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In this paper we prove a non-existence result for nonlinear parabolic problems with
zero lower-order terms whose model is
ut — Apu+ |ulf "ty =X in (0,T) x £2,
u(0,2) =0 in £,
u(t,z) =0 on (0,T) x 042,

where A, = div(|Vu[P72Vu) is the usual p-laplace operator, A is measure
concentrated on a set of zero parabolic r-capacity (1 < p < r) and q is large enough.

1. Introduction

The question of whether or not a solution should exist for semilinear problems has
been largely studied in the elliptic framework; in a pioneering paper by Brézis [4],
the author proved the following.

THEOREM 1.1. Let 2 be a bounded open subset of RN, N > 2, with 0 € (2, let f
be a function in L'(§2) and let f, be a sequence of L>°(§2) functions such that

lim |fn— flde =0 for all p > 0. (1.1)
nFee Ja\B,(0)

Let u, be the sequence of solutions of the following nonlinear elliptic problems:

—Auy + Jun 'y = in 92, } (1.2)

u, =0  on 912,

with ¢ > N/(N — 2). Then u, converges to the unique solution u of the equation
—Au+ [ul? = f.

If f = 0, an example of functions f,, satisfying condition (1.1) is that of a sequence
of non-negative L°({2) functions converging in the weak-* topology of measures
to Jp, the Dirac mass concentrated at the origin. In this case, u,, converges to 0,
which is not a solution of the equation with dy as datum. The result of theorem 1.1
is strongly connected with a theorem by Bénilan and Brézis [1], which states that
the problem —Awu + |u|?"tu = § has no distributional solution if ¢ > N/(N — 2).
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On the other hand (see [2,4]), if ¢ < N/(IN —2), then there exists a unique solution
of

—Au+ |u|fu =5y in £,
u=0 on 0f2.

The threshold N/(N — 2) essentially depends on the linearity of the Laplacian
operator and on the fact that the Dirac mass is a measure which is concentrated
on a point: a set of zero elliptic N-capacity.

In [9] this result was improved to the nonlinear framework; there the authors
actually proved that, if A is a measure concentrated on a set of zero elliptic r-
capacity, 7 < ¢, and ¢ is large enough, then the problem

~Apu+|ulTtu =X in £,
u=0 on 0f2,

has no solutions in a very strong sense; that is, if we approximate A with smooth
functions in the narrow topology of measures, then the approximating solutions
u, converge to 0. In [9] the result is proved for more general Leray—Lions-type
nonlinear operators (see [8]).

We will combine an idea of [9] with a suitable parabolic cut-off lemma to prove a
general non-existence result in the framework of nonlinear parabolic problems with
singular measures as data.

If £2 is an open bounded subset of RN, N > 2, and T' > 0, we denote by Q the
parabolic cylinder (0,7) x §2. If A is a bounded Radon measure on @, then we will
say that A is concentrated on a Borel set B and write A = \| ,,if A\(E)) = A(BNE),
for any measurable subset E of Q.

Our main result (see theorem 2.3, below) states the non-existence of solutions for
parabolic problems in the sense of approximating sequences; as a particular case,
we will obtain the following.

THEOREM 1.2. Let f,, be a sequence of functions in L*°(Q) such that

lim @fndx:/ edX  for all ¢ € C(Q),
where X\ is a bounded Radon measure on @ concentrated on a set of zero parabolic

r-capacity, and let
r

r—2°

q> (1.3)
Then the solutions of
(Un)e — Aty + [un|"  uy = foin (0,T) x £2,
un(0,2) =0  in £2, (1.4)
up(t,z) =0  on (0,T) x 012,

are such that both u,, and |Vuy,| converge to 0 in L1(Q).
Moreover,

n—oo

lim / |t |7 My :/ wdA  for all ¢ € Ch(Q).
Q Q
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REMARK 1.3. Theorem 1.2 states that in fact the sets of zero r-capacity are in
some sense removable singularities for the problem

—Au+|ultu=f in(0,T)x £,
u(0,2) =0 in £, (1.5)
u(t,z) =0 on (0,T) x 012,

with large g, since the approximation does not see these sets. In fact, the singular
measure A turns out to be cancelled out by the zero-order terms of the approximat-
ing problems in the weakly-* sense of the measures.

