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Abstract. We study here some linear elliptic partial differential equations (with Dirichlet, Fourier
or mixed boundary conditions), to which convection terms (first order perturbations) are added that
entail the loss of the classical coercivity property. We prove the existence, uniqueness and regularity
results for the solutions to these problems.
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1. Introduction
1.1. NOTATION

Let © be a bounded domain in RY (N > 2) with a Lipschitz continuous boundary.
We denote by n the unit normal to €2 outward to 2 and by o the measure on 92.

x -y denotes the usual Euclidean scalar product of two vectors (x, y) € RY; ||
is the associated Euclidean norm.

When E is a measurable subset of RY, | E| denotes the Lebesgue measure of E.

For g € [1, o0], ¢’ denotes the conjugate exponent of ¢ (that is to say 1/g +
1/q' = 1). The space (L7(R2))" is endowed with the norm F | (Layy = IIFI|
|La(e); B(q, R) denotes the closed ball in (L7(2))N of center 0 and radius R.

If ' is a measurable subset of 0€2, Wll’q(Q) is the space of all functions in
W4(Q) (the usual Sobolev space) the trace of which is null on I'; it is endowed
with the same norm as W!4(Q), that is to say [lllwie@y = [vllzay + I V]
|La(2)- When ¢ = 2, we denote as usual W2 = H!.

We take, N, = N when N > 3, and, N, €]2, oo[ when N = 2.

1.2. THE EQUATIONS

The kinds of equations we will study are:

—div(AVU) — divivU) + bU = L in L,
U= Uy on Iy, (1)
AVU -n+ A +v-mU= Uy onl'y
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and
—div(ATVV) +v-VV + bV = £ in Q,
V= Vd on Fd, (2)
ATVV-H+AV=Vf oan

(where I'y and I'; are measurable subsets of €2, the union of which is 92 and
such that o (I'y NT'y) = 0).

In fact, we will only study the variational (or weak) formulations of these equa-
tions; using functions U and V the trace on 32 of which are Uy and V,, searching
for weak solutions of (1) or (2) comes down to searching for solutions of

u e Hlld(Q),
/AVu-Vgo+/uv-V(p+/bu<p+/ rugp do (3)
Q Q Q | ry
or
vE Hlld(Q),
/ATVU-V¢+/¢V-VU+/bv(p+/ Avp do 4)
Q Q Q ry

= (L, Ql’)(Hl @), HE (@) Vo € Hlld(Q)

(withu = U — U, v ="V — V and L which takes into account £ and U and U I
orVand 'V 1)

In order that all the terms in (3) and (4) be defined, the minimal hypotheses
on the data are, thanks to the Sobolev injections: A: 2 — My (R) is a matrix-
valued essentially bounded measurable function, b € L% (Q), A € LV~1(3Q) and
v e (LN(Q)V.

The classical framework of study for linear elliptic problems is the Lax—Milgram
Theorem, which demands the coercivity of the bilinear form appearing in (3) or (4),
i.e., additional hypotheses on the data.

The main coercivity hypothesis is on A, to ensure that the principal part of the
operator is elliptic (see hypothesis (9)).

In order that the lower order terms do not cause the loss of this coercivity, it
is usual to add then hypotheses on v, b, and A. For the pure Dirichlet condition
(I'y = 1), this can be

1
—Ediv(v) +b>c inD(Q),

with ¢ “small enough” in L 5 (€2) (in general, c is taken equal to 0) — note that this
condition adds hypothesis on the regularity of v (when this inequality is satisfied,
div(v) must be a Radon measure on £2).

In the case of Fourier or mixed boundary conditions, to clearly express these
additional hypotheses, we need more regularity on v (to give a sense to v - n).
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Moreover, in these cases, when we want to obtain regularity results, the mini-
mal regularity on v seemed to be the Lipschitz continuity (because of the many
integrations by parts we have then to do; see [6]).

Asking for the principal part (—div(AVu) or —div(ATVv)) to be coercive is
quite natural when we search for solutions in H (). One could wonder if the
additional hypotheses on the lower order terms div(vu) (or v - Vu), bu and Au are
really necessary; we will see below that we cannot avoid some hypotheses on the
zero-order terms bu and Au. Concerning the first-order terms, work has already
been done to get rid of the coercivity hypothesis on the convection term when it is
in conservative form.

In [3], the author proves an existence result and studies some qualitative prop-
erties for entropy solutions of

—div(a(x, u, Vu)) = f —div(F + ®(u)) in €, )
u=>0 on 0%2,

where div(a(x, u, Vu)) is a Leray-Lions operator in divergence form acting on
Wol’p(Q) (1-2/N<p<N),felL(Q),F ¢ (Ll’/(Q))N and @ is a continuous
function from R to R"; due to the lack of growth properties on @, it is crucial
in (5) to consider pure homogeneous Dirichlet boundary conditions and a ® not
depending on x € €2.

In [2], the authors study the existence and uniqueness of renormalized solutions
to

ru —div(a(x, Vu) + ©(x,u)) = f in €,
(a(x,Vu) + ®(x,u)) - n=0 onTly, (6)
u=20 on [y,

where A is a non-negative real number, div(a(x, Vu)) is a Leray—Lions operator
in divergence form — note the independence of a with respect to u — acting on
WLP(Q), f € L'(Q) and ® is a Caratheodory function with growth properties;
the problem is either pure Dirichlet (I'y = @) or mixed (I'y # ¥ but o (I'y) > 0).

We prove, in Section 2, the existence and uniqueness results for (3) and (4),
with no coercivity hypothesis on the convection term. These results are not con-
sequences of [3] or [2], because the natural space of entropy or renormalized
solutions is not the usual Sobolev space H Q).

In Section 3, we will see that the regularity results we already have in the co-
ercive case, where the right-hand side L is more regular (see [9] and [6]), are still
true with general convection terms. Under stronger hypotheses (v € (L= Q)N
and L € L*(R)), the existence and regularity results appear in [7].

