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ABSTRACT. In this paper we study existence, nonexistence and properties of solutions
for some Kirchhoff-Schrédinger-Maxwell systems as (1.3). The solutions can be seen
as saddle points of functionals which are unbounded both from above and from below.

1. INTRODUCTION

Vieri Benci and Dino Fortunato (two great friends, and two important “starting
blocks” of italian Nonlinear Analysis) studied in [3] a system of Schrodinger-Maxwell
type, arising from the study of eigenvalue problems for the Schrodinger operator when
coupled with the electromagnetic field. In that paper, dealing with the system

(1) {—%Av—i-(pv:wv, in RV,

—Ap = 4102, in RV,

they proved existence of an increasing and divergent sequence of eigenvalues {w, }. Such
a result was proved using variational methods, since solutions of (1.1) are critical points
of a functional unbounded both from above and from below.

Systems like (1.1), but with a forcing term, were then studied in [6], [9] and [10]. In
these papers, the authors dealt with problems of the form

(1.2) we W) : —div(M(z)Vu) + Alu) 2u = f(z),
' Y E W) — dv(M(2)Vi) = |l

where  is a bounded, open subset of RY, with N > 2, M is a symmetric, bounded,
and uniformly elliptic matrix, and A > 0. The three papers studied existence and
regularity of solutions for (1.2) under various assumptions on r > 1, and f, a function
belonging to L™(£2), with m > 1. Among the results proved, of particular interest is the
regularizing effect on the solutions, obtained thanks to the coupling of the equations in
the system, with respect to the results separately known for the two equations of (1.2).
For example, in [10] it is proved that if f belongs to L™(Q2), with m > (r+1)' =1+ %,
then there exist solutions u and 1 both belonging to W,"*(€2). Since r can be very large,
this means for example that the first equation has a W, () solution with a datum f
which is “almost” in L'(£2), and this is in sharp contrast with the known result for the
first equation when considered by itself.

As in the paper by Benci and Fortunato, the solutions w and ¢ given by [6], [9]

and [10] can be seen, if m > i—fz, as a critical point of saddle type for the indefinite
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functional

J(v, ) = /M vuw——/M 2)VeVep + = /+|v /fv

defined for those functions v and ¢ in W,?(Q) such that ¢* |v|” belongs to L'(Q) (and
+00 otherwise).

In this paper, we deal with a system of Kirchhoff-Schrodinger-Maxwell type: more
precisely, we will study both existence and properties of solutions for the system

13) we We(@) : —div ([a(@) + /Q Vul?| V) + o ul 2w = f(a),
Y e Wi2(Q) : —div(M(x)Ve) = |ul".

We will suppose that € is a bounded open set of RN, N > 2, that r > 1, and that f
belongs to L™(£?), for some m > 1. Furthermore, the function a : 2 — R will be a
measurable function such that there exist 0 < a < 3 such that

(1.4) O<a<a(x)<p almost everywhere in (2,

while M : Q — R™ will be a measurable matrix such that

(1.5) M(2)¢-€ > ale]?,  [M(x)| <5,
for almost every x in Q, and for every ¢ in RY.
Equations like

~aiv /|Vu| [vu) = r2)

have been introduced by G. Klrchhoff to describe the stationary states of nonhomege-
neous elastic strings, and are therefore called elliptic Kirchhoff equations. Semilinear
equations of Kirchhoff type have been studied for example in [1, 2, 12].

As for system (1.2), if m > ﬁfz the solutions of (1.3) can be seen as critical points
of the (indefinite) functional
(1.6)

1 2 ]- 2 2 ]- : —+ 1
— [ a(x)|Vv| +—[ Vol ] —— | M(x)VeVep if ptv|” € L'(Q),
2 Jo 4 2r Jo
= 1
J(v, ¥) +_/¢+|U|r_7fv,
rJao Q
~+o00, otherwise.

The main difference between systems (1.2) and (1.3) is the presence of the nonlocal

Kirchhoff-type term
~div ([/ V2| V).
Q

As we will prove, this term will be “responsible” for an alternative-like existence result:
either the assumptions on r and m are such that there exists solutions w and % in
I/VO1 2(Q) of the system, or, when trying to prove existence of solutions by approximation,
the system degenerates to a single, different equation (see. Section 3).

[such solutions do not exist, and the system degenerates, as the result of an approx-
imation technique, to a single, different equation.|

The plan of the paper is as follows: in Section 2 we will prove existence of solutions
for system (1.3) under various assumptions on r and m; in order to prove existence, we
will consider a sequence of approximating systems, for which existence of solutions will
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be proved in the Appendix: various a priori estimates on the sequence of solutions of
these systems, and some strong compactness results will then allow us to pass to the
limit and prove existence of solutions for system (1.3). We will also prove that, under
some assumptions on r and m, the solutions of system (1.3) can be seen as saddle points
of the functional J defined in (1.6).

In Section 3 we will prove some nonexistence results if the assumptions on the data of
the problem are not enough in order to prove finite energy solutions (i.e., in Wy"*(2)).
More precisely, we will prove that if {u,} and {1, } are sequences of solutions of some
systems which approximate (1.3), then the norm of u,, in VVO1 2(Q) diverges, the sequence
{u,} converges to zero in a larger space than W,*(Q), and the sequence {v,} defined

as
v, = [/Q|Vun|2}un,

converges to the entropy solution w (see [4]) of the equation —Aw = f. As for the
sequence {¢,} it also tends to zero.

