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Existence of a W, '-solution for a semilinear Dirichlet
problem with very singular convection term

Lucio Boccardo

To Assunta (remembering the sharing “studio 107" years)

Abstract. In this paper we prove the existence in W(l)’l (not in BV ) of a solution (in a very
weak sense) for the boundary value problem (1.1).
1. Introduction

In this paper we prove the existence in W(l)’1 of a solution (in a very weak sense)
for the semilinear boundary value problem

{—diV(M(J;)Vu) + Auju| = —=div(u E(z)) + f(x) in Q, )

u=20 on ON.

Here we assume that
feL'(Q), AecRT (1.2)

and, on the singular convection term, that
2 N
Ee (L*(Q), (1.3)

where € is a bounded, open subset of RN, N > 2, and M : Q — RV is a matrix
such that (for o, 3 € RT)

algl’ < M(z)g€,  |M(z)| < B. (1.4)
Existence of distributional solutions for semilinear Dirichlet problems
we Wyl (Q): —div(M(z)Vu) + Aulu] ™ = —div(u E(z)) + f(z),
with f € L™(Q), m > 1, E € (LT(Q))N, r > 2, A > 1is studied in [§].

We point out that our assumptions (1.3), (1.2) on E, f are the minimal possi-
ble, so that even the existence of solutions in the sense of distributions can be lost
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and a very weak formulation (entropy solutions introduced in [7], following [5]) is
needed.

We draw attention to the fact that we will prove the existence of a solution
only belonging to the (nonreflexive) space W, () N L?(Q).

Nonlinear elliptic boundary value problems with W' (Q) solutions are studied
in several papers; only we recall [13] and [12], where a semilinear problem with
a WO1 1(Q) N L2(Q) solution is studied, with assumptions on the principal part of
the operator similar to the ones of the paper [1] by Porzio—Pozio (see also [11]).
Moreover radial examples show that the results of [13] and [12] are optimal.

2. Existence

2.1. Setting

We consider the following approximate Dirichlet problems

U, € Wy () : —div(M(2)Vuy,) + Ay |uy| = —diV(%) + fn, (2.1)
where
E(x) f(x)
E, = T 14 n = T 1
=y =Ly

Observe that

|Enl < Bl |fal < IfI

and
U
‘ < g -

.
1+%\un\

Note that a weak solution u,, exists thanks to Schauder fixed point theorem (see
also [8]), since, for every n € N, the nonlinear composition 1++Tun\ of the solution
u, is a bounded one. "

Moreover, since for every fixed n the function f,(z) and the vectorial field
E,(x) are bounded, every w,, is bounded thanks to Stampacchia’s boundedness

theorem (see [15]).

2.2. Estimates

The following lemma is an improvement of a lemma of [6].

Lemma 2.1. The sequence {u,} of the solutions of (2.1) satisfies the inequality

|Vu,|? 1 , 2 .
/ A2 = a2 \Bl"+ =~ Ifl, VkeR'. (2.2
(k<lunl} n {k<funl} {k<lunl}
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n E\T un
Proof. Take ( [n] ) ‘u—

1+ |up| T 14k , k € RT, as test function in (2.1). We

nl

/ M (x)Vuy, - Vu, 9 ( [t | k )
—Ara e T4 Un, ~TT%
(e<lunly (L4 [un|) (k< un|} Lt fun|  1+k

</ ol ey [ el
gre<tunly L plunl (U [un)? 0 Jip<ju,y 1+ [t

Since 1Lu"‘| <1 we have, using (1.4) and the fact that |f,| <|f],

[un

|vun|2 2 |u71| k
a s+ A u; -
(k<lunly (1 [unl) (k< |un|} Lt fun| 1+k
E||Vu,
</ Bl [Ve] [
tr<tunly L unl S p<iuny

so that (thanks to Young inequality),

/ |Vun|2 +A/ uz( |un| _ k )
h<funly (14 [un])? (h<unly N1 Afun] 14k

1 2
< BE+2 [
A" S (k< unl} @ J{k< unl}

have

and, dropping a positive term,
|V, |? 1 2
/ m < - |E|2 + = | f]-
{h<lunl) unl)* 7 0 Jik<junly @ Jik<unl}

Recall Stampacchia’s definition of truncate:
s, if Is| <k,
Tk(s) = S

The inequalities we will prove in the two lemmas below are improvements of results
of [6, 7].