We then briefly describe, in Section 4, how the regularity results of Section 3
can be transformed in the existence and uniqueness results with measures as data
(as in [9] or [6]).
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1.3. THE ZERO-ORDER TERMS

We cannot, in general, solve problems (3) and (4) for any b € L™/>(Q) and A €
LN~1(3Q). This is due to the existence of an eigenvalue for the Laplace operator.
Consider pure Dirichlet boundary conditions and take e an eigenvector of —A
on Hy (), that is to say, e € H, (£2)\{0} such that —Ae = le for [ € R (in fact,
we have then [ > 0).
Take now b € R and suppose there exists a solution u € HOl () of —Au + bu
= e; that is, for all ¢ € HOl (2),

/Vu-VqH—/bugo:/ego.
Q Q Q

With ¢ = e, we get

(l—l—b)/ue:/62.
Q Q

Since e # 0, this last equation cannot be satisfied for b = —I; thus, there is no
solution u € Hj () of —Au — lu = e.

The same kind of reasoning can be done in the mixed case, and this shows that
we cannot avoid additional hypotheses on b and A (i.e., we cannot only suppose
integrability hypotheses on these data).

In (3), we have considered convection terms only in conservative form; in (4),
we have considered convection terms only in non-conservative form. A natural
question is the following: can we consider, in the same equation, convection terms
both in conservative and non-conservative form? That is to say, can we solve

—div(AVu) —div(vu) +w-Vu+bu =L in Q,
u=0 on [y, @)
AVu-n+A+v-nu=0 only,

in the same way as we solve (3) and (4) (i.e., without an additional hypothesis on
the convection terms)?

The answer is no and is due to the same objection as before. Indeed, take v as a
regular vector-valued function; since, for u € HO1 (2), we have div(vu) —v-Vu =
udiv(v), a solution in HO1 (2) of —Au —div(vu) + v- Vu = L (that is, problem (7)
in the case of pure Dirichlet boundary conditions, with A =1d, b = 0 and w = v)
would be a solution to —Au — (div(v))u = L; by taking a regular vector-valued
function v such that div(v) = [, the preceding reasoning proves that, in general,
this last problem has no solution.

Thus, (7) is not solvable without additional hypotheses on the first-order terms.

Problems (3) and (4) seem thus to be the most general problems we can solve,
when we add no structural hypothesis on the first-order terms.
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1.4. HYPOTHESES
We make the following hypotheses on the data.
I’y and I" y are measurable subsets of 92 such that

G(Fdﬂl"f)zoandanFdUFf, (8)

A: Q - My(@R) is a measurable matrix-valued function which satisfies:
Jog > 0s.t. A(X)E - & > ayl€> forae x € Q, forall £ e RV, )
dA4 > 0st. [|A(x)|| < Ay forae . x € Q

(where, for M € My (R), ||M|| := sup{|[M&|, § e RN, |§] = 1}),

beLM/2(Q), b>0ae. ong, (10)
re LM109Q), A >00-ae. ondS, (11)
ve (LM @)Y, (12)
L € (H}, () (13)

(recall that N, = N when N > 3 and that N, € ]2, oo[ when N = 2).
The non-convection parts of equations (3) and (4) are supposed to be coercive,
that is to say:

dby > 0,3dE C Qsuchthatb > byon E,
X0 > 0,3S C I'y such that A > Ao on S and either (14)
o(Ty) >0or|E|>00ro(S) > 0.

The set of variables that give the coercivity of the principal part of the operators
in (3) or (4) is denoted by B = (2, aa, I'y, by, E, 1o, S).

REMARK 1.1. Itis then well known that, under hypotheses (8)—(11) and (14), for
all g € [1, 2], there exists K (g, 8) > 0 such that, for all ¢ € Hrld (),

2/q
Kq. $)lolfyey < s [ |V€0|2+<bo/ |¢|Q+xo/|¢|qdo) .
Q E S

Denoting by Cs(S2, N,.) the norm of the Sobolev injection H'(Q2) — L e ()
(see [1]), we also take

. [0, M[_ (15)
Cs(S2, Ny)
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REMARK 1.2. When x satisfies (15), we have, for all w € B(N,, x) and all
¢ € H{ (), that

/AVw-V¢+f¢W-V¢+/b¢2+/ rp?do
Q Q Q Ty

2
K (2, £)||(p||Hl(Q) — |l w] ||LN*(S2)||§0||L2N*/(N*—2>(§2)|| Vol ||L2(Q)

>
> (K (2, B) — xCs(2, N)lpll%,

()’

with K (2, B) — xCs(2, N,) > 0 (this exactly means that the bilinear form
(0, V) = [ AVe - VY + [cow - VY + [, boy + fr,» rpyr do is coercive on
HL ().

If v e B(N,, x) with x satisfying (15), by the Lax—Milgram Theorem, (3) and
(4) have thus unique solutions; our aim is to prove that we do not need such a
hypothesis on v to have the existence and uniqueness results for these problems.

When v only satisfies (12), problems (3) and (4) are in general non-coercive
not only in the sense of the Lax—Milgram Theorem (the classical tool for linear
elliptic problems), but also in the sense of the Leray—Lions Theorem (the classical
tool for nonlinear elliptic problems). Indeed, consider the pure Dirichlet boundary
conditions with b = X = 0 (for the sake of simplicity) and take w as a regular
function such that div(w) # 0; we can find u € HO1 (€2) such that

/uw-wzl/w-vaﬂ);&o
Q 2 Q

(take u € C2°(£2)\{0} such that supp(u) C {x € Q | div(w)(x) < 0} or supp(u) C
{x € Q| div(w)(x) > 0}); let then

fQ AVu -Vu

and v =sw.
Jquw - Vu

S =

The sequence (u,),>1 = (nU)y>1 € HO1 (2) satisfies ||un||H(;(Q) — ooasn — 00
and

/ AVu, - Vu, +/ u,v-Vu, =0 foralln > 1,
Q Q

which means that the operator in (3) or (4) is not coercive in the sense of Leray—
Lions (see [8]).

