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1 Introduction

The 19" Hilbert problem [13] concerns the analyticity of the solutions of regular problems in the
calculus of variations. The attempt to prove such a problem pushed many mathematicians to prove
regularity results for elliptic and parabolic linear equations. Among them, let us quote the seminal
contributions by Schauder [20, 21|, who proved Holder regularity for solutions to equations with
Holder continuous coefficients, and the seminal works of Calderén and Zygmund |2, 3|, who proved
LP-regularity for solutions to equations with continuous coefficients by using the singular kernel
approach. This technique based on the potentials was adopted by Nash [19] to complete the proof of
the 19" Hilbert problem. More specifically, he proved that weak solutions to elliptic and parabolic
equations with L> coefficients are Holder continuous. One year before, De Giorgi in [9] solved
the same problem using a completely different and totally new method based on some variational
embeddings.

The two approaches are totally different. De Giorgi’s approach was extended by Ladyzenskaja,
Solonnikov and Ural’ceva in [16] to the parabolic case and by Di Benedetto to the nonlinear case (see,
for instance, [11]). A similar approach holds also in the case of nonvariational operators as proved by
Krylov and Safonov [15]. The singular kernel approach is not so flexible as the variational approach.
For its application to the nonlinear case we cite the fundamental work of Iwaniec [14], which could be
considered as the starting point of nonlinear Calderén-Zygmund theory, [18] and references therein.
Moreover, as showed by De Giorgi’s counterexample [10], general regularity results for systems are
not valid (with the exception of the case N = 2).

After De Giorgi’s breakthrough, the natural question was whether these new techniques could
be adapted to retrieve results from Schauder and Calderéon-Zygmund results, namely whether the
variational technique of De Giorgi, originally conceived for equations with L> coefficients, could be
extended to a broader theory which could also include variational and non-variational operators of
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generic order 2m and systems of equations with smooth coefficients. Thanks to an intuition due to
De Giorgi, this goal was achieved by Campanato. He first introduced suitable function spaces and
thanks to their embedding properties he was able to prove Schauder regularity estimates for local
solutions to homogeneous equations with Holder continuous coefficients.

The use of the variational approach to prove LP-regularity is less straightforward. This point was
(partially) solved by Campanato and Stampacchia |7]. The strategy is the following: first one proves
regularity results in the spaces L? and BMO (refer to [4]), then the LP-regularity is proved by making
use of the Stampacchia interpolation theorem (as introduced in [22, 23], see also [5]). The theory was
then extended by Campanato [6] to the case m, N > 1. The problem was that the BMO regularity
requires that the coefficients are not merely continuous (using De Giorgi’s techniques requires the
Holder continuity of the coefficients). So, the use of BMO regularity in proving LP-regularity has
as a natural consequence an unnecessary extra regularity assumption on the coefficients, that are
assumed to be Holder continuous instead of merely continuous.

In this short note we prove that the De Giorgi approach works in LP with the right regularity of
the coefficients, i.e that Campanato’s assumptions can be weakened to just continuous coefficients,
recovering in this way the LP-theory obtained by Calderén and Zygmund by means of singular
integrals. Such a result is implicitly proved in other papers (the first one was [§]), but to our
knowledge, it was never explicitly stated. Hence, the novelty of this work lies in the fact that we are
able to show that Campanato-De Giorgi’s approach is equivalent to the one of Calderon-Zygmund. In
particular, exploiting the old and original Campanato variational technique developed in the sixties,
we prove the same result obtained with the singular integral approach. For more recent techniques
concerning regularity in LP spaces, we refer the reader to [11, 12, 18| and the references therein.

The result we prove here has the same field of application as Campanato’s techniques, i.e. it is
valid for systems, for elliptic and parabolic operators of order 2m, for variational, nonvariational and
ultraweak solutions (for the definition of ultraweak solution see, for instance, [24]). For the sake of
simplicity, here we consider only the case of elliptic equations in variational form of order 2 reduced
to the principal part, but, as already stated, this approach works in general.

Let N € N and € be an open bounded subset of RY. By LP(£2) we denote the standard Lebesgue
space of p-integrable real-valued functions on , and by W#?(Q2) we denote the standard Sobolev
space of functions in LP()) with weak derivatives up to the order k in LP(£2).