Lemma 2.2. The sequence {u,} of the solutions of (2.1) satisfies the inequality

k2 2
[ vt <5 [ 1ERer2 (17, veerr. (2.3)
Q a® Jo @ Jo

Proof. Take Ty, (uy), k € RT, as test function in (2.1). We have, using the ellipticity
of the principal part and dropping a positive term,

o /Q VT ()| < /Q | B[V T ()] + k /Q ]
Sk/Q\EHVTk(un)|+k/Q|f|.
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Then the Young inequality yields (2.3). O

Lemma 2.3. The sequence {u,} of the solutions of (2.1) satisfies the inequality

L= [ (2.4)

Proof. Take Ty, (uy), h € R, as test function in (2.1). Again we have

2 2
o / VT ()2 + A / W2 T (un)] < / |E||VT, ()] + / .

Then the Young inequality yields

1
9/ |VTh<un>\2+A/ui\Th<un>|ghL/ |E\2+h/ 51,
2 Jo Q 2a Jq Q

Now we drop the first term and we have, dividing by h > 0,

af w2 i) e [ 187+ [ 111,

The Fatou lemma, as h — 0, yields (2.4). O

As a consequence of the estimate (2.4), we can state the following corollaries.

Corollary 2.4. Passing to a subsequence if mecessary, we may assume the se-
quence {u,} converges weakly in L*(Q) to some u.

Corollary 2.5. Thanks to the estimate (2.4) we have
cas{a € 2 Jun (@) > K} < 1 [ 1 (25)
meas{x sun(z < a5z ), M .

In the following lemma we prove an a priori bound (and more) in W' (Q) for
the sequence {uy}.

Lemma 2.6. The sequence {u,} of the solutions of (2.1) satisfies the inequality

1
1 2 2
[ vl s[ / (2|E2 T Iflﬂ
{k<|un|} {k<|un|} \& a

1
Mz + 5 1]

(2.6)

for any k € RT.
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Proof. We write

foo o= [ T (b
(k<lunl} {k<unl} L+ [tn]

and then we use the Holder inequality and the estimates (2.2), (2.4) so that
1
3

1 2 2 2 %
Vun| < | = B+~ /] (1 + [un)
{k<lunl} % Jik< unl} O J k< unl} Q

[/ (1|E2+ 2|f|)ﬂ||1| Ly ]é
~ (k<lunl} O[Q o L2(Q) A L' (Q)

Remark 2.7. Note the importance of the assumption A > 0: if A = 0 it is not
possible to prove the estimates (2.4) and (2.6), but only (2.2).

IN

A

O

As a consequence of the estimate (2.6), we can state the following corollaries.
Corollary 2.8. The sequence {u,} of the solutions of (2.1) is bounded in W, " ().
Proof. Take k =0 in (2.6). O

Remark 2.9. Rellich theorem implies the existence of a subsequence {u,,} such
that w,, converges strongly in L*(£2).

Thus it is possible to improve the statement of Corollary 2.4: passing to a
subsequence if necessary, we may assume the sequence {u,} converges weakly in
L?(Q) and strongly in L”(), 1 < p < 2, and a.e. to some u.

The next lemma improves the result of Corollary 2.8.

Lemma 2.10. The sequence {u,} of the solutions of (2.1) is weakly compact in

Wyl ().

Proof. We will use the Dunford-Pettis theorem. Let X be a measurable subset of
). Then we have (using the inequality (2.6))

X X {k<|unl}

, T 2 3
<ixi| [vnp| w5 [ Eea2 [ ]
Q O J{k<|un} X J{k< unl}

1
2

1
- [nlm(m . |f||L1<m]

B Lieeen2 [ o[ (2]
2| — k* -
<|x] [az Liee+r2 1]+ /{} Liere+ 2

- [nlnm( Lfloa ]
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Thus

1
1 2 2 1 3
li al < —|EP?+ = 1 -
mcasl(lg(l)_m/xwu | < [/{kSun} (a2| \ +a|f>} [|| ll20) + AHf||L1(Q) ,

where the right hand side is uniformly (with respect to n) small for k large, thanks
to the absolute continuity of the Lebesgue integral and to the inequality (2.5).
Thus we proved that

lim / |[Vu,| = 0, uniformly with respect to n.
X

meas(X)—0

O

Thus, at the present time, we proved the following convergence properties on
the sequence {u,, }:

U, converges weakly to u in VVOL1 (Q);
u,, converges weakly in L?*(Q), strongly in L, 1 < p <2, ae. tou; (2.7)
Ty (uy) converges weakly in Wy?(Q) to Ty (u), for every k € R¥;

where the last convergence is a consequence of the previous ones and of (2.3).

Remark 2.11. We point out that, in the weak formulation of (2.1),

/M(w)wnva/unmnw:/ V<p+/fn o (28)
Q Q 1+n n

V¢ € Lip(Q), thanks to (2.7), it is possible to pass to the limit in 3 of the 4 terms:
the only problematic term is the second one, since we did not prove the strong
convergence of the sequence {u,} in L?(12).