Also note that, when A satisfies (9), AT also satisfies (9); thus, in (4), we could
replace AT by A. We have written (4) with AT so that the duality between (3) and
(4) clearly appears.
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2. Existence and Uniqueness Results
2.1. THE MAIN RESULT

THEOREM 2.1. Under hypotheses (8)—(14), there exists a unique solution u to
(3) and a unique solution v to (4). Moreover, if r > N and A > 0 are such that
v € B(N,, x) + B(r, A), with x satisfying (15), and if A is an upper bound
of ||L||(Hr1d(m)/, there exists C only depending on (N,, B, x,r, A, Ap) such that

”M”HI(Q) < C and ”UHHI(Q) < C.

Note that, for all v € (L™ (Q))" and all n > 0, there exists A > 0 such that
v € B(N,, n) + B(co, A); however, this A does not only depend on the norm of v
in (L™+(2))". On the other hand, if v is in a compact subset K of (L™*(2))", for
example, we can choose A only depending on K and 7.

We can also remark that, in the pure Dirichlet case (I'y = ¢), the Lipschitz
continuity hypothesis on the boundary of €2 is useless in Theorem 2.1.

Proof of Theorem 2.1. The proof is performed in several steps. The main tool
to obtain the existence and estimates of the solutions of (3) and (4) is the Leray—
Schauder Topological Degree (see [5]).

The first three steps are devoted to prove an existence result for (3). This exis-
tence result is then used in the fourth and fifth steps to prove an a priori estimate
on the solution of (4) that lead to an existence result for (4). Using the linearity of
these equations and a duality argument, we prove, in the last step, the uniqueness
results.

We will simultaneously obtain the existence of solutions to (3) and (4) and the
estimates given in the theorem; thus, we take from now on» > N, A > 0 and y
satisfying (15), and we suppose that v = vy + v; with (vo, v;) € (LM(Q)V x
(L"(Q2)N, || [vo [lLvey < x and || |vi]|lrr@ < A. We see that the bound in
H'(R) on the solutions we obtain only depends on (N,, B, x,r, A, Ap).

Step I: a compact application to (3).

For all w € H] (), since uv € (L*(2))" (because of the Sobolev injection
H'(Q) — L>N/N:==2)(Q)), there exists a unique u = ¥ (%) solution to

u € H. (),

AVu-VqH—/ bu<p+f rugp do
/Q Q ry (16)

This defines an application #: H{. (Q) — H{. ().
It is quite easy to see that ¥ is continuous; indeed, if u,, — u in Hrld () as
n — oo, then u,v — uv in (L*(Q))", so that ¥ (u,) — F(u) in H (Q).
Suppose that (u,),>1 is a bounded sequence of Hrld (2). There exists then
u e Hrld (€2) such that, up to a subsequence, u,, — u a.e. on 2 and is bounded
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in L2N/(N:=2(Q); applying Lemma A.1, we get u,v — uv in (L?(2))", which
implies F (u,) — F(u) in H'(Q). F is thus a compact operator.

A fixed point of ¥ is a solution to (3). To prove, using the Leray—Schauder
Topological Degree, that # has a fixed point, we have to find R > 0 such that, for
all ¢ € [0, 1], there exists no solution of u — tF (u) = 0 satisfying ||u||51(q) = R.
This is the aim of steps two and three.

Take ¢ € [0, 1] and suppose that u satisfies u = tF (u); we have then

ue Hlld(Q),
/AVu-V<p+/bugo+/ rugp do
Q Q ry (17
=t(L, (p>(HIld(Q))l’HIld(Q) — tf uv-Vo, Vo e Hlld(Q).
Q

Notice that the equation in (17) can also be written as

/AVu-Vgo+t/uvo-V(p+/bu<p+/ rugp do
Q Q Q Ly
Q

Step 2: using the ideas of [4], we prove an estimate on In(1 + |u]).

Define, for k > 0, T;(s) = min(k, max(—s, k)) and ri(s) = Ti(s — T (s)).
Since b > 0 ae.on 2, X > 0 o-a.e. on 92 and sri(s) > O for all s € R, and
since V(ri(u)) = 15, Vu, with 1p_the characteristic function of the set By = {x €
Q| k < |u| < k + 1}, we find, by putting ¢ = r(u) in (17), that

as / |V (r () |* + bo / re(u)u + Ao / re(u)u do
Q E N
< f AVu-V(rk(u))+/ burk(u)—i—f Aury(u) do
Q Q Iy

< |<L»”k(l4))(Hr1 (), H} (Q)| +/ [ul VIV (r(u))]
d d Q
<L @y @)@ + K+ DIV Y @) 220 -
But |ri(s)| < 1 so that
e @) g1y < QY2+ 11V @) 1 20)-
We obtain thus
s f |V (r () |* + bo / e+ Ao / re(w)u do
Q E S

< ALIQUY 4+ ALl V(e ()] 2 +
+ (k+ DIV 2o TV (re@)) | 20
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A? o oA
< ALIQIV? + —L + fn IV @)l 20y + 7 NV C@D gy +

IV IE.
(ko 1) =

oy
that is to say,

SNV )] 13 0+ bo / r(u)u + i / r(uyu do

N
2

A [ 1v] 12
<A@ 4 AL 4 g e e
(27}

(19)
(o)

With k = 0, since sro(s) = |s| as soon as |s| = 1, (19) gives

bO/ In(1 + |ul) +A0/1n(1 + |u|) do
E s

b()/ |M|+)»0/|l/t|d0’

E N

< bof ro(u)u —{—ko/ ro(w)u do —{—bof |u |+
EN{lul>1} SOflul=1} EN{lul<1}

+ Ao/ |u| do
SN{lul<1})

2
A2 VR
Ay T

ap ap

< ALIQIY + + bolE| + 1o (S)

A 2
<A Ql/z—{——L—l——z 2 + 2 + bolE| + Aoo (S
L L
X L| | oL OtA(”'VOHl 2(Q) |||Vl||| Z(Q)) O| | 00()

A2 2
SALQI 4 =R ()N 4 Q1'% A) + byl E| 4 200 (S)
A A
< C (20)

(recall that v = vo + vy with || [Vol |3 @) < x and || [Vi]]lzr@ < A), with Cy
only depending on (N,, B, x,r, A, AL).

