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Abstract: In this paper we study the existence of solutions of the Dirichlet problem associated to the
following nonlinear PDE

— div(a(x) VulVulP?) = div(lu|" """ Vu|Vul*?) = f
where 1 <A< p,r>1and f € L'(Q).

Keywords: nonlinear elliptic equations; weak solutions; double phase problems; singular data;
regularity

1. Introduction
The topic of this paper is inspired by one of the recent scientific interests of Rosario Mingione, the

so—called “double phase” elliptic problem.
The main example of a double phase integral functional is

1
J(v) = f [—IVvI” + I@IV\/I‘I], with 1 < p <gq,
QP q
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where Q is an open, bounded subset of RY (N > 2),

1 < p < g,with 4 close to 1 in dependence on N. (1.1)
p

and
p(x) > 0. (1.2)

Since it is not assumed that the weight p(x) is bounded away from zero (that is, it is not assumed that
d pg € R* such that p(x) > pg > 0), it is not possible to say, even under the assumption p < g, that the
term p(x)|Vv|? is dominant, so that the set {x : p(x) = 0} plays an important role.

Few years ago, R. Mingione found a name for such a problem: double phase problems. Since then,
these problems and this terminology have become very popular.

Note that, the functional J exhibits unbalanced growth: the (p,q)-growth in the Marcellini
terminology (see [16]).

Nowadays, there is a huge literature concerning double phase elliptic problems. Here we only recall
the fundamental papers [2,3, 12, 13], and recently [14,17].

The main example of a double phase elliptic nonlinear differential operator is the derivative of J,
that is

AW) = — div(V|Vv]P2) = div(p(x) Vv|Vv]772),

In this paper we study the existence of distributional solutions, belonging to some standard Sobolev
spaces, of Dirichlet problems with very singular data, and associated to differential operators of double
phase type like

— div(a(x) Vv|Vv[P~2) — div(g(v)Vy|Vv]*2),

with g(0) = 0.
Namely, we deal with the existence of solutions of the following boundary value problem

{ — div(a(x) VulVulP?) — div(g(u)VulVul*™2) = f, inQ; (13)
u=0, on 0Q);

where Q is an open, bounded subset of R (N > 2),

l<A<p<N, (1.4)
a(x) is a measurable function such that

a<alx)<p, witha,p>0, (1.5)
g(®) =P with r > 1, (1.6)
feLl(Q). (1.7)

We point out that

e in (1.4) the parameters A, p play the role of p, g in (1.1)
e the operator presented in (1.3) also depends on a power of u ;
e the coefficient a(x) does not need to be smooth.
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Our existence results hinge on the presence of the additional term
— div(g(u)Vu|Vul[*?),

which strongly helps, even if it has a growth (with respect to the gradient) 4 < p and despite of the
degeneracy due to the factor [u|"~ D4+,

As a matter of fact, this term provides a strong regularizing property: roughly speaking, we prove
that the solution u of (1.3), under a suitable relationship between the parameters p and A, is more
regular (and it even exists) than the solution y of

{ — div(a(x) Vy|Vy[P?) = f, inQ;

y =0, on 0Q, (1.8)

studied in [4,7, 8].

The regularizing effect of some lower orders terms, in the framework of boundary value problems
with L!-data, is already known since the paper [10] by H. Brezis and W. A. Strauss. We also refer to
the paper [1,6,9, 11], where some Dirichlet problems with lower order terms of order zero or of order
one, with natural growth with respect to Vu are studied.

2. The case of bounded data

This section deals with the case
feL”(Q).

In the sequel, given k > 0, we denote by G,(s) and T(s) the classical truncated functions defined by
Gi(s) = (Is| —k)"sgns, Ti(s) =s5—Gi(s), seER.

Let us introduce the following sequence of boundary value problems

. _ . V| Vu,|*2
— div(a(x) Vu,|Vu,|P~%) = div(g(T,(u,)) ———2——
(ax) Vatr Vil %) = div((T(ae)— 5|wn|ﬂ—1)
= f(x), inQ;
u, =0, on 0Q.

As a consequence of the classical result due to J. Leray, J. L. Lions (see [15]) there exists u, € Wé’p Q)
which is a weak solution of the above problem in the sense that the following integral identity holds

V nV n/l—Z
NVl Vi o

2.1
1+ Ly, |1 —

fa(x) Vit | Vi, |2V + fg(Tn(un))
Q Q
= ffv, for any v € Wé’p(Q).
Q

Moreover, due to the boundedness of f and adapting the well known method used in [18], each u, is a
bounded function and there exists a positive contant C, independent on n, such that

|2, Cs, VYneNlN.