We consider linear elliptic equations reduced to the principal part, namely of the form

—ZD (ai;Dju) = ZDfZJrfD (1.1)

i,j=1

Here a;;(+) are assumed to be bounded and continuous functions in 2 satisfying the ellipticity con-
dition, namely that there exists v > 0 such that

N N
Y a&g vy P (1.2)
i,j=1 i=1

for all z € Q and £ € RY. We will say that u € W2(Q) is a variational solution in Q to (1.1) if

/ Z a;;Dju D;¢ da = / Zfz D¢ + fod)d Vo € WP (Q),

3,j=1

where F:= — 3> D, f; + fo belongs to W~12(Q2) . This means that f; € L>(Q) for eachi = 1,..., N

and fy € L9(Q) where ¢ is the maximum between 1 and 2 = ]\QI—JL
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Given p > 1 and F := —Zﬁil D;fi; + fo, where f; € LP(Q) for all i = 1,..., N and f, € LY(Q),

with ¢ the maximum between 1 and p = N—fp, we define

N
IE lw-rn = I follzaey + Y I fillne-
i=1

The main result of this paper is the following:

Theorem 1.1. Fiz 2 < p < co. Let u € WEP(Q) be a local variational solution to (1.1) with
F e W=Y2(Q) Then for any compact set K C § the following inequality

I1Dull o) < C (1F w12 + l[ull o) (1.3)

holds. Here C is a positive constant that depends on dist(K,00),p, N, v, ||aij||«, the modulus of
continuity w of the functions a;; and the Lebesgue measure of the set (2.

We recall that Theorem 1.1 is proved in [7] under the assumption of Hélder continuity of the
coefficients. Hence, in this note we will assume that (1.3) holds in the case of constant coefficients.

In the sequel, as usual, C' will denote a generic positive constant which may change from line to
line and also within the same line. We will explicitly write the dependence on the parameters when
needed. Moreover, by B,(r) we denote the ball of radius » > 0 centered at the point z.

2 Regularity results for continuous coefficients

Recall that the coefficients a;; are continuous in 2. In order to localize the solution u we will use
a Vitali covering of the compact set K C ). Hence, we assume that for every € > 0 there exists a
finite family of points {zy}r=1,. ,. C K such that

Kc U Bygl(e)

k=1,...,n¢
and
B, (26) N By, (2¢) = 0

except for a finite number mg of indices. Using the Vitali covering we introduce smooth cut-off
functions ), € Cg°(RY), k = 1,...,n. such that

1 in By, (),
ulw) = {o in By, (2)°.

We will use the functions 6y, in order to localize the solution u to the ball B,, (2¢).
Recall that the variational formulation of (1.1) reads as follows:

N N
/QzaiijuDiqsdxz/Q;fm@dw/gfmdx.

ij=1

For a general number r € (1,00), denote by r* := ]\’;—ZXT the corresponding critical Sobolev exponent.
Note that if we take u € W?(Q) (thus taking the test functions ¢ € W' (Q)), the minimal
requirement for F' so that the integrals above are well defined is that f; € LP(Q)) and f, € L1(Q)
with ¢ = ((p/)*) =p = ]\I;—JJ\F;, thanks to the Sobolev embedding (cf. [17, Theorem 12.4]). Note also
that ¢* = p.
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Proposition 2.1. Let u € WY(Q) be a variational solution to (1.1) with F € W=12(Q). Then, for
any compact K C ) the following estimate

|Dullf2y < € (IuliEaq@y + 111200
holds, where C' = C(dist(K,09Q),v, N, |laij|| L)) is independent of u € W2(Q).
Proof. Let k € {1,...,n.} be fixed. Using 03u € W(}’Q(Q) as test function, we have
/Z a; Dju D;(0u)dx = /Z a;; Dju (8xuD;by + 0, D;(Oyu)) dx.

Moreover, using the identity 6, D;u = D;(0yu) — uD;0) we get that

/ > " aiiDju D;i(0Fu)da
= / > " laiuDify (D;(ku) — uD;6k) + ai; Di(6xu) (D;(0hu) — uD;6y)] dz
_ / S au( D) Dy (Bye)d — / S e (D) (Dy0)
+ / > ai;D;i(04u) Dy (Oru)dx — / > aijuD;i(0xu) D0 da.
Hence
/Zaiij(Gku) D;(Oyu)dx = /ZaiijuDi(Qiu) — /Zaiju(Di0k>Dj(9kU)d$
+ /ZaijUQ(Diek)(Djek)dx + /ZaijuDi(eku)pje,c de =L+ L+ I+1. (21)

We note that
D(@iu) = (DO)(0ru) + 0, D(0u),

thus
IDO) 320 < € (I00ul32(0) + DO 32a)) - (2:2)

By definition of variational solution, and using the Peter-Paul inequality, we have that
L] = ' / (Z £iDi(02u) + fo(ezu)> da