Since (By)ren 1s a partition of €2, and since |u| > k on By, we find, using once
again (19), that

11V (L + a2,
[ IVuP
‘f (1 + [ul)?
|Vu]?
Z/ (1 + Jul)?

IV ()
s ,Z;fg 1+ k)2
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2 A2\ &
Z A9+ 2
a(u | oe)z(1+k)2 Z M

A Ako

2 2 2|| [vol + v1] |13
gi”_(A QY2 + AL)+ 0 21 L2(Q)
oy 6 (o) oy
2 2 A2 41Q 1-2/Ny 2 41Q l—2/rA2
<—”—(AL|Q|”2 L)+ T A
oA 6 oA ay
< Gy, (21)
where C, only depends on (N,, 8B, x,r, A, AL).
Taking together (20) and (21) we get, thanks to Remark 1.1,
(L + (D22 g, < 11InCL+ DIl
1
<———(Cr+ C)) = C3 (22)

X1, B)

with C3 only depending on (N, B, x,r, A, Ap).

Step 3: conclusion for (3).

We prove now an H 1(Q) estimate on the solution of (17).

Take ¢ = S (1) = u — Ty (u) in (18). Since Si(u)u > (Sp(u))?, we have, thanks
to Remark 1.2 (note that, for all ¢ € [0, 1], fvg € B(N, x)), that

(K2, B) — xCs(Q, NO)Sc)1 710

< f AV(Si(u)) - V(Sk(u)) +ff Sk)vo - VS (u) +
Q Q
+ f b(Sew))* + / (S ())? do
Q Ty
< / AVu - V(S;(u)) +l/ uvy - VSi(u) +/ buS;(u) +
Q Q Q
+/ AuSi(u)do + ¢ / (S (u) — u)vy - V(Si(u))
ry Q
< (L, Sk(u))(Hrld(g)y,Hrld(g)l +/Q|M||V1||V(Sk(u))|+
+/;2|M = Sk ()[[vollV(Sk(u))]
< (L, Sk(“))(Hrl (@), Hy. @] +/ lu — Sk @)|([vol + [ViDIV(Sk(u)) |+
d d Q
+/ [Sk @) [1V1 ][V (Si ()]
Q

But |u — Sy (u)| < kand V(S; (1)) = 0 outside E; = {|u| > k}, so that
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(K (2, B) — xCs(L, N))||Sk(u)||H1(Q)
< (L, S"(M»(Hrld(f?))/ﬂrld(ﬁ)l + kIl Vol + Vil H L2 ISk @) | g1 () +
F Vil @ Sk @) || L2rie-2 @) 1Sk 1)
< KL, Sk (u»(Hrld(Q))’,Hrld(Q)l +
F k(| E2 N x 1 EQV2TYTA) 1S ) +
+ AlSk @[l 2102 @) ISk || 51 ()- (23)

2r

Since ;=5 < N 2, there exists g, > rT’ only depending on r and N such that

H'(Q) < L% (); we have thus, denoting by C, the norm of this injection (C,
only depends on (€2, r) — the dependence on €2 takes into account the dependence
on N) and by noticing that S;(#) = 0 outside E,
1S 2020y < TEx " 7227101 o
< Cal Ex| 7272V SL ) 1 1 )

which gives, in (23),
(K2, B) — xCs(Q, NSk 51
< [(L, Sk(u)>(Hlld(Q))/leld(Q)|+
+ k(1B Ny LE P A 1Sk @) i ) +
+ Cy A E] "2V 1S, ) |31 - (24)
By the Tchebysheff inequality and (22), we have
|Exl={In(1 + |u])*> > In(1 + k)*}|

1
Sdgoemd+ D170
G
<——.
(ln(l +k))?
Since 2—2 — — > 0, there exists kg only depending on C3, Cy4, A, 1, q,, KX (2, B),

x and Cg(S, N) i.e., only depending on (N, B, x, r, A, Ar), such that, for all
k = ko, C4A|Ex|"™ D/2r-1/4; < K2B) ) Cs@.N.)

We deduce then form (24) that, for all k > ko,
K2, B) — xCs(£2, Ny)
2

INIOIe)

L. Sk@)) @y ml @

k(1E(|">7 VN x +1E(V*7V7A)  (25)

<

||Sk(u)||Hl(Q)

(we have not simplified so far, because this inequality will be useful in the proof of
Proposition 3.1).
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Taking k = kg, and, since E; C 2, we get

Sk, W11 ()
2
<
K2, 8) — xCs(2, N,)
< Cs (26)

(AL +ko(IQV27V™ x 419|271 A))

with Cs only depending on (N, B, x,r, A, Ap).
Take now ¢ = T, (1) in (17). Since uTy,(u) = (Ti, (u))? and

V(T () = iy Vs
we have, by Remark 1.1,

K2, B)Try )31

<ALy W 51 () +f [l [VIIV (Tx, ()]
Q
< AL Ty W 1) + koll Vol + Vil 2 Thy ) H1(0)s

that is to say,

Apt k(R Ny Q)
K (2, B) B
with C¢ only depending on (N,, 8B, x,r, A, Ap) (recall that ky only depends on

these data).
Since u = Tj,(u) + Sk, (u), we deduce from this last inequality and (26) that

Tk || 1) < 6

ull g1 < Cs + Cs = C,

with C; only depending on (N, B, x,r, A, Ap).

Note that we have just proven the estimate on the solution of (3) given in the
theorem: if u is a solution of (3), then it is a solution of (17) with t = 1 and we
have thus [|u|| 41 ) < C7.

Take now R = C;+ 1. Forall t+ € [0,1] and all u € Hlld(Q), solution of
u—1t¥F (u) =0, wehave ||ul[51q) # R; since F is a compact operator, the Leray—
Schauder Topological Degree allows us to see that # has a fixed point, that is to
say, a solution u of (3).

Step 4: a compact application to (4).

