cllullgy,
In the case of the Besov spaces, one has the sufficiency part of Theorem 8.4:

Proposition 8.13. Let A(D) be a homogeneous linear differential operator of order k
onR" fromV to E, lets € (k—n, k) and p € (1, 00) be suchthat1/p—s/n=1—k/n,
and let q € (1, oo]. If A(D) is elliptic and canceling, then for every u € C°(R"; V),

gy, = IADull.

When g = oo, the ellipticity alone is sufficient (Proposition 8.22). The proof is similar to
the proof of Proposition 8.12, except that the counterpart of (8.3) only holds if u < q.
Finally, in Lorentz spaces we have

Proposition 8.14. Let A(D) be a homogeneous linear differential operator of degree k
onR" from V to E and let g € (1, 00). If A(D) is elliptic and canceling, then for every
ueCPR,V),

k-1
D" ull pn/m-1.q < [|A(D)ulp1.

8.4. Necessity of ellipticity

The proof of Proposition 5.1 applies to fractional spaces and yields

Proposition 8.15. Let A(D) be a homogeneous differential operator on R" of order k
fromV to E. Lets € (k —n/(n—1),k), p>1and q > 1 be such that 1/q — s/n =
1/p —k/n. If for everyu € C°(R"; V),

lllyps.qg < CIIA(D)ullLr,

then A(D) is elliptic.
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For s € [k—1, k), this is a consequence of Corollary 5.2 by classical embedding theorems
for fractional Sobolev—Slobodetskii spaces [1, Theorem 7.57].

Proof. One begins as in the proof of Proposition 5.1. One then notes that

s = CA" 1ol + 071, o
In Triebel-Lizorkin spaces, one has
Proposition 8.16. Let A(D) be a homogeneous differential operator on R" of order k
fromV to E. Let s € (k —n/(n—1),k), p > 1, r > 0and q > 1 be such that
/g —s/n=1/p —k/n. If for everyu € C[R"; V),

lullfs = CIAD)ullLr,
then A(D) is elliptic.
Proposition 8.16 can be obtained either by a direct proof or by deduction from Proposi-
tion 8.15 by standard embedding theorems and the characterization of fractional Sobolev—
Slobodetskil spaces as Triebel-Lizorkin spaces [40, Theorems 2.5.7 and 2.7.1].
For Besov spaces we have
Proposition 8.17. Let A(D) be a homogeneous differential operator on R" of order k
fromV to E. Let s € (k —n/(n—1),k), p > 1, r > 0and g > 1 be such that
1/qg —s/n=1/p —k/n. If for everyu € C°(R"; V),
lullgy = CIAD)u e,

then A(D) is elliptic.
Proposition 8.17 cannot be deduced from Proposition 5.1. Such an argument would in
fact impose the additional restriction that » < ¢, which does not appear with the direct
argument.

Finally, for Lorentz spaces, one has

Proposition 8.18. Let A(D) be a homogeneous differential operator on R" of order k
fromV to E. Letq > 1 be suchthat1/q—s/n = 1/p—k/n.If for everyu € CX(R"; V),

I D*Yu|| Lar < ClIA(D)ul|Lr,
then A(D) is elliptic.

When r < g, this is an immediate consequence of Proposition 5.1. When r > ¢, the proof
of Proposition 5.1 applies and gives the conclusion.
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8.5. Necessity of cancellation

Concerning fractional spaces, the proof of Proposition 5.5 allows one to prove

Proposition 8.19. Let A(D) be an elliptic homogeneous linear differential operator of
orderk on R" fromV to E, and lets € (0,1), p > 1land ¢ € {1, ...,n — 1} be such that
t>n—kand1l/p—(+s)/n=1—1/nlIf foreveryu € C°(R"; V),

ID Ul s < IA(DYU]| 11,

then A(D) is canceling.

