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Abstract

In this paper we prove a general result concerning continuity of the blow-up time
and the blow-up set for an evolution problem under perturbations. This result is
based on some convergence of the perturbations for times smaller than the blow-up
time of the unperturbed problem together with uniform bounds on the blow-up
rates of the perturbed problems.

We also present several examples. Among them we consider changing the spacial
domain in which the heat equation with a power source takes place. We consider
rather general perturbations of the domain and show the continuity of the blow-
up time. Moreover, we deal with perturbations on the initial condition and on
parameters in the equation. Finally, we also present some continuity results for the
blow-up set.

1 Introduction

A remarkable and well known fact in nonlinear parabolic problems is that the solution
may develop singularities in finite time, no matter how smooth the initial data are. In
fact, for many differential equations or systems, the solutions become unbounded in finite
time, a phenomena that is known as blow-up. In this work we are interested in studying
how the blow-up behavior of an evolutionary problem is affected by perturbations of
the problem. These perturbations may be of quite different nature. We may consider
perturbations of the initial condition, of the coefficients of the equation, perturbations of
the spacial domain, etc. We will present a very general continuity result together with
some particular examples.

In an evolutionary problem, if the maximal solution is defined on a finite time interval,
[0,7) with T' < 400, and

1‘ . oo —
lim [[u(-, 1)1 = o0,

we say that u blows up at time 7. Typical examples where this happens are problems



involving nonlinear reaction terms in the equation like the semilinear heat equation
up = Au+ |ulP ", p>1, (1.1)

see [12, 22| and the references therein.

As we have mentioned above, our main interest here is to investigate the dependence
of the blow-up time and the blow-up set (the set of points at which the solution becomes
unbounded when approaching the blow-up time) with respect to perturbations of the
problem. For the semilinear case (1.1), it is known that the blow-up time is continuous
with respect to the initial data in L> when 1 < p < pg = (N+2)/(N—2), see [5, 16, 19, 21]
if 2 is bounded (with Dirichlet boundary conditions) and [9] if = RY. Remark that the
restriction on p being subcritical is not technical. Indeed if it does not hold, i.e., if p > pg,
then the blow-up time may be not even continuous as a function of the initial data, see [11].
This phenomenon is related to the possibility of having a nontrivial continuation after T,
see [20]. Moreover, for subcritical p, in [16] it is proved that T is almost Lipschitz (up to a
logarithmic factor). The one dimensional case was treated in [18] where it was shown that
T is Lipschitz for some special initial data and some particular perturbations. Our aim
in this work is to extend those continuity results and treat more general perturbations.

Assume that we are in the following general setting: we have u = u(x,t) a particular
solution of an evolutionary problem defined in €2 with finite blow-up time 7" and blow-up
set B(u), defined as

Bu)={ze€Q: 3z, —»a, t, /T with u(z,,t,) — oo}

Let also {u,} be a family of solutions associated to a family of evolution problems, that
are perturbations of the original one, defined for x € €2, with blow-up times T} and blow-
up sets B(uy). Observe that the evolution problems and the domains may be different
for different values of h. We also extend u and u; as zero outside their corresponding
domains, €2 and €2, if they are not the same, so we assume that all these functions are
defined in a bigger set D.

Let us consider the following conditions:

(H1) For all ¢ty € (0,7T) there exists h(tg) > 0 so that the solution u,, for 0 < h < h(ty),
is defined at least up to time ¢y and

1il;LIl_}(1)flf |wn ] Loo (@ x (0,00)) = || Loo (2 (0,20)) -

Hypothesis (H1) holds, for instance, if we have

(H1*) For all ¢, € (0,7) there exists h(ty) > 0 so that the solution wuy, for 0 < h < h(ty),
is defined at least up to time ¢y and

lim [|u — |z (D 040)) = 0-



Both hypotheses, (H1) and (H1%*) are related to some continuous dependence of
the solutions before the blow-up time. From this property we will easily obtain that
liminf, o7y, > T. To obtain the other inequality we need to relate the size of the solution
with the time that is left to reach the blow-up time. This relation can be expressed in
the following hypothesis:

(H2) There exists a function G : (0,00) — (0,00) continuous and decreasing, verifying
G(0+) = 400, such that for every 0 < ¢t < Tj,

lun (s Ol @iy < G(Th = 1). (1.2)

Observe that (H2) is equivalent to say that T, —t < G~ (|lun (-, t)||(0,)), which bounds
the time left for explosion with the L®-norm of the solution. Another way to relate this
two concepts can be accomplished by the use of an appropriate energy functional (related
ideas are to be found in [21]). This is expressed in the following hypothesis,

(H2*) Assume there exist nonnegative functionals Vj(up(-,t)) and V(u(-,t)), such that
V(u(-,t)) — 400 ast /T and

fim inf Vi (- 6) = V(u(,0). ¥t <1, (13)
and there also exists a function G : (0,00) — (0,00) continuous and decreasing,
verifying G(0+) = 400, such that for every 0 < ¢ < T},

Vi(un(-,t)) < G(Th, — ). (1.4)

Observe that if we consider V3 (up) = ||un||z(q,) We recover hypothesis (H2).

For the behavior of the blow-up set we also need the following

(H3) There exists a function H : (0,00) — (0,00) continuous and decreasing, verifying
H(0+) = +o0, such that for all z;, € B(uy,) and 0 < ¢ < Ty,

lup(xp, t)| > H(T), —t). (1.5)
With these hypotheses, our general continuity result reads as follows:

Theorem 1.1 We have the following,
i) If (H1) and (H2) (or (H2%)) hold then

lim 7}, = T. (1.6)

i) If the convergence of the blow-up times given by (1.6) holds and hypotheses (H1%*),
(H3) also hold, then for every § > 0 there exists hg > 0 such that for 0 < h < hg, we
have

B(up) € B(u) + Bs(0) ={z +y, = € B(u), ly| <}, (1.7)

that is, the blow-up set is uppersemicontinuous at h = 0.
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We will apply this general result to deal with several types of perturbations in blow-up
problems, like perturbations of the domain, on the initial condition or on the different
terms of the equation, like the reaction or the diffusion.

To simplify the examples we will focus on solution to the most well known equation
with blowing up phenomena, the semilinear heat equation,

ug = Au+ [ulP7lu, Qx (0,7),
u=0, o0 x (0,7), (1.8)
U([L’, O) - UO(ZIT), Q>

with a superlinear and subcritical exponent, that is, 1 < p < pg (for p < 1 there is no
blow-up and as we have mentioned above, for supercritical powers, continuity of 7" does
not hold in general, see [11]).

Let us summarize our continuity results as follows (in the following statements u stands
for a solution to (1.8), and as usual 7" is the blow-up time, B(u) the blow-up set).

Theorem 1.2 (Perturbations of the initial condition). Let uy, be the solution to (1.8)
with initial condition wgy, . Then, if r > pN we have that

}Lli% ||u0,h — uOHLT(Q) =0 = flllir(l] T, =1T. (19)

Theorem 1.3 (Perturbation of parameters in the equation). Let us perturb the equation
in (1.8) considering
uy = Au+ ap,(z)|ulP " u, (1.10)

or
uy = div(By,(2)Vu) + |[ul’tu, (1.11)
in the same domain €2 and with the same initial condition uy. If as h — 0 it holds that

ap — 1, in the case of (1.10), or By(x) — Id, in the case of (1.10), uniformly in Q, then
we have Ty, — T.