Letv € Hlld (); we have v - Vv € L2NV/N+2(Q) ¢ (H'(Q))'; there exists a
unique solution v = 4(v) to

v e HL (),

ATVv .- Vg +/ bv<p+/ Avp do
/Q Q r; (27)

— 1
= (L. )u) @y.nf, @ ~ /Q‘/)V‘ Vv, Ve € Hr, (8.
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This defines an application § : H} () — H (). It is quite easy to see that
g is continuous; indeed, if v, — U in H]\ (), then v- Vv, — v- Vv in (H'(Q))’,
which implies 4.(v,,) — () in H'(Q).

We will now prove that § is a compact operator. Suppose that (v,),> is bounded
in H{, (2); then (v-V¥,),>1 is bounded in (H'(£2))’ so that, using ¢ = §.(v,,) = v,
in the equation satisfied by v,,, we get

2 _
K (2, £)||UH||HI(Q) < (Ap + v vvizll(Hl(Q))’)||vn||H1(§2)a

which implies that (v,), > is bounded in H Q).

Up to a subsequence, we can thus suppose that (v,),> converges a.e. on $2 and
is bounded in L*M/M=2(Q). Letn > 1, m > 1; by substracting the equation
satisfied by v,, to the equation satisfied by v, and using ¢ = v, — v,, as a test
function, we get

K2, By — Vallfi g

<

/(vn - vm)v : (va - an)
Q

< 25up [Tl X 1| 0a¥ = v 1202 (28)
Since v € (LY(R))" and (v,),>1 is a bounded sequence of L*+®™+=2(Q) which
converges a.e. on 2, Lemma A.1 tells us that (v,v),> converges in (L*())" and
thus is a Cauchy sequence in this space. We deduce from (28) that (v,),>; is a
Cauchy sequence in Hrld(SZ) and converges in this space.

Since § is a compact operator, to prove that it has a fixed point, we just have to
find R > 0 such that, for all # € [0, 1], there exists no solution of v — 1G4 (v) = 0
satisfying [[v]| g1 = R.

Step 5: estimate on the solutions of v — 1§ (v) = 0.

Let ¢ € [0, 1] and suppose that v € Hlld(Q) satifies v = t§,(v). We have then

v e HL (),

/ATVv-Vg0+t/gov-Vv+/bvgo+/ Avp do (29)
Q Q Q rs

Since, for all ¢+ € [0, 1], tv € B(N,, x) + B(r, A), there exists, by the result
of Step 3, Cg only depending on (N,, B, x, r, A) such that, for all § € (Hlld(Q))’
satisfying ||| |(Hr' @)y S 1, we can find a solution u to

d

u e Hlld(Q), ull o) < Cs,

/AVu-Vgo+tfuv-V<p+fbugo+/ Augp do (30)
Q Q Q s

= <9, gl))(Hlld(Q))/Hlld(Q)a VQD € Hl—l‘d (Q)
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By taking ¢ = v in the equation satisfied by # and ¢ = u in the equation
satisfied by v, we get

(0. 0) @yt @ = Lt @y mp @ S ALCs.

Since this inequality is satisfied for all 6 € (HFIJ(SZ))/ such that ||9”(Hrl @)
d

< 1, we deduce that ||v]|g1q) < ALCs.

Note that this gives the estimate of the theorem; indeed, if v is a solution of (4),
then it is a solution of (29) with r = 1 so that ||v||y1(q) < ALCs.

Take now R = A;Cg + 1. We have just proven that, for any ¢ € [0, 1], any
solution v to v — 1G.(v) = 0 satisfies [|v||g1 ) < R; thus, by the Leray—Schauder
Topological Degree, § has a fixed point, that is to say, a solution of (4).

Step 6: uniqueness.

Since (3) is a linear problem, it suffices to prove that the only solution to (3)
with L = 0 is the null function. Let u be a solution to (3) with L = 0; let v be a
solution of (4) with L = sgn(u) € (Hrld (R2))’ (the existence of a solution to this
problem is ensured by step 5); by putting ¢ = v in the equation satisfied by u# and
¢ = u in the equation satisfied by v, we get fQ lu| =0, thatis, u = 0.

A similar reasoning gives the uniqueness of the solution to (4).

2.2. EXISTENCE AND UNIQUENESS IN A NONLINEAR CASE

To prove the existence of a solution to (3), we have not really used the linearity with
respect to u of the divergence part div(xv) (indeed, the tool used in the preceding
proof — the Leray—Schauder Topological Degree — is a nonlinear tool). With exactly
the same reasoning as in the first three steps of the proof of Theorem 2.1, we can
prove the following result.

THEOREM 2.2. Under hypotheses (8)—(11), (13), (14), if ®: Q x R — RV isa
Caratheodory function satisfying

3g € LN(Q) such that

[P(x,s)| < gx)A +|s|) forae x €, foralls € R, 31)
and if Ay is an upper bound of ||L| |(Hr' (@)~ there exists a solution to
d
u e Hlld(SZ),
/ AVu - Vgo—{—/ D, u) - Vgo—i—/ bu(p—l—f Aug do (32)
Q Q Q rs

= (L, @)(Hrld(sz))/,ﬂr'd(sz)’ Vo € Hrld(Q)

such that ||ul| g1 (q) < C, with C only depending* on (N, B, g, Ap).

* Asin Theorem 2.1, C does not depend on g only through |[|g||; v. ©> but this dependance could
be precised by cutting g into two parts — one small in LN+(Q), the other in L" (Q) forar > N.
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Notice, however, that the proof of the existence of a solution to (4) strongly used
the linearity of the equation (the a priori estimate on the solution to (4) comes from
a duality argument); thus, with this reasoning, we cannot state an existence result
for a nonlinear problem coming from equation (4) (conversely to what we have
done in Theorem 2.2 for equation (3)).

Adding a Lipschitz continuity hypothesis on P, it is also quite easy to obtain a
uniqueness result for (32).