2.3. Entropy solutions

Since we are not able to pass to the limit (see to Remark 2.11) in

/unlun\% Ve € Lip(9),
Q

in order to give a meaning to the existence of solutions, we use the concept of
entropy solutions which has been used in [7] for problems with convection terms
and previously introduced in [5] to prove existence and uniqueness of solutions of
nonlinear Dirichlet problems with L' data.

Definition 2.12. The function u is an entropy solution of (1.1), if
uwe W), Te(u) € Wi (Q) :

/Q M(z)VuVTi[u — ¢ + A/ ulu| Ty [u — ] (2.9)

s/g E(@)VTilu— ¢ /f ) Telu — o]



Semilinear Dirichlet problem with singular convection term 221

for any k € Rt and ¢ € Wy*(2) N L=(Q).

Theorem 2.13. We assume (1.2), (1.3), (1.4). Then there exists u entropy solu-
tion of (1.1), in the sense of the above definition.

Proof. For k € RT and ¢ € Wy"*(Q) N L®(Q), we use (recall (2.3)) Tx[u, — @] as
test function in (2.1) and we have

Ti(un) € Wy (Q) :

/ M(x)vunVTk[un - ‘p] + A/ Un|un|Tk[un - 90]
Q Q

Uy,
/QHW”'E () VT [t /fn ) Tl — ]

for any k € Rt and ¢ € W, 2(Q) N L>(Q).
We write the equality as

_/Q M (2)VTi[un — ] VT [u, — @] + /Q M(z)VoVTi[u, — ¢]

A/Q{unlunl — ol } Tk [un — ] +A/ ole] Te[un — ¢

:/QH“M| L@ VT =)+ [ o) Telun =

(that is I; + -+ + Iy = I5 + Is) and we recall the convergences on E,, f, and
(2.7), which allow to pass to the limit in I, Iy, I5, Is. In particular, note that
VT [un — ] weakly converges in L? to VT [u—¢] and that, for k* = k+||¢[| L= (0),

Ty (u )
1+ £ uy|

Un

m En(2)VT[un — o] =

Is = B, (2)VTy[un — ¢l

so that we can pass to the limit thanks to the Lebesgue theorem. Note that we
can pass to the limit thanks to the weak lower semicontinuity and weak W, ()
convergence of T (uy,), in I7, and Fatou lemma, in I5. We obtain

/(zM(x)VTk[u—go]VTk[u—go]+/M(m)chVTk[u—go}
+A [ fulul = ole)Tilu— ¢+ A | olel Telu—¢]

g/ﬂﬂ E(2)VTilu — o] /f Tku— o)

and so, after simplifications, we prove (2.9). O

Open Problem 2.14. Recall we proved that Vu, u? and (uE) are summable
function. Then is it possible to say that u is a distributional solution? That is
u e Wyt (Q) N L2() is a solution of

/QM(I)VquoJrA/Qu2g0:/QuE(x)VgoJr/Qf(a:) o, V€ Lip(Q),
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(see also Remark 2.11).

3. Regularizing effect of the interplay between coefficients

In this section we consider the boundary value problem

—div(M (z)Vu) + a(z) ulu| = —div(u E(x)) + f(z) in Q, (3.1)
u=0 on 012, ’
where

ferL™),m>1, (3.2)
|E)? < Ra(z) € L*(Q), for some R € RT, (3.3)

and we define the following approximate Dirichlet problems

u, € Wy () :

(3.4)

— div(M(z)Vuy,) + a(x)u,|u,| = —div(uln En) + fns
1 + E|u”|

The fact that the coefficient a(z) belongs to L(£2) does not change too much the
framework with respect to the boundary value problem (2.1) (see also [14]); that
is, for every n € N, there exists a bounded weak solution wu,,.

The main feature of this section is the inequality |E|*> < Ra(x), supposed in
(3.3) (interplay between coefficients), which produces a regularizing effect on the
solutions. The regularizing effect of the interplay between coefficients in nonlinear
Dirichlet problems is studied in [2, 3, 4]; in particular, interplay between coefficients
in Dirichlet problems with convection terms or drift terms is considered in [9, 10].

With the same proof of Lemma 2.3 it is possible to prove the following lemma.