In the whole paper, we will frequently make use of the following two functions of one
real variable s, depending on a parameter k£ > 0:

Ti(s) = max(—k, min(s, k)) , Gr(s) =s—T(s) = (|s| — k)" sgn(s) .

2. EXISTENCE IN THE GENERAL CASE

As stated in the introduction, we will prove existence of solutions for the (Kirchhoff-
Schrodinger-Maxwell) system

ue Wy?(Q) : —div ([a(m) —I—/ |Vu|2] Vu) +u Pu=f,
Q

(2.1)
Y€ Wy (Q) : —div(M(z) V) = [u]",

under different assumptions on r and m. Our result is the following.

THEOREM 2.1. Let a and M be such that (1.4) and (1.5) hold. Let r > 1 and let f in
L™(Q). We have the following:

(i) if r > %22, and if m > (r 4+ 1)/, there exist u and ¥ in Wy*(Q), solutions of
(2.1); furthermore,
(a) if m > & then u belongs to L=(Q);

(b) if m = & then u has exponential summability and belongs to LP(Q) for

every p > 1;
(c) if (r+1) <m < %, then u belongs to L?(Q), with o = max(m™*, m%:l)),
where m** = N]i—g”m;
(i) if 1 <r < ¥£2 and if m > ]\QI—JIQ, there exist u and 1 in Wy*(Q), solutions of

(2.1); furthermore,
(a) if m > & then u belongs to L*=(Q);
(b) if m = & then u has exponential summability and belongs to LP(Q) for

every p > 1;
(c) if]\?—i; <m < &, then u belongs to L™ (), where m** = 22
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Figure 1: Regularity for v in Lebesgue spaces as a function of r and m as a
consequence of Theorem 2.1.

_2Nr _ Jivi ok m(2r+1)
Nratz divides the two zones where m™ > ===,

In Figure 1, the dashed line m =

or m*™ < m(qj;jll) The white zone below the dashed line m = ]\2,—%, and above the curve
m = # is where the regularizing effect with respect to the single equation happens:

even though the datum is not in the dual space of W,*(2), the solutions belong to
W ().

The proof will be divided in several steps, dealing with the various possible values
for r and m. We begin with existence of approximating solutions.

APPROXIMATE SOLUTIONS. Let nin N, and let f, = T,,(f), so that {f,} is a sequence
of L>(Q) functions which strongly converges to f in L™(Q2), and satisfies the inequality
|ful < |f|]- Thanks to Theorem 3.4 (see the Appendix), for every n in N there exist
weak solutions wu,, and v, in W, (Q) N L>(Q), with ¢, > 0, of the approximate system

oz ] e MA@ —div ([a@)+ [ [V f]Tu) + vl =
U € WP (Q) : — div(M(z)Viby) = |un|".
U

L>(§2) AND EXPONENTIAL ESTIMATES. Suppose that m > =, and choose G (u,,) as
test function in the first equation of (2.2). Dropping two p051tive terms, and using

(1.4), we obtain
o [ WGw)E < [ 1fullGutu)l,

which is the starting pomt of either the L>({2) estimate by Stampacchla (see [11],
Théoreeme 4.1) if m > , or the exponential estlmate if m= 2 . That is, under the
assumption that m > 2 , there exists a constant C' > 0 such that

<Ol g

while if m = % the sequence {u,} has exponential summability (uniformly with respect
to m), so that it is bounded in LP(S2), for every p > 1. From this estimates, it is easy
to prove that the sequence {u,} is bounded in W,?(Q) (choose u, as test function,
use (1.4) and drop two positive terms), and that the sequence {1} is bounded in

il g <
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Wy (Q)NL>2(Q) (use (1.5) and Stampacchia’s result as above since the sequence {|u,|"}
is bounded in L*(€), for some s > Z). O

ESTIMATES WHICH USE THE LOWER ORDER TERM. In this step, we will suppose that
m > (r 4+ 1). Choosing u, as test function in the first equation of (2.2), using (1.4)
and dropping a positive term, we obtain

a/ |Vun|2+/¢n |un|rs/fnun,
Q Q Q

while choosing 1), as test function in the second equation we obtain, using (1.5),

o [ 190 < [ vl
Q Q
Therefore, we have that

(2.3) o / V2 + 0 / Vil? < / Fullunl.