< C (@ FIy-120p, ey + 102l
<C (IFIy-saqp,y o) + 1020l + £l DOFO )

< C (IF Iy sy o + 1l ) + 1D O )

where in the last inequality we have used (2.2). Again using the Peter-Paul inequality we also have
that

1121 < C ([0l oy + < DO 2y )

and a similar estimate holds for the term I,. Finally, it is readily seen that

[13] < CHU”%2(3%(25))~
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Therefore, from (2.1) and ellipticity assumption (1.2) we get

VHD(QRU)H%Q(Q) < ClHFle/I/*L?(BIk(Qa)) + C2HU||%2(B 2¢) T C35||D(9ku>”%2(9)-

Tk

Hence, taking ¢ > 0 small enough

HDUH;(B%(E)) < HD(QkU)H%?(Q) <C <HFHI2/V*1’2(BI,€(25)) + ’|U||%2(sz(zs))> .

Summing up over the elements of the Vitali covering we can conclude that
|Dul ey < mic € (IuliEagey + 1F Iy 120 )

which is the desired estimate. O

Remark 1. A careful inspection of the passages in the previous proof reveals that the final constant
C > 0 depends only on the ellipticity constant v, the dimension N, the L®-norm of the coefficients
a;; and the distance dist(K, 0Q2) of the compact set K from the boundary of €.

Recall that 2* = ]\2,—]_\[2 denotes the critical Sobolev exponent.

Proposition 2.2. Fir 2 <p < 2*if N > 2,2 <p < oo if N <2 Letu € W(Q) be a local
variational solution to (1.1) with F € W=1P(Q). Then for any compact set K C § the following
imequality

1Dull ey < C (I1F w10 + llullz2)) (2:3)

holds. Here C' is a positive constant that depends on dist(K,00),p, N, v, ||a;j|| and the modulus of
continuity w of the functions a;;.

Proof. We make use of the Vitali covering of the compact set K again. Note that here we assume
that

B,,(35) N B,,(3¢) =0
except for a finite number my of indices. Thus, fix k € {1,...,n.} and ¢ € WP () (note that

Oru € WP(Q)). Since by assumption u is a variational solution, taking ¢ € Wol’p,( ) as a test
function we have that

/ <Z fiDi(0ro) + fO(ekﬁb))dl’ = /Z a;; Dju D;i(0¢) du.

Moreover

/ > ;i Dju Dy(0r¢) da = / > " ayDju(Dib)d dw + / > aij(Dju)i(Dig) dx
= / > " ai;Dju(Dif)¢ dz + / > ai;D; () (D;) da — / > ai;(D;6r)u(D;¢) da.
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Therefore we have that
/ > ai;D;(0ku) Dy da
= / > ai;(Dju)Di(0¢)dz: — / > ai;Dju(Dif)¢ dx + / > aij(Dig)(D;0k)udx
= / > fiDi(0x0)dz + / fo(Oro)dx — / > " ai;Dju(Dib)¢ dz
- / > ai;(Dig)(D;by)u dx
- / 3 (fl- Dby —aij(DiQk)(Dju)>¢d:E+ / fobd dz
+ / >~ (fi6 + ay(Dib)u) Dig da.

Since this holds for every ¢ € I/VO1 P /(Q), the function f,u is a variational solution in € of the following
problem

N N
> " Di(aij(z)D;(0su)) = F =Y Difi + fo,
=1 i=1
where
~ N
for=fobu+ ) (fi D;y, — az‘j(Dz‘ek)(DjU)>
3,j=1
and

N
fi = flek + Z aij(D,-Hk)u, for every 1= 1, e N.
j=1

Since p < 2* it is not difficult to see that ¢ < 2. Moreover, note that if S C R has finite
Lebesgue measure |S| < oo, and 1 < r < ¢ then L'(S) C L"(S) and

Igllrs) < 1S llgllres) for all g € L(S).