Lemma 3.1. The sequence {u,} of the solutions of (3.4) satisfies the inequality

[a@z< [ 1n (3.5)

Lemma 3.2. We assume (1.4), (3.2) with m > %, (3.3). Then the sequence

{un} of the solutions of (3.4) satisfies the estimates

{un} is bounded in W, *(Q);

3.6
{a(z)|un|?} is bounded in L* (). (3.6)

Proof. We use u,, as test function in the weak formulation of (3.4) and we have,



Semilinear Dirichlet problem with singular convection term 223

thanks to the Young inequality and (3.5),

o |Vun|2+/a<x>|un|3s/ |un|\E||Vun|+/ |l
Q Q Q Q

@ 1

- v 2 = 2 E2 /

2/Q| ] +2a/gun\ B [ 15l
o / Vun? + 2 / a(e)d + / | Fllun]
2 Q 2(1 O n Q

@ 2, B
5 [ vl + g 171+ [ £,

o 9 3 R
S [ vul+ [ a@lu <5t [ 101+ [ i, (37)

that is, a standard estimate for semilinear problems.
Thus, dropping the second (positive) integral, we deduce the first estimate in

IA

IN

IN

which implies

(3.6).
Then, in (3.7), dropping the first (positive) integral, thanks to the first estimate
in (3.6) (just proved), we deduce the second estimate in (3.6). O

Now, thanks to the assumption (3.3), it is possible to strongly improve the
existence result of Theorem 2.13. Indeed we will prove the existence of finite
energy solutions.

Theorem 3.3. We assume (1.4), (3.2), (3.3). Then there ezists a weak solution
u of the boundary value (3.1); that is a function u such that

ue Wy (Q), alz)u? € L) :

/QM(:L‘)VUV(,DwL/Qa(x)uM\(p:/QUEVL,OJr/Qng
for any o € Wy () N L>®().

(3.8)

Proof. As a consequence of the first statement in (3.6), passing to a subsequence
. . 1,2

if necessary, we may assume the sequence {u,} converges weakly in W;""(2) and
a.e. to some u. Moreover, the second statement in (3.6) yields the strong con-
vergence of a(z)u,|u,| in L*(2), thanks to the Vitali theorem. Indeed, since
a(x)u,|u,| converges a.e., we only need to prove the equi-integrability of the se-
quence {a(x)uy,|uy|}: let X be a measurable subset of 2 and k € R*, we have

[ ta@ <# [ a@+ [ a@l

C
lim / la(z)u?| < =L, VkeRY,
X k

meas(X)—0

Thus
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that is

lim / la(x)u?| = 0, uniformly with respect to n.
meas(X)—0 J x

Moreover the inequality

—— B, | < Va(z)|u,| ——
1 1IE? 1 1
<= 2y < 2, =
< GOl + 5 oo < ol + 5 R

and the strong convergence of a(x)uy,|u,| in L'(Q), thanks to the Vitali theorem,
yield to the convergence of it Ey, in LY(Q).
Thus it is possible to pass to the limit in the weak formulation of (3.4) and we

obtain (3.8). O
3.1. A second interplay
Now, briefly, we consider a second interplay: instead of (3.3), we assume

|f(2)] < Qa(zx) € L*(Q), for some Q € RT, (3.9)
and we study the behaviour of the sequence {u,}.

Lemma 3.4. Under the assumptions (1.4), (3.2), with m = 1, E € (L"(Q))",
with r > N, (3.9), the sequence {u,} is bounded in L™ ().

[t | E T u,
T+ ug|  1+k/) Junl’
use the assumption (3.9) and we have

a/ |V, |? +/ a(m)ug( lun|  k )

th<tunly LH lunl)?  Je<iunn BN (A B T

< |un| E V| Qa(z) |un| _ k

- 141 [Enl 1 2t 1 1 1+k
<t} 1+ £lunl (L + [un)?  Jip<junnp 1+ 2Qa(x) \ 1+ |un| 1+

- |V, [* / 2 / ( |t k )
<3 — 5 T E|” + Qalx -—).
2 /{ksw} (1 + [unl)? {k§|un\}| | (k< lunl} O\ T+ ] TR

Note that we work with k& > /@, so that 42 > @ in the subset {|u,| > k}. Then
the above inequalities yield, dropping a positive contribution,

2
2 Jp<tunly A+ [ual)® = Jip<iunn

Here the Stampacchia theorem on log(1l + |uy,|), thanks to the assumption
E e (LT(Q))N7 with » > N, gives the boundedness in L*°(£2) of the sequence
{log(1 + |uy|)}; that is the boundedness of the sequence {u,,}. O

Proof. Take ( k > \/Q, as test function in (3.4). We
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Thanks to the a priori bound of the previous lemma, it is easy to prove that
the sequence {uy,} is also bounded in W,?(Q2).

Thus it is not difficult to pass to the limit in (3.4) and to prove the following
theorem.

Theorem 3.5. Under the assumptions (1.4), (3.2), with m =1, E € (LT(Q))N,
with 1 > N, (3.9), there exists a bounded weak solution of the boundary value
problem (3.1), that is a function u such that

we Wy (Q)NnLe(Q) :
/QM(Q:)Vquo—i—/Qa(x)uM(p:/QUEV@'i‘/QfSD

for any o € Wy () N L>®().

(3.10)
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