<
L¥(Q)
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Thus, for any n > Cy it holds T,(u,) = u, and u, is a weak solution of the following Dirichlet problem

u, € WyP(Q) : 2
~ div(a(e) Vi [V, ) - div(g(u»%) = f). 2
that is S
La(x)Vuanunl”_ZVv +Lg(un)%%/ (2.3)

1,
:jg;fv, for any v € W,”(Q).

Taking u, as test function in (2.3) and using the assumption (1.5) we have

Vu,|!
af IVun|p+fg(un)—|1u| Sffun-
o o L+ 2|V, |[*! o

Dropping the second (positive) term in the left—hand side and using the boundedness of f we obtain
||u,,||W$,p(Q) <C;, V¥nel (2.4)

Here, and in the sequel, we denote by C; positive constants only depending on the data (but not on n).
Thus, there exist a subsequence, not relabelled, and a function u € Wé’p () N L=(Q) such that

u, — u weakly in W,”(Q), (2.5)

u, = u strongly in L’(€), and a.e. in Q. (2.6)

Moreover, using estimate (2.4) we obtain, since 1 < A4 < p,
1 C
f—wunﬁ—l <=2, VneN
on n

Thus,
1
—|Vu,|*' - 0 strongly in L'(Q), and a.e. in Q. 2.7)
n

In order to have
u, — u  strongly in W,"(Q), (2.8)

it is enough to prove that
f a(x) [V, |Vu, [P = VulVulP~ 1V (u, — u) — 0. (2.9)
Q
Let us take v = u,, — u as test function in (2.3)

f a(x) [V V|2 = VulVulP =21V (u, — u)
Q
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Vu,,qunlﬂ 2 — Vu|Vul*?
1+ 1|V M

Jor
ff(un —u) — fa(x) VulVulP~V(u, — u)
Q

Vu|Vu|*~?
f (n) llV nl’ll (I/tn—bt)

+

V(u, — u)

Due to the positivity of the second term we get

f a(x) [V, V|~ = VulVulP 2]V (u, — u) (2.10)
Q

< ff(u,, —-u) — fa(x) VulVul’>V(u, — u)

Vu|Vu|*~?
f (n) 1|V n|’ll (un_u)-

We note that the first and the second integral in the right-hand side converge to 0. Moreover,

YulV -2
g(un)% — gWVulVul'? ae.in Q
and (since [Vul[t"! € L¥)
Vu|Vul*~2 ~
g(un)m <gCoIVul"™!, VneN.

Thus, by the Lebesgue Theorem we get

V| Va2 ,
g(un)”ll—”| — gu)VulVul™? strongly in L (Q), (2.11)
1+ 1wy, -1
which in turn implies
Vu|Vu|*~?
f (n) 1|V |/ll (un_u)ﬁo-

Then, (2.9) easily follows taking the limit as n — +co in (2.10) and the strong convergence (2.8)
is proved. Finally, we take the limit as n — +oo in (2.3) (using (2.9) and (3.6)) and we obtain the
following existence theorem.

Theorem 2.1. Let 1 < A < p < N. Assume that (1.5), (1.6) hold and let
feL”(Q).

Then there exists a weak solution u € Wé’p (Q) N L*(Q) which solves the problem (1.3) in the following
weak sense

fa(x)Vuqul”_sz +fg(u)Vu|Vu|”‘2Vv :ffv (2.12)
Q Q Q

foranyv € WS”’(Q).
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3. Non regular data

In this section we assume that
felL'logL'(Q) (3.1)

and we will prove the existence of a distributional solution of problem (1.3)

3.1. Approximating problems

Let {f,} be a sequence of bounded functions such that
f, — f strongly in L'(Q),

and

Ifalli) < fllv)y, VY neN.
i

L+21f17
Let us introduce the following approximate boundary value problems

Classical examples are f,, = T,,[f] and f,, =

— div(a(x) V| Vi ") — div(g(u,) Vit Vu,|* %) = fu(x), in Q;

(3.2)
u, =0, on 0Q2.
By Theorem 2.1, there exists u, € W(;’p () N L=(Q) such that, for any v € Wé’p (Q),
f a(x) Vie,|Vu,|P>Vv + f 8(u) Vit Vi, [ 2Vy = f fuv. (3.3)
Q Q Q

Let k > 0; by taking T} (u,) as test function in the weak formulation (3.3) of problem (3.2) and
dropping the positive second term, we can proceed as in [4] and the following lemma holds.