PROPOSITION 2.1. Under the hypotheses of Theorem 2.2, if ® satisfies

3C > 0,3h € LM() such that
|D(x,5) — @(x, )| < C(h(x) + |s[¥ N2 4 1|2/ N=D) |5 — 1]
fora.e. x € Q, forall (s, t) € R?,

then the solution to (32) is unique.
Proof. Take two solutions u« and u to (32) and define

D(x,u(x)) — &(x, u(x))
v(x) = u(x) —u(x)

when u(x) # u(x),

when u(x) = u(x).

Thanks to the Lipschitz continuity hypothesis on @, and since (u, %) € H'(Q) C
LN/ (N=2 () we have v € (LM(Q))V; substracting the equation satisfied by u
to the equation satisfied by u, we see that w = u —u satisfies (3) with L = 0. Since
the solution to (3) is unique, this gives w = 0, that is, u = u. O

Thanks to the existence, uniqueness and estimates results of Theorem 2.1, we could
also prove, as it is classical in the coercive case, the existence results for some other
nonlinear equations built from (3) and (4).

3. Regularity Results

In the coercive case, where the right-hand side satisfies*

3p > N such that L € (W7 (), (33)

(and under additional properties of v, b, A, and I';) we already know that the
solutions to (3) and (4) are Holder continuous (see [9] in the pure Dirichlet case,
and [6] for other boundary conditions and a convection term in conservative form).
We see that this property is still true in the non-coercive case.

* There is a little abuse of notation here. By writing “the right-hand side satisfies (33)”, we mean
foral e (Wll;p (R))’; in what follows, we make this

that we solve (3) or (4) with L = LlHrld @
abuse of notation by confusing L with L. Under hypothesis (42), this is not an abuse since we can

then prove that Hlld (€2) is densely imbedded in Wll;lp (2).
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3.1. L°° BOUND

In the proof of Theorem 2.1, the role played by the convection term in conservative
form div(vu) is quite different than the role played by the convection term in non-
conservative form v - Vu (the technique used to obtain estimates of the solution
to (3) does not work to obtain estimates of the solution to (4)).

As shown in [9], when considering regularity results, the difference between (3)
and (4) is even more stronger; when the convection term is in the non-conservative
form, hypothesis (12) is enough, but when it is in the conservative form, v must
be (at least for technical reasons) slightly more integrable than what is strictly
necessary to obtain the existence result.

That is why we will have to consider, when dealing with (3), the following
hypothesis:*

3r > N such that v e (L™ (Q))V. (34)

When v satisfies this hypothesis, we denote by Ay an upper bound of || [V ||.- ().
The first regularity results deal with essential bounds on the solutions to (3)
and (4)

PROPOSITION 3.1. Under hypotheses (8)—(11), (14), (33), and (34), the solu-

tion u to (3) is in L*°(2). Moreover, if Ay is an upper bound of ||L”(W"”'(Q))”
Tq

there exists C only depending on (N, 8,r, Ay, p, Ap) such that ||u||p~) < C.

PROPOSITION 3.2. Under hypotheses (8)—(12), (14), and (33), the solution v

to (4) is in L>(S2). Moreover, if r > N and A > 0 are such that v € B(N,, x) +

B(r, A), with x satisfying (15), and if A}, is an upper bound 0f||L||(W1_,,/(Q)),, then
Tq

there exists C only depending on (N, B, x,r, A, p, Ar) such that ||v||L~) < C.

Proof of Proposition 3.1. The solution u of (3) is also a solution of (17) with
t = 1. Since v € B(N,, 0) + B(r, Ay), the reasoning in the proof of Theorem 2.1
that has lead to (25) can be applied to u with x = 0O; thus, there exists ky > 0 only
depending on (N,, 8B, r, Ay, p, Ar) (note that |Q)1/2-1/PA, is an upper bound of
[|L| |(Hr1d(9))/) such that, for all k > kg,

NSk 11
2 L, Sk}t @y mt @l
< ( Ty Ty + AvklEk|l/2_l/r)’ (35)
X2, B) INIONITRS)

with Sy (#) = u—T;(u) = u—min(k, max(u, —k)) and E, = {x € Q| |lu(x)| > k}.

* One can notice that, in dimension N = 2, (12) implies (34) (i.e., there is no additional
hypothesis on v with respect to the hypotheses of Theorem 2.1).
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Since Si(u) = 0 outside Ey and p" < 2, we have || Sp(u) |1 ) < |E,|V/P'=1/2
X ISk ()| g1 (), so that
(L, Sk (M)>(Hlld(9))/,Hlld(Q)| NI
— )
1Sk @)1l 1) 1Sk @) 1)

Let h > k > ky. Since |Si(u)| > (h — k) in Ej, and thanks to the Sobolev
injection Wh(Q) — LN WN=D(Q), there exists C, only depending on €2 such that

S ALIENV*VP (36)

~X

(h = ) En| N < 1Se@) || v
S CillSc @) [lwi (g
<

CUEN 1Sk @)1 111 (- 37)
(36) and (37) used in (35) give then, for all & > k > ko,

B, (VDY 2C, | Ex|'? (ALlEk|1/2_l/p+Avk|Ek|1/2_l/r)
K2, B)(h — k)
C, B o
< (BT 4k EQT),

with C, only depending on (8B, Ay, Ar). Since, for ¢ € {r, p}, |Ey|'"Ve <
|Q| 1/ (ntt.p)=1/q | |1=1/(nft.P) | there exists Cs only depending on B, r, Ay, p,
and A such that, forall 4 > k > ko,

_ cl1+k)P

< E|”
|Ep| k)P | Ex|

-1

with g = 2~ > O0andy = B(1 — @) > 1 (recall that > N and p > N).
For all 7 > k > 0, we have then

Cl + ko) (1 + k)*
(h — k)?
(because (1 + k& + ko) < (14 ko)(1 4+ k)), and Lemma A.2 (a generalization of the
classical lemma of Stampacchia) applied to F'(k) = |Ej,| gives H only depend-
ing on (Cs, ko, B, v, 2) (note that FF(0) = |Ey,| < |2]), i.e., on (N, B, r, Ay, p,

Ap), such that |[Eg 4| = O, that is to say, |u| < H + ko a.e. on Q.

| Epyiyl < 14

|Ek+k0

Proof of Proposition 3.2. The idea is identical to that of the preceding proof. We
write v = vg + v; with vy € B(N,, x) and v; € B(r, A).