We now follow [10]: let v > 1 to be determined later, and choose |u,, u, as test
function in the first equation of (2.2); using (1.4), and dropping two positive terms, we
obtain, since |f,| < |f|,

(24)  a@y-1) / IVt 27 < / ol lun? " < / Fllun .
Q Q Q

On the other hand, choosing |u,|” as test function in the second equation we obtain,
using Young inequality and (1.5),

|2772

/Q]un|’“+7—’y/QM(x)Vz/JnVunwnP1 sgn(uy,)
<pr / IV [Vt [ < C / Vil + C / Vet P2
Q

Using (2.3) and (2.4) with this inequality, we obtain

J o <e [ 1flwl+o [ 1P
which implies that

(2.5) / a7 < © / Fllual + € / Fllua < C / flec / Fllunl? L
Q Q Q Q Q

where in the last passage we have used that 2y — 1 > 1 since v > 1. We now choose

v = % so that v > 1 since m > ™ = (r 4+ 1)’. With this choice of ~, we have

r4+vy= m(%ﬂl) (2 — 1)m/, so that from (2.5) we obtain, using Holder inequality,

1
m(2r+1) m(2r+1)
[ 1l "5 < Ul g+ CUAL [ [ a5

Recalling that m > 1, we therefore obtain (after simplfying equal terms) that

1
'm(21+1)
[l 5] < €l
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that is, the sequence {u,} is bounded in L*(2), with s = m(%ﬂl) As a consequence of
this estimate, and of the fact that s > m’, we have that

/umwsa
Q

so that from (2.3) it follows that the sequences {u,} and {1, } are bounded in W, *(Q).
U

ESTIMATES NOT USING THE LOWER ORDER TERM. In this step, we will suppose that

m > 2 N+2 Let u, and 1, be solutions of (2.2), let v > 1, and choose |u,|*'"2u, as test

function in the first equation, to obtain, after using (1.4), and dropping two positive
terms,

a2y - 1) / IVt Pt |72 < / Foltn 2
Q Q

Thanks to Sobolev and Hélder inequalities, and to the assumption | f,| < |f|, we have
2
72<a27_1/wv%P272

as( 2fy /
i
/ Fln 21 < 11 / a0

so that v > 1 (since m** > (2N/N +2)** = 2*) and (27— 1)m

[t ] < €Ol [ [

which can be rewritten, after simplifying equal terms, as

Az

Thus, the sequence {u,,} is bounded in L™ (); since
LS U U S R

m  om m m N m*

N +2, we have that the sequence {f, u,} is bounded in L'(€2). Therefore,
choosing u,, as test function in the first equation of (2.2), we have (dropping a positive
term, and using (1.4)) that

/WMQ/%MA /h%<c

that is, the sequence {u,} is bounded in W,?(Q), and the sequence {1, [u,|"} is
bounded in L'(Q). Choosing 1, as test function in the second equation of (2.2), and

using (1.5), we thus have
o [[vu < [onlup <.
Q Q

so that also the sequence {,,} is bounded in Wj*(Q). O

Choose now v =
m**; we obtain

2*’

1
7

m**] m
Y

1
S el V] .

being m >

END OF THE PROOF. As a consequence of the previous proofs, and under the assump-

tions that m > max((r +1)’, ﬁfz) and r > 1, we have that:

e the sequences {u,} and {¢,,} are bounded in W,*(Q);
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skk m(27"+1)

e the sequence {u,} is bounded in L7(Q), with o = max (m™, = 2

)if m <
anda:+ooifm>%.
Therefore, up to subsequences, u, converges, weakly in I/VO1 ’2(9), weakly in L7(Q),
and almost everywhere in €, to some function u, while 1, converges, waekly in W,*(Q)
and almost everywhere in €2, to some function v. Since the sequence {|u,|"} is bounded

in LP(2), with p = 2 > 1, it is weakly convergent in the same space to |u|". Therefore,
one can pass to the limit in the identities

/ M (2) Vi, Vi = / unfw, Y e WEAQ) A L¥(Q),
to have that 1/1Qand u are such thatQ

/S]M(x)vaw = / lul"w, Vw € Wy (Q) N L2(Q).
Choosing w = Tj,(v), with v > 0 in W, *(Q2), we have that

/M YWV T (v /|uka . VE>0.

Passing to the limit as k tends to infinity, using Lebesgue theorem in the left hand side
(recall that 1 belongs to W,*(€2)), and Beppo Levi theorem in the right hand side, we
have that

/M(x)Vz/JVU = / lul"v, YveWy*Q), v>0.
Q 0

If v belongs to Wy*(Q), writing v = v* — v~, and subtracting the above identities
written for v and v~ (not that both terms are finite, because the left hand side is
finite), we have that

/M(x)vav:/ o, Yo e WHQ).
Q Q

that is, 1) is a weak solution of the second equation.

We study now the first equation: due to the presence of the term [, |Vu,|*, weak
convergence in I/VO1 2(Q) is not enough in order to pass to the limit, as it is not enough
the boundedness of ¥, |u,|" in L'(€2). Therefore, we need some extra work. First of all,
let € >0, k > 0, and choose 2} T.(G(uy)) as test function in the first equation of the
system. Dropping two positive terms (those coming from the differential part of the
equation), and using that |f,| < |f|, we obtain
1 1 1
S G < [ il TGutw ) < L [l TGt

Letting € tend to zero, using Fatou lemma on the left hand side, and Lebesgue theorem
on the right hand one (recall that every wu, is a function in L*°(2)), we have that

1
[ wbirs [l <[ ) g <[]
{(un>k} {un>k} {(un>k {un>k}

since the sequence {u,} is bounded in L™ (Q) being ¢ > m/. Analogous calculations

imply that
[ wetwrzc[[ ]
{un<—k} {un<-k}
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so that

26) [ wwr<c[[ ]
{lun|>k} {lun|=>k}

Let now E be a measurable subset of €. Then

En{|un|<k} Em{|un\>k}

<’”/ e /M'f' ’

Let now ¢ > 0, and choose k large enough so that

C[/{|un|2k}|f| ] <e, VYneN.