Lemma 3.1. Let 1 < A < p < N. Assume that the hypotheses (1.5), (1.6), (3.1) are satisfied. Then, for
any k > 0 it holds

f VT ()P < k f fl, YneN. (3.4)
Q 0
Moreover, there exists Cy > 0 such that
(p—DN
Vu,|’ < C,, < — 3.5
fg Vil < Co. 5 < =5 (3.5)

and
{a(x) Vu,|Vu,|P~%} is bounded in L'(Q), 1 <t <

o1 (3.6)

Next, we will prove the following lemma.

Lemma 3.2. Let 1 < 1 < p < N. Assume that the hypotheses (1.5), (1.6), (3.1) are satisfied. Then
there exists a positive constant R, independent on n, such that

f Vu,|' <R, VneN. (3.7)
Q
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Proof. We setn = (r — 1)A+ 1 (note that n > 1 since r > 1) and we take

- e
v=|l- ——|—
(1 + fo) 7~ |

as test function in (3.3). Dropping the positive term resulting by the principal part, we obtain

|l i
'F)jkl|mnwV§£mmm—a+mesLumL

We fix k > 0. By the above estimate we have

1

(1+ k)

(m—1) f Vil < 1If 1l - (3.8)
{lutn|>k}

Thus, putting together estimates (3.4) and (3.8), it follows (3.7).
Further improvements on the boundedness of u, and Vu,, depending on the relationship between
the parameters p, A and r, can be derived from the following lemma

Lemma 3.3. Let 1 < A < p < N. Assume that the hypotheses (1.5), (1.6), (3.1) are satisfied. Then
there exist two positive constants Ry, R, independent of n such that

tfmJWSRh VneN (3.9)
Q
and
f Vu,|” <R,, VYneN (3.10)
Q
with
_rpd
Tl A

Proof. By taking v = log(1 + |”n|)|Z_Z| as test function in the weak formulation (3.3) of problem (3.2)
(see [8]), it is easy to see that

IV, | Jug, | DA
——+ | ———Vu,[* < | [fllog(1 + |u,)).
Q Q

Q I+ |un| I+ |un|

Using in the right-hand side the inequality
st<slog(l+s)+e, VYs,t>0

and the boundedness of {u,} in L'(Q) and, taking into account the positivity of each of the two integrals
in the left-hand side and (3.7), the following two estimates hold

|I/t |(r DHa+1
jifjﬁﬂqv%ﬁsc% ¥YneN (3.11)
Q n
and v
Jf@| Ci. VYneN (3.12)
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From estimate (3.11) we also deduce

1
— f i, DYVt < Cs, YneN
2 D>t

which, together with inequality (3.4), implies

f lu,| " Vu, |t < Cs, Y neN. (3.13)
Q

Now, we can use Sobolev inequality

1 o
ra* < — v, rd —
(rS)A(wi e Mfg| el

f it YV, |t < C;, YneN
Q

and the estimate (3.9) follows.
Next, let us prove (3.10). We follow the outline of [8]. Note that since o < p, by Holder inequality
with exponents Z, I%T and inequality (3.12), we have

fw i f P (1 < G [ )]
(1 + )7 0

and the proof is concluded, since, by the choice of o, it follows p%g =r A m]

Remark 3.4. Note that in Lemmas 3.1 and 3.7 we only use the assumption f € L!(Q), while
Lemma 3.3 requires the additional hypothesis f € L'log L'(Q). However, if f is merely summable,

the proof of Lemma 3.3 can be repeated in order to obtain the boundedness of {Vu,} in Wé’“(Q), for
rpd*

any | <o < 7%.

Remark 3.5. We point out that

A if a>nNe=L

A — Nr-1

max 4,7} {o’ it <Nl
Moreover { N1
Npr >1 & p>1+ .

Nr-1 r

Thus, Lemma 3.3 improves Lemma 3.7if | <1 < NZ= and p > 1+2=L. (Note that 1+ € ]1,2- 1]
since r > 1).

Remark 3.6. Let 2 — # < p < N. Taking into account only the contribution fv)(f tlgle principal part and
.

applying the results of [7] we deduce that the sequence {u,} is bounded in Wy ™" (Q).
Thus the term
— div(g(u,) Vit |V, | %)

has a regularizing effect in the following two cases
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)2-L<p<Nand &Y <2 <p,

1) 1<p£2—#and1</lgp.
As a consequence of previous lemmas we prove the following two existence results.