Proof. One proceeds as in the proof of Proposition 5.5, using the fact that if (5.6) is
satisfied, then u® does not have finite fractional Sobolev—Slobodetskii norm, and apply-
ing the Fatou property in fractional Sobolev—Slobodetskii spaces: if 0%u; — u® almost
everywhere as A — oo, then

/ / Iu“(X)—u“(y)Idxdy<hmmf/ / ux(X)—a"ux(y)ldxdy' -

|X _ |n+3p |X _ y|n+xp

Proposition 8.20. Let A(D) be an elliptic homogeneous linear differential operator of
order k on R" from V to E, let p € (1,00) and s € (k —n, k) be such that 1/p —s/n =
1 —k/n, and let q € (0, 00]. If for everyu € C°(R"; V),

gy, = CIAMDul L,
then A(D) is canceling.

When s > 0, this is a consequence of Proposition 8.19, classical embeddings between
Triebel-Lizorkin spaces [40, Theorem 2.7.1] and the equivalence between fractional
Sobolev—Slobodetskii spaces and Triebel-Lizorkin spaces [40, Theorem 2.5.7].

Proof of Proposition 8.20. Follow the proof of Proposition 5.5 till (5.6) with (—A)*/u
instead of 0%u. Define
u(x) = lim (—A)?u, (x).
A—>00

One has in place of (5.6), for each x € R" \ {0} and ¢ € (0, 00),
u’ (x)

s _
u(tx) = prarar

8.4)
Therefore, u® ¢ Fl(,)’q(R”; V) if and only if #* # 0 [31, Lemma 2.3.1/1].

Since
C

—A)/2 - -
(=AY uy, < =GR

one has (—A)*/%u; — u* as A — oo in L} (R"; V). By the Fatou property for Triebel-
Lizorkin spaces [19] (see also [31, Proposition 2.1.3/2]), |lus|lzs is not bounded as
p.q

A — 00. One concludes as in the proof of Proposition 5.5. O

Similarly, in Besov spaces one can prove
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Proposition 8.21. Let A(D) be an elliptic homogeneous linear differential operator of
order k on R" from V to E, let p € (1, 00) and s € (k — n, k) be such that 1/p — s/n =
1 —k/n, and let g € (0, 00). If for every u € C2°(R*; V),

lllg < CIAMDullL,
then A(D) is canceling.

The restriction ¢ < oo comes from the fact that (8.4) is not incompatible with u, €
B;’ oo(R"; V). This restriction is essential, as shown by

Proposition 8.22. Let A(D) be an elliptic linear homogeneous differential operator of
orderk onR" from'V to E and let s € (k—n, k) and p € [1, 00) be suchthat 1/p—s/n =
1 —k/n. Foreveryu € CX(R"; V),

lullgs ., = ClAD)ullL
Proof. Let G : R" \ {0} — L(E; V) be such that for every & € R" \ {0},

GE) = [EIF(A®) 0 AE) ™" 0 A*(&).

Since G is homogeqeous of degree —(k — s), G is homogeneous of degree —(n — (k —s))
and therefore G € Bg’ oo R L(V; E)). Since ||-|| B oo is a norm, by convexity,

lullgy oo = G * (ADNlIgo = IGligo NADIull1- o

An alternative argument would be to use the estimate [31, Theorem 2.2.2; 34, Theo-
rem 3.1.1]

JADulgy = CIADull
together with the theory of Fourier multipliers on Besov spaces [31, Proposition 2.1.6/5;
40, Theorem 2.3.7] and embeddings between Besov spaces [31, Theorem 2.2.3; 40, The-

orem 2.7.1].
The argument of Proposition 5.5 still applies to Lorentz space estimates:

Proposition 8.23. Let A(D) be an elliptic homogeneous linear differential operator of
order k on R" from V to E and let q € [1, 00). If for everyu € C°(R"; V),

lull prrn-1.q < CIIA(D)ull 1,
then A(D) is canceling.

This only follows from Proposition 5.5 when ¢ < n/(n — 1). The proof is similar to that
of Proposition 8.21, using the Fatou property for Lorentz spaces, and the fact that for
q € [1, 00), there are no nonzero homogeneous functions.