Such a choice of k is possible since the measure of {|u,| > k} tends to zero as k tends to

infinity, uniformly in n, as a consequence of the boundedness of {u,} in (for example)
L'(2), and since |f|™ belongs to L'(2). Once k has been chosen, let § > 0 be such
that meas(F) < § implies that

k;’"/%ge, Vn e N.
E

Such a choice of ¢ is possible thanks to Vitali theorem since the sequence {¢,} is
strongly convergent in (at least) L'(2) being bounded in W,*(€2). Thus, the sequence
{tn|u,|"} is uniformly equiintegrable. Since it is almost everywhere convergent, Vitali
theorem implies that

(2.7) Un|u,|” strongly converges to v|u|” in L'(Q).

With the same technique, one can prove that the sequence {,|u,|" "'} is uniformly
equiintegrable, so that

(2.8) Unlun "' strongly converges to tlul"! in L'(€).

Dn:/|Vun|2.
Q

Since the sequence {u,} is bounded in W,*(Q), {D,} is a bounded sequence of real
numbers, which we may suppose converges to some real number D. Let k& > 0 (to be
determined later), and choose u,, — Tj(u) as test function in the first equation of the
system, to obtain

/Q[a(x)+pn]wnv< CTi(u /wn\unr 20, (up — Th(u /fn (ty — To(11)).

Adding and subtracting the term

/Q[a(x) + Dy |VTi(w)V (upy, — Ti(u)),

we obtain, using (1.4) and dropping a positive term,

o [ 1900 = Tiw)F + / o "2t (1 — Ti()
/f = Ti(u / 2) + Dy VT ()Y (uy — Te())

Define now
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Since f,, is strongly convergent to f in L™(€2), and u, — Tj(u) is weakly convergent in
(at least) L™ () (recall that o > m’), we have that

lim /fn w, — Ty(u /ka
n—-+00

Thanks to both (2.7) and (2.8), we also have that
lim /wnlunr’ 2Up (U, — Tip(u /¢|u!r 2uGru) >
n—+oo

while the boundedness of {u,} in W,?(Q), the weak convergence of V(u, — Tj(u)) to
VGi(u) in (L3(2))" and (1.4) imply that

lim [ [a(x) + Du]VTk(w) V(ty — Th(u)) = /Q la(z) + D|VT(w)VGa(u) =

n——+o0o Q

since VT (u)VGg(u) = 0 almost everywhere in §2. Therefore, we have that

(2.9) lim sup a/ IV (= Ty(u))? g/ka(u)

n—-4o00

Since u = Ti(u) + Gi(u), we have

/]V —U’2<2/’V —Tk |2—|—2/IVGY]C

Therefore, using (2.9), we obtain

1imsup/|V —u |2<211msup/|V(un—Tk(u))|2+2/|VG;€(u)|2
n—+o0o n—-+00 Q

<2 [ rauw+2 [ 9GP,

Since fu belongs to L'(2), and |Vu| belongs to L*(), given ¢ > 0 there exists k =

k. > 0 such that
2
—/ka(qu/ VG W) < e
a Jao Q

0 < limsup / IV (u, —u)]* <e.
Q

n—-+o0o

so that

Being € > 0 arbitrary, this implies that w, is strongly convergent to u in VVO1 2(9)
Hence,

D= lim D, = lim /|Vun|2:/|Vu|2,
Q Q

n—-+o0o n—-+0o0o

and (using also (2.8)) we can pass to the limit in the identities

/Q[a(x)—l—/ﬂ\Vun|2]VunVn+/an\un|’"2un77=/9fn777 v € W (Q)NL>(9),
to have that

[ fa@+ [ 1vaf]vasn+ [otarun= [ fa. wmewi@niz@),
as desired. U
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REMARK 2.2. If 1 <r < %, and f belongs to L™(Q2), with m > N+2, then not only

¥ but also u is a weak solution of the first equation of (2.1). Indeed, since both u and
¥ belong to L' () (being W,y *(Q2) functions), we have that
2*
Ve e (), p=—.
Since, by the assumptions on r,
2* 2N N-2 2N
" N-2N+2 N+42’
the function ¢ |u|"~2u belongs to the dual of W,*(Q2); therefore, one has (by density of
W () N L™(Q) in Wo™(2)

/Q[a(x)+/Q|VU|2}V1LV90+/Q¢IUIT_QUSOZ/Qfso, Vo € Wi ().

as desired.

Thanks to this remark, we can prove that the solution (u,1) of system (2.1) given
by Theorem 2.1 can be seen (under some assumptions on r and f) as a saddle point of
a suitable functional.

THEOREM 2. 3 Suppose that a and M satisfy (1.4) and (1.5), and that M is symmetric.
Let 1 <r < 5 and let f in L™(Q), withm > 325, Then the solution (u, 1) of system
(2.1) given by Theorem 2.1 is a saddle point of the functional J defined in (1.6), that is

(2.10)  J(u, ) < J(u,v) < J(v,), Yo, € Wy (Q) such that |v|” € L1 (Q).