Since vS;(v) = (Sk(v))? and Vv = V(Si(v)) a.e. on the set {Sy(v) # 0}, using
Sk (v) as a test function in (4), we get

(2. B) — xCs(Q NS )1,

< / ATVy - V(S (v)) —{—/ Sy (v)vg - Vv —|—/ bvSi(v) +
Q Q Q
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+ / AvS;(v) do
Ty
< (L, Sk(”))(Hlld(Q))’,Hlld(Q)l + AlISk (W] L2re-2 @) 1Sk (W) | 51 () - (38)

Since r% < %,
HY Q) — L (Q); denoting by C; the norm of this injection (which only depends

onrand 2) and E; = {x € Q| |[v(x)| = k}, we have then

there exists ¢, > r% only depending on r and N such that

1Sk (W] 22y < CrlER] ™22 V1S (0) | 111 -

But, since |Q|'/2~1/P A; is an upper bound of ||L| |(Hr' () there exists, by The-
d

orem 2.1, C; only depending on (N, 8B, x,r, A, p, Ar) such that [[v|[ 1) < Ca,
which implies |E;| < C3/k? for all k > 0. We can thus find kg > 0 only depend-
ing on (N, B, x,r, A, p, Ar) such that, for all k > ko, C,A|E|"—2/2—Var L
(K (2, B) — xCs(£2, Ny))/2.

‘We have then, thanks to (38) and when k > kg,

2 (L, Sk(v)>(HIld(Q))/’HIld(Q)|
X
K2, B) — xCs(2, N,) INIQIFS,

ISk 1) <

This inequality is similar to (35) (it is even simpler), and we can then conclude as
in the proof of Proposition 3.1.

3.2. HOLDER CONTINUITY

To state the Holder continuity results, we need (at least for technical reasons)
stronger integrability hypotheses on b and A; thus we replace (10) and (11) by

37 > N suchthatb € L'/>(Q), A € L' 1(0Q) (39)
andb > 0ae.onQ, A > 00-a.e. on 0.

We denote by A, an upper bound of [|b]|.72q), and by A; an upper bound of
Al L1 00

We also need a hypothesis on I'; and T"¢; these sets must be “well-distributed”
on 0€2. Thus we introduce two kinds of mappings of 9<2:

O is an open subset of RV,

h: O — B :={x € R" | |x| < 1} is a Lipschitz continuous
homeomorphism with a Lipschitz continuous inverse mapping, (40)
h(ONQ)=B,:={x e B|xy>0}

h(ONAR) ={x € 9B, | xy =0},
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O is an open subset of RV,

h: O — B is a Lipschitz continuous homeomorphism
with a Lipschitz continuous inverse mapping,
hONQ)=B, :={xeB|lxy >0, xy_1 >0},
h(ONTy) = {x € By | xy_1 =0},

h(ONTy) ={x € dBy | xy =0},

(41)

and we suppose that there exists a finite number of (O;, h;);e[1.m1 such that

0Q c UL, 0; and, forall i € [1, m],

(O;, h;) is of one of the following types:

(D) 0,N3d2 = 0; NTy,and (0;, h;) satisfies (40) 42)
(F) 0;Nd2 = 0;NTyand (0;, h;) satisfies (40)

(DF) (O;, h;) satisfies (41).

COROLLARY 3.1. Under hypotheses (8), (9), (14), (33), (34), (39), and (42), the

solution u to (3) is Holder continuous on Q2. More precisely, if Ay is an upper

bound of | |L||(W1_,,/(Q)),, then there exists k > 0 only depending on (2, as, Aa, T,
Tq

r, p) and C only depending on
(N*’ ‘B’ AA’ 77 Ab’ A)u r’ AV’ p’ AL)
such that u satisfies* ||u||corq) < C.

Note that, provided that the function g in (31) is in L"(2) for ar > N, the results
of Proposition 3.1 and Corollary 3.1 are also true for any solution of (32).

COROLLARY 3.2. Under hypotheses (8), (9), (12), (14), (33), (39), and (42), the
solution v to (4) is Holder continuous on Q2. More precisely, if A is an upper
bound of ||L|| Wi @y T > N and A > 0, then there exists n > 0 only depending
T
on (N, Q,ay,), /? > 0 only depending on (Ny, 2, s, Aa, 7,1, A, p), and C only
depending on
(N*a 35 AAa Fa Aba A)u ra A7 p7 AL)

such that, when v € B(Ny, n) + B(r, A), v satisfies ||v||eox ) < C.

Proof of Corollaries 3.1 and 3.2. Due to Proposition 3.1 (respectively, 3.2), the
solution u to (3) (respectively, v to (4)) is essentially bounded on €2, and we have

an estimate of its L° norm. Thus, due to (34) and (39) (respectively, (39)), the
terms ¢ — [oup, ¢ — [uv-Vo, ¢ > [,bup and ¢ — frf Augp do (respec-

tively, ¢ — [, bvp and ¢ — frf Avpdo) are in (Wll;nf(r’ﬂ/(ﬁ))’ (respectively,

(Wllj/ (€2))"), and we have a bound on their norms in this space.

* We denote by 04 () the space of k-Holder continuous functions, endowed with its usual
norm.
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By putting these terms on the right-hand side, we notice then that u satisfies

u € Hp (),

Q Q
Yo € Hrld(Q),

with L € (W.'(Q)) for | = inf(F,r, p) > N. The results of [9] (in the pure
Dirichlet case) or of [6] (for other boundary conditions) give the Holder continuity
of u, as well as the estimates of the Holder space to which u belongs and of its
norm in this space.