Moreover, as we shall prove, the convergence is actually stronger than the one
stated in theorem 1.2.

Let us finally explicitly remark that the choice of the homogeneous initial datum
is not restrictive; indeed, since the result is obtained for measures on ) which do
not charge the set {0} x (2, our argument is, as we will see, essentially independent
of the initial datum.

2. Basic assumptions and tools

Let p > 1; we recall the notion of parabolic p-capacity associated to our problem
(for further details see [7,12]).

DEFINITION 2.1. Let Q = Qr = (0,T) x £2 for any fixed T > 0, and let us define
1, i

V =Wy (02)NL*(£2), endowed with its natural norm || - ||W01,p(9) + 1| - | 2(2) and

W ={ueLP(0,T;V), u, € L’ (0, T;V")}, (2.1)

endowed with its natural norm |ullw = [[ullze0,7;v) + l[uell o (o, 7y EU € Q is
an open set, we define the parabolic p-capacity of U as

cap,(U) = inf{{lullw : u € W, u > xv ae. in Q},
where as usual we set inf ) = +o00; we then define for any Borel set B C Q
cap,,(B) = inf{cap,(U),U an open set of Q, B C U}.

Let us state our basic assumptions: let 2 be a bounded, open subset of RY, let
T be a positive number and let Q = (0,T) x £2. Let a: (0,T) x 2 x RY — RN be
a Carathéodory function (i.e. a(,-,&) is measurable on @ for every & in RV, and
a(t,z,-) is continuous on R for almost every (¢,z) in Q) such that the following

hold:
a(t,x,&)-§ = algl’, p>1, (2.2)
la(t, =, €)] < Bb(t, ) + |77, (2.3)
la(t, 2,§) —al(t,z,n)] - (£ —n) >0 (2.4)

for almost every (t,z) in Q, for every &, n in RY, with & # n, where a and 3 are
two positive constants and b is a non-negative function in L? (Q).
We define the differential operator

A(u) = —div(a(t, =, Vu)), ue LP(0,T; W, P(2)).
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Under assumptions (2.2)—(2.4), A is a coercive and pseudo-monotone operator act-
ing from the space LP(0,T; W,"*(£2)) into its dual L (0, T; W17 (Q)).
We now deal with the problem

ug — div(a(t,z, Vu)) + |u|?tfu =g+ X in (0,T) x £,
u(0,2) =0 in {2, (2.5)
u(t,z) =0 on (0,T) x 012,
with g € LY(Q), ¢ > 1, a satisfying (2.2)—(2.4), and where A = A* =\~ is a bounded
measure concentrated on a set £ = ET U E~, such that (" (F) = 0.

Note that the existence of renormalized solutions (which in particular turn out
to be distributional solutions for problem (2.5)) is one of the results proved in a
forthcoming paper (see [11]) in the case of diffuse measures as data, i.e. measures
which do not charge the sets of zero parabolic p-capacity.

Let us recall that a sequence of bounded measures ), on an open set D C RY
narrowly converges to a measure A if

lim g@d)\n:/ ed\ for all p € C(D).
D D

n—o0
We approximate the data with smooth g, which converge to ¢g in L!'(Q) and
smooth f, = f& — S, with f& and f converging, respectively, to AT and A\~ in

the narrow topology of measures. We consider the solutions u,, of

(un)t - div(a(t,x, Vun)) + |un|q71un = 9n + fn in (OaT) X -Qa
un(0,2) =0 in {2, (2.6)
un(t,x) =0 on (0,T) x 912.

Let us give the notion of entropy solution for parabolic problem (2.5) with a
general g € L1(£2), recalling that

SP = {u e LP(0,T; W (2)); us € LP (0, T; W1 (2)) + LY(Q)},

that Ty (s) = max(—k, min(k, s)) for any k& > 0, and that

z
Or(z) = / Tr(s)ds
0
is the primitive of the truncation function.