PROOF. We begin with the second equation of (2.1); by Theorem 2.1, ¢ is a weak
2(Q), as test

solution of the second equation of (2.1).
function, we obtain

Y

L[ @vevw e =1 [ w-eh.

Adding and subtracting the term

1
_ M + +
o /. (z)Ve' Ve
we obtain, after straightforward passages,
1 1
= / M@V - o V0 = o") + 5 [ M@Teve - [ ol
rJo rJa

1
_ M R v ol
3 [ M@ =1 [ ot

Since the first term is positive, we therefore have that (recall that ¢» > 0, so that
Y =197)

1 1 1 1
5 [M@veve - [ < o [ M@Tever -1 [ ot
T Jo T Jo 2r Q T Jo

for every ¢ in W,?(Q). Changing sign to this identity, and adding to both sides the
(finite, thanks to the assumptions on f and to the fact that u belongs to W, *(Q)) term

3 | a@ivap 5[ [var] = [ fu
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we have that

T, 0) < J(w,v), Vi e WeH(Q),
which is the first half of (2.10). As for the second, by Remark 2.2 we have that u is a
weak solution of the first equation of (2.1). Choosing u — v as test function, with v in
Wy () such that |v|” belongs to L'(£2), we obtain that

/Q[a(w)+|Vu|2]vuwu—v)+/Q¢|u|r—2u(u_v):/Qf(u_v).

Adding to both sides of this identity the term

1
5 [ a@Ivel
2 Ja

we obtain after straightforward passages that

5 [a@rv—or+ g [a@was [ [ 9] [ vuv-)
/mur? w—v) /fu— /am|Vu|2—/qu.

Dropping a positive term, we therefore obtain that

(2.11) %/ﬂa(x)\Vu\z-k [/Q\Vuﬂ/QVUV(U—U)—l—/QunV—?u(U_U)_/qu

<5 [a@vak = [ fo.

Observe now that since r > 1, the function t — [¢|" is convex; therefore,
s|” > |t|" + 7|t 2t(s—t), Vs,teR.
Writing this inequality with s = v(x) and ¢t = u(z), we therefore have that

[o(@)|" > [u(@)]" + r[u(@) " u(@) (v(@) — u(z)),

which can be rewritten, integrating on 2 and recalling that ¢» > 0, and that ¢|v|"

belongs to L'(Q),
/wwr2 wu=o)z 1 o= [opr,

Substituting in , we obtain (since ¥ > 0, we have ¢ = ¢™)

1
—/ |Vu|2 /|Vu| /VUV u—v) ;/¢+|U|T—/fu
212 : < %/ a(z)|Vul® + /wﬂv /Q v. ' '

It only remains to deal with the term

[/Qwuﬂ /Qvuwu—v).

We begin by adding and subtracting the quantity

sL[va] [ 9o
/|vuy /|Vu—v )? + /\vu\ /yvuP /yvu|

to obtain
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so that

(2.13) [/Q|Vu]2]/QVuV(u—'U) z%[/ﬂ\vuﬂ {/Q|vu|2—/9|w?].

Since

1 1
t(t—s)2§t2—552 Vs,teR,

writing this inequality with s = [, |Vo[* and ¢t = [, |Vu|?, we have that

[va] [ [ v = [ 9ep] = 5[ [ 1var] =3[ [ 1ver

Therefore, using (2.13) we deduce that

VAZGIAGIES / val][ [ wup - [ vep]
[ [ o] —Z/QW

Substituting this inequality in (2.12), we thus have that

(@) Vul? + 7 / |+ / otal = [ fu

<5 [a@al 5[ [19] + 2 [wrpr= [ ro.

If we subtract to both sides the term
1
2r

2

S~

M(z)VVy,

which is finite (recall that 1) belongs to W,*(Q)), we obtain that
J(u, ) < J(v,0), Vv e Wy?(Q) such that ¢lv|” € LY(Q),
which is the second part of (2.10). O

3. OUTSIDE THE ENERGY SPACE

Up to now, we have made assumptions on f which guaranteed the existence of finite
energy solutions (i.e., in Wy*(Q)) v and ¥ to the system. These assumptions were
necessary in order to give a meaning to the term fQ |Vu|* which appears in the first
equation. What happens if these assumptions are violated?

In order to give an idea of what may happen, we will confine ourselves to a particular
case: we suppose that f > 0 belongs to L'(2) \ W~12(2), and that

1 1 < :
(3.1) <TS T

Our result is the following:

PROPOSITION 3.1. Let a and M be such that (1.4) and (1.5) hold. Let r > 1 be such
that (3.1) holds, and let f >0 in L*(Q) \ W—43(Q). If {u,} and {¢,} are sequences of
solutions of (2.2), with f, = T,(f), then

(3.2) the sequence {u,} is unbounded in Wy*(Q).
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PROOF. Let u,, and v, be solutions of (2.2), define

D, —/|Vun|2

and suppose by contradiction that the sequence {D,} is bounded in R. Hence, the
sequence {u, } is bounded in W,*(Q), and let u be the weak limit of (a subsequence of)
u, in Wy?(Q). Since the sequence {u,} is bounded in L?*(Q) by Sobolev embedding,
the sequence {|u,|"} is bounded in L?"/7(2); by (3.1), we have that