Again the restriction ¢ < oo is optimal, as one has

Proposition 8.24. Let A(D) be a linear homogeneous elliptic operator of order k on R"
from V to E. For everyu € C°(R"; V),

1Dl gosa-voe < CIAD)ull 1.
Proof. The proof is similar to the proof of Proposition 8.22; an alternative proof would

start from a weak L! estimate for the elliptic operator together with Sobolev embeddings
in the framework of Marcinkiewicz spaces. O



918 Jean Van Schaftingen

9. Strong Bourgain—Brezis estimates

If A(D) is a linear homogeneous differential operator of order k£ on R", one has the
estimates

I D*= V) pjin—ry < CIIA(D)ull 1, 9.1
DX ul| sty < CIIAD)ulgip— 11 - 9.2)

In view of these estimates, one can wonder whether one can obtain a stronger statement
using a weaker norm || A(D)ull 11 yir—1m/0-1) -

J. Bourgain and H. Brezis [6, (8); 7, Lemma 1; 8, Remark 6; 9, Corollary 12] have
obtained such results for the gradient and the exterior derivative. Relying on their abstract
results, we prove a similar counterpart of Proposition 4.6 in which a weaker norm of
A(D)u is taken.

Theorem 9.1. Let A(D) be a linear homogeneous differential operator of order k on R"*
from V to E. If A(D) is elliptic and canceling, then for every u € C°(R"; V),

k-1
1D ull pr/o-1y < CIAD)ul 1y iy—tmsm— -

These estimates are not a consequence of (9.1) and (9.2). Indeed, from the defini-
tion of [[A(D)ull ;1 yy-1.0/a-1), there exists f € C°(R"; E) such that A(D)u — f €
W_l'”/(”_l)(R”; E) and

I flp + TAD)u = fllyy-1mm-n < 2[AD)ull L1y yir-1m/0-1) -

but nothing says that f can be written as f = A(D)w with w € CZ°(R"; V) with useful
estimates.

It is not known whether Theorem 9.1 holds in any other Sobolev space [9, Open
Problem 2], that is, whether, given s # 1 and p € (1, o0) suchthat1/p—s/n =1—k/n,
if A(D) is elliptic and canceling, one has for every u € C°(R"; V),

lellyps.r < CIAMD)ull L1 yyiri—s.p-

The main ingredient in the proof of Theorem 9.1 is the following variant of Theo-
rem 1.4:

Theorem 9.2. Let L(D) be a linear homogeneous differential operator of order k on R"
from E to F. If L(D) is cocanceling, then for every f € L'(R"; E), one has f €
W—Ln/=D(R": E) if and only if L(D)f € W='1=kn/=D(R1: F). Moreover, if f €
L'(R"; E) and L(D) f € W=1=kn/(=D(R": F) one has

I lir=1m@-n < CALF NI Lr 4+ ILD) fllyp-1-kn/@-1)-
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Proof. The proof follows the lines of the proof of Proposition 2.3; it relies on a strength-
ened version of Proposition 2.4 [45, Theorem 9]. O

Whereas the sufficiency part of Theorem 9.2 is much stronger than Theorem 1.4, its proof
relies on a difficult construction of J. Bourgain and H. Brezis [9] while Theorem 1.4
relies on Proposition 2.4 that is proved by elementary methods. As was mentioned for
Theorem 9.2, the result of J. Bourgain and H. Brezis has not been extended to other
critical Sobolev spaces.

We can now prove Theorem 9.1:

Proof of Theorem 9.1. The necessity part follows from Theorem 1.3.
For the sufficiency part, choose f € CS°(R") such that

I f e+ TADu = fllyy—1mm-n < 2[AD)ull L1y yir-1m/0-1) -

Let L(D) be the homogeneous differential operator of order ¢ given by Proposition 4.2.
Since A(D) is canceling, L(D) is cocanceling. In view of Theorem 9.2, since L(D) f =
L(D)(f — A(D)u),

1 lyir-1me-n < CAL g + ILD)(f — AD)w) |l yir-1-em/e-1))
<C'(Iflp + ILf = ADullyy-10/m-n).

Thus
TAD)ullyy-1n/m-1 < C"IADIull L1 44—t/ -

We conclude by Proposition 4.1 as in the proof of Theorem 1.3. O
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