Theorem 1.4 (Perturbations of the domain). Let Q, Qj be Lipschitz domains such that
2, Q, C B(0,R) for R > 0 large enough. Let u, be the solution of (1.8) with Q replaced
by Q,, and with initial condition ul satisfying 0 < ug, ul < M for some positive constant
M and ||uf — wollr1(Bo.r) — 0 as h — 0. We consider the following general situation of
domain perturbation:

i) Qp C{xeR": dist(z,2) < h}

i) if xn € H(Qn),x € Hi(Q) are, respectively, the unique solution of —Ax;, = 1 in
Qp and of —Ax =1 in Q, both with homogeneous Dirichlet boundary conditions, we
have that ||xn — X||L2(Bo,r) — 0 as h — 0.

Then, we have Ty, — T as h — 0.



Remark 1.5 Ezamples of domain perturbations satisfying i) and ii) above include: reg-
ular perturbations of a fized domain; a domain where a small ball centered at x¢ € €2 with
radius h has been removed and others. See Subsection 3.4.

Theorem 1.6 (Stability of the blow-up set). Let Q be an interval, Q2 = (0,1), and let ug
be a function with a unique mazimum in (0,1) (therefore, u blows up at a single point,

B(u) = {x¢}). We have:
1. If uy, is the corresponding solution to the initial datum gy, and r > p, then

}lliII(l) o, — wol|Lr) =0 = B(us) = xp, (a single point), with }llirr(l) T = To.

2. If we perturb the domain considering 2 = (0,1 + h), |h| < 1, keeping the initial
condition fixed, and uy is the corresponding solution in €2y, then

B(up) =z, (a single point), with lim x;, = xq.

h—0

Our general result could also be applied to deal with numerical approximations of
blow-up problems. In fact, when one performs a numerical approximation of a parabolic
equation one gets a discrete family u; that approximates the continuous solution u. For
numerical approximations of blow-up problems see, for example, [4, 15].

The rest of the paper is organized as follows: in Section 2 we prove Theorem 1.1 and
discuss the necessity of the hypotheses. Next, in Section 3 we collect several examples in
which continuity of blow-up takes place, i.e., we prove Theorems 1.2 to 1.6. Finally, in
Section 4 we briefly comment on some possible extensions of this work.

2 General results on continuity of blow-up

In this section we prove Theorem 1.1. We divide the proof into two lemmas. Prior to
this, let us make some comments on our hypotheses and state some properties that hold
in our general setting.

1) Hypothesis (H1%*) represents the continuity with respect to the parameter h of the
flow of the evolutionary equation.

Quantitative versions of (H1) and (H1*) are respectively as follows,
(Q) There exist two functions g(h) > 0 and f(h) > 0, with g, f — 0 as h — 0 such that
[ullz=(@x©.r-gm) = lunllo=(@,x©.r-gm) < f(R).
(Q*) There exist two functions g(h) > 0 and f(h) > 0, with g, f — 0 as h — 0 such that

| = un || Lo (Dx (0, 7—g(n))) < f(R).



These functions will provide us with some explicit bounds on the difference of the
blow-up times and the blow-up sets for v and wuy,.

Properly speaking, (Q) is not a hypothesis different from (H1), but a definition of the
functions f and g. If (H1) holds, then there always exist two functions f and g satisfying
(Q). The same comment applies for (Q*) and (H1*).

2) Hypothesis (H2) represents a uniform upper bound of the rate of explosion for all
solutions wuy. (H3) is a uniform lower bound valid for every point in B(uy). We remark
that, in general, (H3) is difficult to verify since it refers to all points in the blow-up set.
In some cases, a lower bound for the maximum of the solution can be obtained from a
comparison argument (see the final examples). Therefore it is most applicable in cases of
single-point blow-up.

3) Now let us define the function

(d) = sup{u(x,t) : dist(z, B(u)) >d, t € [0,T) }.
For this function v we have the following property,

(D) ¢ :(0,00) — (0, 00) is continuous, decreasing with ¥ (0+) = 400, and such that for
all t € (0,7)
u(z,t) < ¢(dist(z, B(u))).