> 2N N-2 2N

r " N-2N+2 N+2’
so that, by elliptic estimates, we have that the sequence {¢,} is bounded in W, 2(9)
and in L?"(Q). Therefore, the sequence {1, |u,|" "'} is bounded in L?(£2), with

1 r—1_r N+2N—2_N—|—2

o 2 T2 T¥SN-2 2N | 2N
where in the last passage we have used (3.1). Therefore,
o> ﬂ
T N+2°

and so the above estimates are enough to pass to the limit in the first equation of (2.2).
We obtain that « is a solution of

u e W,?(Q) : —div([a(z) + D)Vu) + ¢ [u]""%u = f,
where D is the limit of (a subsequence of) D,, (note that it is not necessarily true that
D = [, |Vu|? since we only have weak convergence). This is, however, not possible:
indeed, since u belongs to W;(Q) and a(z) is bounded, we have that — div([a(z) +
D]Vu) belongs to W-12(Q); since 1 [u"~2u belongs (at least) to L¥+2 (1), we have
that it is in W~12(Q) as well; therefore, from the equation we obtain that f belongs to
W~=12(Q), contradicting our assumption. O

By the previous result, the sequence {u,} of solutions of the first equation of (2.2)
is not bounded in VVO1 2(€2). What can be deduced from this information? To simplify
the presentation, suppose from now on that

N=6,
so that (3.1) becomes 1 < r < 2. Our result is the following.

PROPOSITION 3.2. Let a and M be such that (1.4) and (1.5) hold. Let N = 6, let
1 <r <2 andlet f >0 in L}(Q)\ W=L3(Q). If {u,} and {¢,} are sequences of
solutions of (2.2), with f, = T,(f), then the sequence {T}(u,)} is bounded in Wy*(Q)
for every k > 0, and the sequence {u,} is bounded in W,*(2), for every 1 < q < 2

Furthermore, if

(3.3) Dn=/ [V, |?,
Q

then the sequence {T}(D, u,)} is bounded in W,*(Q), and the sequence {D,uy} is
bounded in Wy*(Q), for every 1 < p < 2. Finally, the sequence {u,} weakly converges

to zero in VVO1 “9(Q), for every 1 < q < while the sequence {D,u,} weakly converges

117
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to a function w in Wy*(Q), for every 1 < p < ¢ =, With w the entropy solution of the

equation
—Aw = f.

That is, w is such that Tj,(w) belongs to Wy () for every k > 0, and
/ VwVTi(w — ¢) < / fTe(w—), VE>0, VoW (Q)NL2Q).
Q Q

As for the second equation of (2.2), it degenerates to the identity 0 = 0.

PROOF. Let k£ > 0, and choose T (u,) as test function in the first equation of (2.2).
Using (1.4), dropping two positive terms (note here that we keep the part with the
integral of |Vu,|?), and recalling that 0 < f,, < f we obtain

(3.4) /|wn| /|VTk Uy, S/anTk(un) SNl )

Since
/ Vel > / VT )
Q Q

we therefore obtain from (3.4) that

(3.5) / VT (u)|? < Ck2,
Q
which implies that, for k fixed,
(3.6) {T}(u,)} is bounded in W,?(€2).

Using Sobolev inequality, and observing that T (u,) = k on the set {u,, > k}, we thus
have (here we follow [4])

S k2 meas({u, > k})# gs[/ Tiw) ] ™ /ka ()] " /|VTk w2,

Wk
which, together with (3.5), implies that

C
meas({u, > k‘})l T
that is (recall that N = 6, so that 2* = 3)
C
(3.7) meas({u, > k}) < k—g
4

Let now A > 0; since
{|Vun| > A} = {|Vu,| > X\, u, <k} U{|Vu,| >\, u, >k},
we have that

meas({|Vu,| > A\}) <meas({|Vu,| > X, u, < k})+ meas({|Vu,| > X, u, > k})

Ck: C
2
_)\2/|VT19 up)|? + meas({u, > k}) < 3 +k_%.

Choosing kz = At (so that the two terms in the right hand side have the same be-
haviour), we obtain

(3.8) meas({|Vu,| > A\}) <

[
—loo

A1
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Estimates (3.7) and (3.8) imply (thanks to the embeddings between Marcinkiewicz and
Lebesgue spaces) that

(3.9) {u,} is bounded in W,%(Q2), Yg < 18, and in L5(Q), Vs < 2

11’

The boundedness of {u,} in L*(Q2), implies that {|u,|"} is bounded in L*/"(£2), for every
s < %. Thus, by the elliptic estimates of [11] or [7], applied to the second equation of
(2.2), we have that the sequence {1, } is bounded in L#(€2), for every p < (2)™ = 32
Therefore, the sequence {t,, u" '} is bounded in L7(fQ), for every o such that

1 1 r—-1_ 3r—s 3r—-3 6r—s—3 3s

o p+ S 3s + 3s 3 ? 6r —s—3

Note that one has ¢ > 1 if and only if one can choose s such that 67“5’;3

5> @. Since by (3.1) we have r < 2, then 3(22_1)

possible by (3.9).
Summing up, for the first equation one has (3.9) and

> 1, that is if

< %, so that such a choice of s is

(3.10) {tpu""1} is bounded in L7(2), for some o > 1.