From this observation we have that f, € LI(Q) since fo € L9(Q), f; € LP(Q), D;u € L, (Q), and
we have the following inequality

=1

N
[ follzay < C (Hfon(Bxk(za)) + > fillzas,, @) + HDUIIL%B%(%)))

N
<C (Hfo”Lq(Bwk(?a)) + ) fillzos., @ep + IIDUIILZ‘(sz(zs)))

=1

IN

C (HFHw—LP(sz(za)) + lullz2(s,, ) + HFHw—LQ(sz(sa)))

IN

C <HF||W—147(BZ,$(3E)> + !|U\|L2(sz(3e))) :

Observe that in the second-to-last passage in the above inequality we have made use of Proposition
2.1, which yields

|Dull 2,y @) < € (Il 2y o + 1F w123, 000 ) (2.4)
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Moreover, by the Sobolev embedding (cf. [17, Theorem 12.4|) and (2.4) we also get that

el o, 2o < Cllulwrage, @ < C (Nullzago, g + 1F w12, )

<C <||U|!L2(sz(3s)) + HFHW*LP(B%(SE))) : (2.5)

Therefore for every i = 1,..., N we have that f; € LP(2) since f; € LP(2) and u € L?, (), and the
following inequality

”fz”LP < C(|| fill o (Bx,,20)) T [ullLe((B., (20)) p) < C(HF”W—LP(B%(QE)) + HUHL2(B%(25))>

holds. By the above computations we get that

1B llw-1@) < C (IFllw-1opay ) + Iz, oo ) - (2.6)

Freezing the coefficients with respect to the point x, we obtain

Mz

(aw (1) D;(0u) ) F— Z D; ( a;j(xy) — a;j(x ))Dj(Qku)>. (2.7)

=1 1,j=1

Define G € W'?(Q) as the right-hand side of (2.7). Using the Campanato-Stampacchia estimate for
Holder continuous coefficients (refer to (4.1) in [7]), which in particular holds for constant coefficients,
and inequality (2.6), we obtain

IDO)llr(@) < CUGlIw-15(0) < C (I1F w1000 + w(22) 1 D(Bpr) | 1o(ey

< C (IF w10y 9 + 250y 09 + w0 DG 20001 )

Here w(-) denotes the modulus of continuity of the coefficients a;;. Taking ¢ > 0 small enough we
get

| Dul| Lo (B, ) < [1D(Orw)] @) < C <||F||LP(Bwk(3e)> + ||U||L2<sz(3€>)> :
Summing up over the elements of the Vitali covering we finally get
[1DullLr(ry < M C ([|Fllw-10() + [l 2(@)) »
which is the desired estimate. O

Remark 2. Upon careful inspection of the passages in the previous proof, one realizes that the
constant C' in (2.3) depends on the same parameters dist(/,0€), v, N, ||a;;|| () as in Proposition
2.1, and on the additional parameters p and w(-), the modulus of continuity in 2 of the coefficients
Q5.

Proof of Theorem 1.1. By Proposition 2.2 we obtain that
[1Dullzoqey < C (1Fllw-ro0) + o)

holds for 2 < p < 2*. Reproducing the same argument for 2* < p < 2** and so on, one can prove the
validity of (1.3) for any p € (2, +00). O
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Remark 3. By duality arguments, one also can prove similar estimates for any p € (1,2). Indeed, if
p>=2andp =p/(p—1) € (1,2) is the conjugate exponent of p, inequality (1.3) holds also replacing
p by p/, assuming additionally that F' € W~ (Q). Recall that

|Dul ey = sup / ZDug,das

gi€LP(Q)
supp g; CK
llgillLp () <1

where K CC Q. We fix (¢1,...,9n5) € LP(2) x --- x LP(2) such that ||g;| rr) < 1 and suppg; C K
for each 2 = 1,..., N. Consider the local variational solution w € VV1 (K) to the Dirichlet problem

in K associated with
—ZD (a;;Djw) = Zngz—G

1,j=1

(such a solution exists since by assumption the coefficients a;;(-) satisfy the ellipticity condition, thus
the operator associated with them is coercive, and one can apply Lax-Milgram theory). Since w
satisfies the Dirichlet boundary conditions, and (1.3) holds for p > 2, we have that

[1Dw|[zox) < CllGllw-10()
Using the fact that u is a variational solution to (1.1) we get that

/Z Dugzdx—/ZaﬂDwDudx—/ZfzDw dx—i—/fowdx

1,7=1

< Z 1ill 2o (1 | Diw | o ay + [ foll aay 10l o i)

N
<C <Z 1fill Lo ) + Hfolqum)) [1Dwll ey + ([ foll Loy llwll o ey
i=1

< Ol F |l -1 @l Dwl| Lo re)
< Ol Fllw-1v @ 1 Gllw—10()
< O F ly-10 0

where ¢ is such that ¢* = p’. Here we have first used the Sobolev embedding WP C LP", then the
Poincare inequality for functions in W, (cf. [1, Corollary 9.19]). Finally, taking the supremum with
respect to all g; € LP(2) such that ||g;|| < 1 and supp g; C K, we obtain

||Du||LP'(K) < CHFHW*LP’(Q)'
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