This condition (D) is a bound for the solution u of the unperturbed problem far from its
blow-up set.

We have the following result on the continuity of the blow-up time.

Lemma 2.1 i) If (H1) and (H2) hold then

Moreover, we have the estimate
—g(h) <T =T, < g(h), (2.1)

where g(h) = G H(||u(-,T — g(h)|l1=@) — f(h)), and f, g and G are given in (H2)
and (Q).
i) If (H1) and (H2*) hold then

IimT, =1T.
h—0

Proof. i) We first observe that from (H1) we have that 7}, > ¢, for all 0 < h < h(ty).
This implies that liminf, o7}, > ty. Since this is obtained for all ty < T', we get

liminf 73, > T.
h—0

On the other hand, if limsup,_,, T}, = — T > T, then, there exists a sequence h, — 0
with T}, — T. Hence, if 0 < 7 < T — T, there exists ng such that for n > ny we have
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0 <7 <Tj,—tforeach 0 <t <T. From (H2) we have ||u, (-, 1)| =@, ) < G(Th, —t) <
G(7) < 400, for all 0 < ¢ < T'. This is in contradiction with (H1) and the fact that the
solution u blows up at time 7". This shows the continuity of the blow-up time.

Now, from (Q) we have that wuy(-,t) is well defined and finite at least for times ¢t €
(0,7 — g(h)). This means that T, > T'— g(h), which implies that 7" — T}, < g(h).

On the other hand, if 7}, > T" and if we denote by ty(h) =T — g(h) € (0,T") we have
T, — T <Tj —to(h). From (H2) we get

Ti, = to(h) < G~ (lun(-, to(h) |z (n)-

But we also have ||up(-,to(h))| eo(e,) = [|u(-, to(h))| L) — f(h). This implies that

Tiv = to(h) < G ([[u(:, to(h)) |l 2=() — f(h))

from where the result follows.

i7) The proof in this case is very similar as the one provided in 7). As in i), from (H1)
we deduce that liminf, o7, > T. Moreover, if lim SUPj,_g - T, = =T > T, then, there
exists a sequence h,, — 0 with 7}, — T. Hence, if 0 < 7 < T — T, there exists ng such
that for n > ng we have 0 < 7 < T}, —t for each 0 < ¢t < 7. From (H2%*) we have
Vi, (up, (1) < G(Th, —t) < G(1) < 400, for all 0 < ¢t < T. This is in contradiction
with (1.4) and the fact that V' (u(-,t)) — 400 as t — T". This shows the continuity of the
blow-up time.

Remark 2.2 This lemma shows the first assertion of Theorem 1.1.

Next, we present a simple example that shows that (H2) is necessary to get conver-
gence of the blow-up times even if the deal with a simple ODE.

Example. Let
u(t) = w?(t),
u(0) =1,

which has the explicit solution

u(t) = % (2.2)

with blow-up time 7" = 1. Let also u; be the solution to the perturbed problem

{( )()= n(un)(t),

with
2 s <1/h,
fh(S) = { (S . 1/h)1+h 4 (1/h)2 s > 1/h

The sequence of reactions satisfy fj(s) e f(s) =s*in s € [0,0), not uniformly nor
monotonically. Also, since f;(s) ~ s'*" for s large, and 1+ h > 1, it is clear that u;, blows
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up at some finite time 7},. Let us estimate these blow-up times. To this end we observe
that uy coincides with u for times smaller than ¢, the first time at which u(t,) = 1/h.
This time t;, can be computed from the explicit formula (2.2) of the solution. We get
t, = 1 — h. Using the definition of f;, for s > 1/h we get, after a simple integration

o0 1 B
T (=h) = /W G Ry (e = 1)

Changing variables, we get

o 1
_ 12h/(1+h)
I(h)=nh /0 e 1dw.

Now we observe that the last integral behaves like 1/h for h small, and therefore we
conclude

lim 7j, = 00 # 1 =T.