Choose now Ty (D,u,) as test function in the first equation, with D,, given by (3.3).
Dropping two positive terms (as before), and recalling that 0 < f,, < f, we obtain

[ 9TDa) P = D, [ VT D) < [ £ Do) < K11,
0 0 Q LY(Q)

This inequality implies that for k fixed the sequence {T}(D,u,)} is bounded in VVO1 2(Q),
and, reasoning as in [4] (or as above) that the sequence {D,u,} is bounded in W, (),
for every 1 < p < g. Note that 1 11 g, so that the estimate (3.9) on w,, is “better”
than that on D,u,,.

Since the sequence {D,, } is not bounded by Proposition 3.1, and the sequence { D, u,, }
is bounded in W, ”(Q), 1 < p < £, it follows that (up to subsequences) u,, tends to zero
in the same space (since the hmlt is independent on the subsequence, then the whole
sequence {un} tends to zero); therefore, u, tends to zero in the smaller space W,%(Q),
1 < ¢ < $8; furthermore, the sequence {]un] }, and so by elliptic estimates the sequence
{1}, tend to zero. ThlS fact means that the second equation becomes the identity
0 = 0 (i.e., there is no limit equation). As for the first one, the term ,|u,| ' tends
to zero, while the estimates on Ty (u,) (see (3.6)), on D,u, and on Ty(D,u,) yield that
T (uy,) tends to zero weakly in W, (), that D,u, converges to some function w weakly
in W,9Q), 1 <q< 8 and that Tj(Dyu,) converges to Tj,(w) weakly in Wy (9).

We now follow again the approach of [4], and choose Ty (D,u, — ¢) as test function
in the first equation of (2.2), with ¢ in W,*(Q) N L>(2). We obtain

/ a(z)Vu,VT(Dyu, — @) + D, / Vu,VTi(Dyu, — @)
The convergences proved so far yield that

lim /wn ]un|r_2unTk(Dnun—gp):O, lim /fnTk(Dnun—gp):/ka(w—go).
Q Q Q

n—-4o00 n—+400
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As for the first term, we have

Since D,, dlverges, and the two integrals are bounded with respect to n, we have that

lim a(x)Vu,VTi(Dyu, — ) =0.

n—-+00 Q

As for the second integral, we have
Q Q

+/ VoVTi(Dyu, — @) > / VoVTi(Dyu, — @),
) Q

so that
lim inf / V(Dypu,)VTi(Dyuy, — @) > / VoVTi(w — ).
Q

n——+o0o

Putting together all the convergence results, we thus have that

/QVQDVT}C(U) —¢p) < /Qka(w — ), VE >0, Yo € Wy (Q) N L¥(Q).
Thanks to the results of [8], we therefore have that

/vav:rk(w —p) = /Qka(w — ), VEk>0, VpeW,*(Q)NL2Q),
that is, w is the entropy solution (see [4]) of the equation

—Aw = f,
as desired. O

APPENDIX: BASIC RESULTS AND EXISTENCE FOR BOUNDED DATA

In this Appendix, we will prove some results concerning the first equation of system
(1.3), and the whole system in the case of bounded data.

PROPOSITION 3.3. Let v be a function in Wy*(Q), let ¢ > 0 be a function in L'(Q),
let f be a function in L>(2), and let r > 1. Then there exists a unique weak solution
u of

(3.11) we Wy(Q) : —div < / |Vol? Vu> +olu"Pu=f,
that is, o |u|" belongs to L'()), and

/ [a(x) —i—/ |Vv|2} VuVn + / olul"?un = / fn, Vn € WOI’Q(Q) N L>*(Q).
Q Q Q Q
Furthermore,

(3.12) el 2y + Nl gy < C 11

(2)7300’

for some positive constant C' independent on v.
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PROOF. The existence and uniqueness of a solution u in W, *(Q) of (3.11) follows from

well-known results on semilinear elliptic equations (see, for example, [5]) since (3.11) is
of the kind

—div(Q(x)Vw) + b(z)|w| ?w =g,
with @ a uniformly elliptic and bounded matrix, » > 1, b a function in L'(Q), and g a
function belonging to some Lebesgue space.

As for (3.12), we begin by choosing T}(u) as test function. Dropping two positive
terms, and using (1.4), we obtain

oz/Q|VTk(u)]2§/Qka(u).

Letting k£ tend to infinity, an using Fatou lemma in the left hand side, and Lebesgue
theorem in the right hand one, we obtain

o [wup < [ fu.

and from this inequality it is easy to prove (using Sobolev embedding and Hélder
inequality) that

which is one half of (3.12). The second half can be obtained by choosing G (1), (u)),
letting h tend to infinity, and then following the proof of Théoreme 4.1 of the paper
[11] by G. Stampacchia. O

We can now prove an existence result for solutions of (1.3), in the case of bounded
data f.

THEOREM 3.4. Let f be a function in L>(2), and let r > 1. Then there exist u and
1, weak solutions of the system

L2/ . A 2 r—2, _
) we WH(Q) dw({a(x)+/ﬂ|vu|}vu)+w|u| w=f,
(NS WOI’Q(Q) s —div(M(2)V) = |ul".
Furthermore, u and v belong to L>(2), and ¢ > 0.