Theorem 3.7. Let 1 < A < p < N. Assume that hypotheses (1.5), (1.6) and (3.1) hold.

Then there exists u € Wy (Q), such that g(u)|Vul"™" € L'(Q), which solves the problem (1.3) in the
following distributional sense

f a(x) VulVulP Vv + f gw)Vu|Vu|*=>Vy = f fv, (3.14)
Q Q Q
Joranyv € C3(Q).

Theorem 3.8. Let 1 < A < p < N. Assume that hypotheses (1.5), (1.6) and (3.1) hold.
Then there exists u € W, (Q), such that gw)|Vul*™" € L(Q), which solves the problem (1.3) in the
distributional sense (3.14).

Remark 3.9. We explicitly remark that, in the case 4 = p, Theorem 3.7 gives the existence of at least
one solution with finite energy without any additional assumption on the summability of f. A similar
regularizing effect occurs for the solution of the Dirichlet problem associated to the equation
— div(a(x) VulVul’™?) + uul* " = f,

where f € L"(Q) with 1 < m < (p*)’, when a suitable balance between m and s holds, (see [11]) or to
the equation

— div(a(x) VulVul’?) + ulul’|Vul’ = f
with f € L'(Q) ( see [9]).

The following Figure 1 summarizes the different regularity results in dependence of p and A.

Figure 1. Regularity results in dependence of p and A.
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If (p, 1) belongs to the region A, the better regularity is the one obtained in [7],1.e., u € WO1 ’
otherwise the better regularity is the one proved here.

Np-1)

e

If (p, A) belongs to the region B, Theorem 3.8 gives the existence of a distributional solution u €
W&"T(Q); while in the region C the better regularity is the one stated in Theorem 3.7, i.e., u € W(;’A Q).

At last, if (p, 1) belongs to the colored region the result stated in Theorem 3.7 is new.

3.2. Proof of Theorems 3.7 and 3.8
We begin with the proof of Theorem 3.7.

As a consequence of Lemma 3.1 and Lemma 3.7 there exist a subsequence, not relabelled, and a

function u € Wé’A(Q) such that

u, = u weakly in W,"(Q),
u, — u strongly in L*(Q) and a.e. in Q,
Ti(u,) — Ti(u) weakly in W, P (Q).

In order to take the limit as n — +o0 in (3.2) we have to prove that
Vu, - Vu ae. in Q.

We follow some techniques of [5]. For any & € RY, we set

gler?

L+ Hel

A(x, &) = a()EEP=,  Bu(&) =
Let j,k > 0; using v = T;[u, — Ti(u)] as test function in (3.3) we have
f [A(x, Vu,) = A(x, VT ) IVT j[uy, — Ti(u)]
Q
+ f A(x, VT, ) VT jlu, — Ti(u)]
Q

+ f 8un)[By(Vuy) = By(VT () IVT j[u, — Ti(u)]
Q

+ fg(un)Bn(VTk(u))VTj[un - T(w)] = fij[un - Ti(w)].
o o

We note that
f g(u,)[B,(Vu,) — B,(VTi(u)IVT j[u, — Ti(w)] = 0.
Q

Moreover (since A(x, VT (u))VT j[u — Ti(u)] = 0)

lim | A(x, VT (u)VT[u, — Ti(u)] =0
Q

n—oo

and

(3.15)

(3.16)
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fim [ )BT TGl ~ Ty

= lim 8(un) By(VT(u))V[uy — Ti(w)] = 0

=90 Mjup—Tr(w)l< j}

since B,(0) = 0. Thus, from (3.16) we deduce

0< f [A(x, Vu,) — A(x, VT ()IVT j[uy — Ti(u)]
Q
< € (k) + e(k) + wy(k), (3.17)
where we have denoted by €! (k) and €2(k) two functions which go to 0 as n — +oo, for any k > 0 and

wy(k) = fij[Mn = Ti(u)].
Q

Now, we use the above inequality in order to prove the L' compactness of the sequence {Vu,}.
A

Let0<8< — (0<8<1)andk > 0. Let us define
p

u@:fﬁmem—memw%—wﬂ
Q

and let us prove that the previous integral converges to zero.
Indeed, it holds
In,Q = In,Ck + In,Ak

where
Lic, = f {[A(x, Vu,) — A(x, Vi)V (u,, — u))’
C
and
L, = f {[A(x, Vu,) — A(x, Vi)V (u, — w)}’
with

Cr={x:|ulx)| <k}, A = {x : lu(x)| > k}.