DEFINITION 2.2. Let g € L*(£2) and A = 0. A measurable function u is an entropy
solution of (2.5) if

Ti(u — g) € LP(0,T; Wy P (£2)) for every k > 0, (2.7)

e [0,7] - /Q@k(u—g—ga)(t,x) dz (2.8)
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is a continuous function for all k£ > 0 and all ¢ € SP N L*>°(Q) and, moreover,
[ ertu=g-pT0)ds - [ Ouu—g-9)0.5)ds
Q 0
T
+ [ Tiu—g -t + [ atn V0 Viiu—g - ) dsde
0 Q

< / 9T(u—g— p)dadt (2.9)
Q

for all k > 0 and all p € SP N L (Q).

Recall that, by a result of [6], the unique entropy solution of problem (2.5) (with
A = 0) coincides with the renormalized solution of the same problem in [13] (see
also [7,10]).

Our main result, which we state as follows, concerns the non-existence of solutions
for problem (2.5) in the sense of approximating sequences.

THEOREM 2.3. Let 1 < p <r and

q> % (2.10)

and let u,, be the unique solution of problem (2.6). Then |Vu,|P~1 converges strongly
to |[VulP~t in L7(Q) with o < pq/(q+ 1)(p — 1), where u is the unique entropy
(renormalized) solution of the following problem:
ug — div(a(t,z, Vu)) + |u|?tfu =g in (0,T) x £2,
u(0,2) =0 in £, (2.11)
u(t,z) =0 on (0,T) x 0f2.

Moreowver,

lim / |un|q’1ung0dx:/ |u|q’1ug0da:+/god/\ for all p € Cp(Q). (2.12)
Q Q Q

n— oo

3. Proof of theorem 2.3

From here on w will indicate any quantity that vanishes as the parameters in its
argument go to their (obvious, if not explicitly stressed) limit point with the same
order in which they appear, that is, for example,

lim limsup limsup |w(n, m,d)| = 0.
§—=0t m—4o00 n—oo
Moreover, for the sake of simplicity, in what follows, the convergences, even if
not explicitly stressed, may be understood to be taken possibly up to a suitable
subsequence extraction.
To prove theorem 2.3 we will use the following lemma, proved in [10].

LEMMA 3.1. Let p = A —\; be a bounded Radon measure on Q, where N} and \;
are non-negative and concentrated, respectively, on two disjoint sets ET and E~ of
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zero r-capacity. Then, for every § > 0, there exist two compact sets K;' C Et and
Ky C E™ such that

MEFNES) <o, AT(BT\Ky) <4, (3.1)
and there exist i b5 € CH(Q), such that
@b;,wg =1 respectively on K;,Kg, (3.2)
0 <y vy <1,
supp(v;) N supp(vy ) = 0.

Moreover,
g lls- <6, i llsr <6 (35)

and, in particular, there exists a decomposition of (wg')t and a decomposition of
(b5 )¢ such that

; (3.6)
; 3.7)

H(w;)%”LT’(O,T;W*L"'(Q ) H(lp;—)?HLl(Q)
1)z @)@

and both 1/13 and ¢y converge to 0 weakly-+ in L°°(Q), in LY(Q), and, up to sub-
sequences, almost everywhere as § vanishes.
Moreover, if f, = f;¥ — f,7 is as in (2.6), we have

)y SO
) SO

L (0,7;W 17" (2

/ Uy £ = w(n, o), / by AAF <6, (3.8)
Q Q
/ W o = w(n, d), / o dAs <6, (3.9)
Q Q
/ (1= ) = w(n, ), / (1—gf)drF <6, (3.10)
Q Q
/ (1= ;) f = w(n. o), / (1- ;) dA; <6 (3.11)
Q Q

For the convenience of the reader we will now split the proof of theorem 2.3 into
three steps. In the first step we prove some basic estimates on the approximating
solutions, while the second step is devoted to checking how the zero-order term
behaves far from the support of A; in the last step we conclude the proof by showing
that the limit function u is an entropy solution of problem (2.11) and that (2.12)
holds true.