PROOF. Let ¢ in N and v in VVO1 ’Z(Q); by Lax-Milgram theorem, there exists a unique
solution ¢ of

(3.14) © € W) : —div(M(2)Ve) = |T,(v)]".
By standard elliptic estimates, one has that
(3.15) 6l < C o™

for some positive constant C'. By the maximum principle, ¢ > 0, so that, by Proposition
3.3, there exists a unique solution u of

u € WOM(Q) —div < / |Vol? Vu) +ou?u=f.
Since, by (3.12), one has

[l

def
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the ball Br(0) of W,*(Q) is invariant for the map S : v — u. We are going to prove
that the map S is completely continuous

We begin by proving that if {v,} is bounded in W;?(Q), then there exists a sub-
sequence of {u, = S(v,)} which is strongly convergent in W,*(€). Indeed, since the
ball B(0) is invariant for S, the sequence {u,} is bounded in W;*(2); hence, up to
subsequences it will converge, weakly in W,*(Q), strongly in (for example) L?(€2), and
almost everywhere in 2, to a function u. Since by (3.12) the sequence {u,} is bounded
in L>(Q), we have that u, strongly converges to u in LP(Q2) for every p > 1. Further-
more, if ¢, is the solution of (3.14) with datum |7,(v,)|", then by (3.15) the sequence
{¢n} is bounded in I/VO1 ’Q(Q), so that, up to subsequences, it strongly converges to some
function ¢ in (for example) L?(2).

We now choose u,, — u as test function in the equation solved by u, to have that

/Q [a(l') + /Q |an]2} Vu,V(u, —u) + /Q On [Un|" U (U — u) = /Qf (Up — ).

Adding and subtracting the term

/Q [a(x) +/ |an|2} VuV(u, —u),

we obtain, using (1.4) and dropping a positive term,

/]V Uy — u)|* + /gpn |t | 2, (U — )
/f ) /[a(x)+/|wn|2}vuwun—u).

Since f belongs to L>(f2), and u,, — u tends to zero in (for example) L'(Q), we have

that
lim /f(un—u):(),
n—-+o0o Q

while, since a(z)Vu belongs to (L*(Q))N, {v,} is bounded in W, *(Q2), and V(u, — u)
tends to zero weakly in (L*(€))", we have that

lim : [a(a:) + /Q |an|2] VuV(u, —u) = lim a(x)VuV (u, — u)

n—-4o0o n—+400 Q

+ lim [/Q|an|2}/QVUV(un—u):O.

n—-+o0o

On the other hand, since ¢, is strongly convergent to ¢ in L*(Q2), and |u,|"?u, (u, —u)
is strongly convergent to zero in L?(Q) as well (recall that {u,} strongly converges to
u in every LP((2)), we have that

lim On [Un|" U (U —u) =0.
n—+o0o Jo

These three convergences imply that

lim a/|V(un—u)|2:
n——+o0o Q

so that the sequence {u, = S(v,)} is strongly convergent in W, (), up to subse-
quences. This proves that the map S is compact. To prove its continuity, let {v,} be a
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sequence strongly convergent to v in W, *(Q), and let u, = S(v,). If ¢, is the solution
of

P € Wy(Q) : = div(M(2)Vip,) = T, (va)|"

since {|T,(v,)|"} is strongly convergent in (for example) L?*(f2), then ¢, is strongly
convergent in W,*(Q) to ¢, the unique solution of

pE WOI’2(Q) :—div(M(2)Ve) = |T,(v)|".

On the other hand, since the sequence {v,} is bounded in W, *(Q), the result proved
before yields that, up to subsequences, the sequence {u,} is strongly convergent in
W,y*(Q) to some function u, and the sequence {¢,, |u,|" "2 u,} is strongly convergent in
(at least) L'(Q) to ¢ |u]""2u. Therefore, if 1 belongs to W, (Q) N L>(Q), one can pass
to the limit in n in the identities

[ o+ [ 196P]Fuvn+ [ ool uan= [ 1o,
Q Q Q Q

to have that u is such that
/ [a(x) +/ IVU‘Q} VuVn+ / olul"?un = / fn, Vn € WOM(Q) NL>*(Q).
Q o) o) 9]

This implies, by uniqueness of the solution, that u = S(v), and that the whole sequence
{u,} is strongly convergent in W,*(Q) to u; therefore, S is continuous, and so S is
completely continuous.

Therefore, by Schauder fixed point theorem there exists u in W,*(Q) such that
S(u) = w; if we define ¢ as the unique solution of

€ Wyt (Q) : — div(M (2) V) = |T,(u)]",

we have proved that for every o in N there exist weak solutions u, and 1, of the system

up € WI(Q) : —div ([a(m) +/ ]Vugﬂ Vum> Ty w2y =
)
Uy € Wi2(Q) : — div(M(2)Vihy) = [T, (ug)|"
We observe now that, by (3.12), we have that

def

Therefore, if 0 > R we have T,(u,) = u,, so that the functions u dof U, and dof (e
are weak solutions of the system

we Wi (@) : —div ([a() +/ V2| Va) + o ful 2 u = £,
Q
Y€ Wy 2(Q) : — div(M () V) = |u|".
Furthermore, both w and ¢ (by Théoreme 4.1 of [11]) belong to L>(£2), and ¢ > 0, as
desired. 0
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