We observe that

Iic, < L {[A(x, Vi) = ACx, V@)V = Ti@)) = Ty 0.

A

0 and the a priori estimate (3.10), we have

. . . . . /l
Using the Holder inequality, with exponents I and

In,Q < Jn,Q + In,Ak

po

<Juat+Cn [f (IVu,| + |VM|)A] A"
Ay

< T+ ColAd™T = Jog + 0'(K). (3.18)
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Here and in the sequel, for any measurable set E C RY, |E| denotes its N— dimensional measure.
Moreover, by w'(k) we denote some quantities such that limy_,., w'(k) = 0. Now, we have to study the
behavior of J, o; it can be splitted as (j € N)

Jng = fQ {[Ax, Vi) = AGx, VT@)IVT j[u, — Ti(w)]Y

+ f {[A(x, Vu,) = A(x, VT )V, — Te)]) = Ty g + Jrg.
{lun—=Tr)|> j}

A A

We estimate J ;’Q and JiQ by means of Holder inequality with exponents %, ﬁ) and 260 Topi

respectively and we use inequalities (3.17) and (3.7), getting

Jn,Q =

0
f [A(x, Vity) = ACx, VT @)IVT luy = Te()]| 11
Q

+Cp [{x : |ty — Te() > )7

< Ciale() + €10 + @, (k1" + Callx : Iy = Tl > '

Since
wy(k) — f fTjlu - Ti(w)] = w*(k)
Q
and
limsup [{lu, — Tx@)| > jH'™7 < Hlu— Te@)| = j}'™7 = o’ (k),
we obtain

limsup J,q < Ci4 [0’ (0)]° + C15 (k).

n—oo

Summing up the above inequality and (3.18) we have

limsup[l, ¢, + I.4,] < w' (k) + Ci6 [0 (0)]° + C17 W (k).

n—oo

Therefore,
f {[A(x, Vu,) — A(x, Vu)]V (u, — )}’ — 0,
Q

which gives (for a suitable subsequence, still denoted by u,,)

{[A(x, Vu,) = A(x, Vi) [V(u, — )l - 0 ae.,
and also (since 6 is positive)
{[A(x,Vu,) — A(x, Vu)]lV(u, —u)} - 0 a.e..
In [15], it is proved that, under our assumptions on the function A(x, &), the previous limit implies that

Vu,(x) = Vu(x) a.e.. (3.19)
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Thus
a(x) Vi, ()| Vi, ()2 = a(x)Vu(x)|Vu(x)|P2, ae. (3.20)

and, thanks to (3.6) we have

a(xX) Vi, ()| Vi, ()2 = a(x)Vu(x)|Vu(x)|P2, inL7(Q), | <1t<1<

o1 (3.21)

Next, we will prove that

() ViV, |2 — g)VulVu|*™  in L'(Q). (3.22)
Thanks to (3.19) we also deduce

() Vi, Vu,? = g(u)VulVu|*"™ ae. in Q.

Moreover, for any measurable set E C €2 we have

f g Vi, = f lital” (™ Vit )"
E E

: "

SCzo[ f |un|”] [ f |un|<’-‘“|wn|*]
E E
N % 11 1_%
sc21[ f ]! ] |E|m*[ f |un|<"1“|Vun|ﬂ] (3.23)
Q Q

and the right-hand side goes to 0 as |E| — 0 uniformly w.r.t. n, since estimates (3.9) and (3.13) hold.
Thus

lim | g(u,)|Vu,[*' =0, uniformly w.r.t. n.
|El-0 Jg

Thanks to Vitali Theorem the convergence (3.22) is proved and

fg 8t Viy| Vi, |72V — fg g)VulVul"?Vv, Vv e Cy(Q).

The above limit and the limit (3.21), allow us to take the limit as n — +oo in (3.3) and the proof of
Theorem 3.7 follows. |

In order to prove Theorem 3.8 we note that as a consequence of Lemma 3.1 and Lemma 3.3. there
exist a subsequence, not relabelled, and a function u € WS"T(Q) such that

u, — u weakly in Wé"r(Q)
u, — u strongly in L7(€2) and a.e. in Q, (3.24)
Ti(u,) — Ti(u)  weakly in W,"(Q).

and the proof can be performed as above. Precisely, in order to obtain the a.e. convergence of {Vu,}

we just have to replace A with o
m]
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