Proof of theorem 2.3.

STEP 1 (basic estimates). Taking T (u,,) as a test function in the weak formulation
of (2.6), we readily have the following estimates on the approximating solutions:

/ VT (un)|P < CF, (3.12)
Q

sup/ lun| < C (3.13)
t 9]
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and, moreover, since

K a7 < / 1 || T ()] < CF,
{‘“ﬂ)k} Q

so that
k9 meas {|u,| > k} < C

and
[ k<
{lun|<k}

|u,|?  is bounded in L'(Q).

we have that

Because of this fact, using (3.12), by reasoning as in [3], one can prove that

pq
(¢g+1D)(p—1)

Moreover, u,, (up to subsequences) converges almost everywhere to a function u,
and, looking at the equation in (2.6), we have that

|Vu,[P~' is bounded in L*(Q) for any p <

(un)e — div(a(t, z, Vuy,))
is bounded in L'(Q) and so by [3, theorem 3.3] we have that
Vu, = Vu a.e. on Q.
Therefore, owing to the growth condition on a, we have that both
|V, [P~ — [VuP~! strongly in (L (Q))Y (3.14)
and
a(t,z, Vup) — a(t,z,Vu) strongly in (L°(Q)) (3.15)
for every p < pa/(g+ 1)(p — 1),

STEP 2 (energy estimates). Let W5 = w; + 4y, as in lemma 3.1; note that the

use of these types of cut-off function to deal with, separately, the regular and the

singular part of the data was first introduced in [5] in the elliptic framework.
Then, we want to show that

/ |un|?(1 = ¥s) dz = w(n,m, d) (3.16)
{un>2m}
and

/ lun|9(1 — W) dz = w(n, m, 8). (3.17)
{un<—2m}
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We will prove (3.16) (the proof of (3.17) is analogous). Let us define

1 if s > 2m,

Bn(s) =4 = —1 ifm<s<2m, (3.18)
m
0 ifs<m

and let us take 5, (u,)(1 — ¥s) as a test function in (2.6); we obtain

/0 (i)t B (1) (1 — T5)) (A)
1
+ - /{m<un<2m} a(t,z, Vuy) - Vu, (1 — ) (B)
_ /Q alt, 2, Vi) - Vs B (i) (©)
+ /Q [t B (1) (1 — ) (D)
- / S B () (1 — 05) (E)
Q
- / F B () (1 — ) (F)
Q
+/anﬂm(un)(1 *W(S) (G)

Let us analyse all terms one by one. Using (3.15) and assumption (2.10), by means
of the Egorov theorem we readily have

—(C) = w(n,m)
and
(G) = w(n,m).

On the other hand, by lemma 3.1, we can write
®) < [ -
Q
— [ sra-vpdes [ giv;a
Q Q

:/(17¢§)d>\++/ ¢y dAT +w(n)
Q Q

= w(n,d).
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Moreover, we can drop both (B) and —(F) since they are non-negative, while if B,
is the primitive function of 3,,, we can write

<m=é&mmm—%>

- /Q Bon () (W5): + / By (un)(T)

2

> w(n,m).
Collecting together all these results, we obtain (3.16).

STEP 3 (passing to the limit). Here, for technical reasons, we use the double cut-
off function ¥s, = 1/)3'7,[1# + 95 ¢, , where o5, vy, ¥,f and ¢, are the functions
constructed in lemma 3.1; the same trick was also used in [10] (see also [5]).

Let us define

0 if |s| > 2m,
hn(s) = 0= Bl iy < (o] < 2m, (3.19)
m
1 if |s| < m.