For v, we get an equation of the kind

v e H! (Q),

ATVv - Vo +/ @v - Vv = (L, 9)ul @y.ul @ (44)
Q Q ¢ !
V(p S Hl'l‘d(Q)v

with L € (er;l/(Q))’ for [ = inf(r, p) > N. In the pure Dirichlet case, the
results of [9] give then the Holder continuity of v; for other boundary conditions,
a slight modification of the methods in [6] gives the Holder continuity (as well as
the estimates) of v.

4. The Duality Method for Non-Regular Right-Hand Sides

As it is shown in [9], the regularity results of Corollaries 3.1 and 3.2 can be
transformed into existence and uniqueness results for weaker right-hand sides.

We suppose here hypotheses (8), (9), (12), (14), (39), and (42).

Define 7 : (Hlld(Q))’ — Hlld(Q) such that, for all L € (Hlld(Q))’, T L is the
unique solution to (4). According to Theorem 2.1, 7 is well defined, linear and
continuous.

Let p € ]N, co[. Due to Corollary 3.2,

(We?' (@) — H(Q) ne®@)

J[, = Jl(Wll;]p/(Q))/'

is well defined, linear and continuous.* The adjoint operator of 7}, is a linear contin-
uous application 77 (H'()NC (D) — WL (Q) (since 1 < p < 0o, WL’ (Q)
is a reflexive space).

Let M(Q) = (C(RQ))' (identified through the Riesz representation theorem to
the space of bounded measures on ). Since H'(2) N C(L) is continuously and
densely embedded in C(Q) and in H' (), M(Q) and (H'(Q)) are continuously
embedded in (H'(Q) N C(Q))'.

* H1(§2) N C(RQ) is endowed with the norm || - HH‘(Q) +1] - ||€(§)‘
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Thus, we can talk of M (Q) + (H'(€2))' as a subspace* of (H'(2) N C(Q))'.
Let ¢ € M(Q) + (H'(R))'. By definition, fr= T;; is the unique solution to

fr e WEP(Q), YL € (W2(Q)),
Ly fp>(er;pl(Q))’»Wr1f/(Q) (45)

= (&, TpL)(m@ne@)y. v @ne@

=&, T L) (g @ne@)y. v @ne@-
Take now g € [N, p[ and f, as the solution of (45) when p is replaced by g. Let

L e (W) since Wh? (Q) < WLP'(RQ), f, € WP (@ and L1y €
W (@)

(Wllf/(ﬁ))/, so that, by definition of f,,

L / ’ = (L ’ ’ /
( ’ fq>(Wll;1P (Q))/’Wll;]p (Q) < ‘Wlldq ()’ fLI)(Wlld‘I (Q))/Wlld‘l (Q)

= (é" TL)(H'(Q)Q@(@))’,HI (Q)NC(Q)*

Thus, f, is also a solution to (45) and we have then f, = f, forall ¢ € IN, p[.

Thus, the solution to (45) belongs to (), _y v_1 erf(Q) and is in fact the
unique solution to

N
1, L, !
fe [ W@, vq< ~— VL e (Wrl(@),
g<N/(N-1) (46)
(L Dty = & T Lan@ne@y.ni@ne@:

The unique solution to (46) is called the duality solution of

—div(AVf) —div(vf)+bf =¢ in Q,
f=0 onIy,, (47)
AVf-n+AX+v-nf=0 onTIy.

This gives a notion of the solution to (1) when the right-hand side L is in
M(Q) + (H'(R)), for which we have the existence and uniqueness (as well as
estimates, since Tp* is linear continuous — its norm is that of 7,, which can be
bounded using the results of Theorem 2.1 and Corollary 3.2).

To understand why, by solving (46), we can say that, in a way, we have
solved (47), we refer the reader to [6]. In particular, it is quite easy to see that,
when ¢ € (H'(R))’, the solution to (3) with L = qul @ is the solution to (46);
we can also state integral formulations (one equivalenctl to (46), the other weaker
than (46)) satisfied by the solution of (46) that makes it easier to see why this
solution is the solution to (47).

* Endowed with the norm || || = inf{|\,LL\|M(§)+||L||(H1(Q))/, (u, L) € M(ﬁ)x(Hl(Q))’, u+

L = ¢}, this is a Banach space, and it is continuously embedded in (H 1 () N C(RQ))'. In fact, one
can show that (H1(Q) N €(Q)) = M(Q) + (HL(Q))'.
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Under hypothesis (34), one can do the same reasoning, using the regularity
results on the solution to (3). In this case, we obtain a duality solution to

—div(ATVA)+v-Vf+bf=¢ in Q,
f=0 onlIy, (48)
ATVf -n+rf=0 onIly.

All the results on the duality solutions obtained in [6] also do apply here; in
particular, we could state a stability result similar to the one of Theorem 4.1 in [6].
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Appendix A. Technical Lemmas

LEMMA A 1. Let (p,q,r) € [1,00] such that g < coand + + 1 = L If g €
L1(2) and (f,)n>1 is a bounded sequence of L (£2) which converges a.e. on Q to
f, then f,g — fgin L"(RQ).

REMARK A.1. This result is also true when €2 is replaced by any measured space
(X, A, ).

Proof of Lemma A.1. We have f,g — fg a.e. on Q. Since r < oo (because
q < oo) and 2 is of finite measure, thanks to the Vitali Theorem, we just have to
prove the r-equi-integrability of (f,g),>1 to get the convergence in L"(£2) of this
sequence.

Denote by M an upper bound of (|| f;,||Lr())n>1. Let E be a measurable subset
of ©2; by the Holder inequality, we have

N fugllerey < I fallereyllglleaey < MIIgllLacE)-

Since ¢ < oo, we have ||g|lLezy — 0 as |[E| — O; this gives the r-equi-
integrability of (f,g),>1 and concludes the proof of this lemma. O

LEMMA A.2. Let F: RY™ — R* be a non-increasing function. If there exist
B >0,y >1and C > 0 such that

CP(l + k)P
Vh>k>0, F(h) < gF(k)”
(h — k)P
and if

2V/BCF(0)r—D/B
H = eXp(Z Q0 1/F)n ) < +oo,
n>0

then F(H) = 0.

For the proof of this variant of Lemma A.1(i) in [9], we refer the reader to [6].
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