We take Ty (un — ¢)(1 — ¥sy)hm(uy,) in the weak formulation of (2.6), and we

have
/0T<(un)t, Tio(tin — 0)(1 — Wy ) o () (A)
—I—/Qa(t,x,Vun) VT (un — @) (1 — Wy ) o (1) (B)

/Qa(t,:c,Vun) Vs Tt — ©) P (1) (©)
+mel%nmlwu%wmw» (D)

_ /Q £ Tt — ©)(1 = W5 o (1) (E)

_ /Q £ T (g — ©)(1 — sV () (F)
+L%nmﬁ@u~%mm%> (@)

_ % o a(t,z, Vug) - Vun (1= s ) To(un — ) (H)

L alt,z, V) - Vun (1 — U5 ) Th(tn — ). (1)

m J{—2m<u,<—m}
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Using lemma 3.1 and (3.15) we have (C) = w(n,n), while

©)+ O <k [ (5 + )0~ ) do = (),
and we easily see that

(@) = /Q 6Te(u — ) dz + w(n, ).

On the other hand, using [10, lemma 6] we deduce that |(H)| + |(I)| = w(n, m,n).
Now let us look at (D):

(D) = / |un|q_lunTk(un - ()0)(1 - Wéa”l)hm(un)
{—2m<u,<2m}
# ) T - )1~ By ()
{un>2m}

L T — )1 B ().
{un<—2m}

Using (3.16) and (3.17) we have that the last two terms in the right-hand side are
w(n,m,n), while

/ |un|q_1unTk(un - 90)(1 - Wém)hm(un)
{—2m<u,<2m}
/{ o }|u|q’1uTk(u7cp)(l—Wg,n)hm(un)wLw(n)
- / |9 uTy (u — ) (1 = Ws ) + w(n,m)
Q

- / 9 Tt — ) + w(n, my ).
Q

So that
(D) = / |u|’1_1uTk(u — ) +w(n,m,n).
Q

Moreover,
(B) = / la(t,z, Vuy,) —a(t,z, V)] - VIE(un — @)(1 — Ts) hm(ur)
Q

+ / a(t,z, Vo) - VT (un — @) (1 — s 5) hm (Un)
Q

and

/Q alt, 2,9) - V(1 — 9)(1 = T o ()

- / alt, 2, Vo) - VTi(u — @) +wln, m, ),
Q
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while the first term can be handled by Fatou’s lemma, finally obtaining

/ a(t,xz,Vu) - VT (u — ¢) < liminf lim inf lim inf (B).
Q

n—0t m—oo n—oo

We now deal with (A). Let us define O, (s) as the primitive function of Ty (s)hm(s),
observe that Oy ., is a bounded function; so, by lemma 3.1, for any 1 > 0 there
exists § small enough such that

| / O (1 — @) (1) (T, | = / Ot — 0)|(s),| + w(n)
Q Q

<n+w(n) =wln,n),

and so, finally,
T
(A) = / (tn — @)e. Tt — @) (1 — Wy Yy (1)) dt

" / (0 Ti(ttn — ©)(1 = Wy ) (1)) It
0

_ /Q O (1 — 2)(T) — /Q O (~)(0) + /Q O (tn — ) (T,

T
4 [ o Tetun = )= Bahnw)) dt > [ Oxu= o))
0 Q
T
~ [ O=o)0) + [ o Titu - )t + o, mn),
0 0
where in the last passage we used the fact that » > p and Fatou’s lemma, which
can be applied for almost every 0 < 7" < T. Passing to the limit and gathering
together all these facts we can conclude that u is an entropy solution of (2.11).
Actually we proved this fact for almost every 0 < 77 < T but thanks to uniqueness
of the entropy solution one can easily show that w is the entropy solution for any

T>0.
To prove (2.12) take ¢ € C§°(Q) in (2.6) to obtain

/Q|un|q_1unw:—/Qa(t,x,Vu)~V¢+/Qg¢+/de)\+w(n),

which together with the fact that w is an entropy solution of problem (2.11) (and so
a distributional one) yields (2.12) for ¢ smooth. Finally, an easy density argument
allows us to conclude the proof. O
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