In fact, the above blow-up times are given by the explicit formulae
> ds > ds

b=ne TR e

By Fatou’s lemma we always have liminf, ., 7), > T. The condition to have convergence
of the blow-up times, with perturbed reactions in the ODE setting, is obviously the
convergence of the above integrals.

We conclude by noticing that in this example we have, from the fact that u, = u for
every 0 <t < 1— h, that (H1%*) holds and, clearly, (H2) does not hold.

We can also obtain the following result on the continuity of the blow-up set.

Lemma 2.3 Assume that we have convergence of the blow-up times and that (H1*) and
(H3) hold. Let f, g and ¢ be given by (Q*) and (D). Then

dist(B(uy), B(u)) = sup dist(xy, B(u)) < 0(h)

xR €B(up)
where
0(h) = { TN (H(g(h)) = f(h)) ifT, <T
Y H(G(R) + g(h) — f(R)) ifTp>T

and g(h) is defined in Lemma 2.1. In particular O(h) < ~Y(H(g(h) +g(h)) — f(h)) — 0,
which shows that the blow up set is uppersemicontinuous at h = 0.

Proof. Let z;, € B(uy) and to(h) =T — g(h). By (H3) and (Q*) we have

H(Th = to) < |un(wn, to)| < [u(wn, to)| + [lun(-,to) = ul(-,to) || < [ulen, to)| + f(R).



Moreover, by (D) we have u(xp,ty) < 1 (dist(xy, B(u))), from where we get
H(T), — to) < o(dist(xp, B(uw))) + f(h).

First, if 7}, < T, from Lemma 2.1 ii), we have that 7" — T}, < g(h), and therefore
0 < T} —to < g(h), which implies that H (1}, — to) > H(g(h)). In particular we get

dist(zn, B(u)) < ¢~ (H(g(h)) — f(h)).
On the contrary, if 7) > T, then
Ty —to=Th =T +g(h) <G (|lu(-, T = g(h))|lL=@) — f(h)) + g(h) = G(h) + g(h),
where we have used again Lemma 2.1 ii). This implies that
H(T, — to) > H(g(h) + g(h)),

and therefore
dist(an, B(u)) < o~ (H(g(h) + g(h)) — f(h)).
This ends the proof of the lemma.

Remark 2.4 This lemma shows the second assertion of Theorem 1.1.

The question of continuity of the blow-up set is in general a delicate matter. As we
have already said, condition (H3) is quite difficult to be fulfilled. On the contrary, next
example shows that condition (H3) is important for the convergence of the blow-up sets.

Example. Let us consider solutions to the porous medium equation with reaction,
uy = Au™ +u™ ", reRY t>0

with a fixed m > 1 and ug nonnegative with compact support. If h > 0is small (m—h > 1
is required to have blow-up) it is known, see for instance the book [22], that the solution
blows up and the blow-up set is the whole space, while for A~ = 0 the blow-up set is a
compact set. Therefore in this case we can not have

B(up) C B(u) + B(0,0), (2.3)

for any ¢ > 0.

Note that in this case (H1*) holds. On the other hand, as wu(z,t) is compactly
supported for any 0 < ¢t < T}, we can not have (H3). Finally observe that (2.3) holds
trivially in the case of perturbations with kA < 0.



3 Examples of perturbations

In this section we consider several applications of the general results developed in the
previous section and discuss the hypotheses involved in each case.

We will deal with continuity of the blow-up time under the following situations: per-
turbations of initial conditions, perturbations of parameters in the equation and pertur-
bations of the domain.

Moreover, we finally present a result concerning stability of the blow-up set in one
space dimension, when the problem is subject to perturbations of the initial condition or
perturbations of the domain.

As we have mentioned in the introduction, we will present examples focusing on the
problem

u = Au + |ulPu, Qx (0,7,
u(z,t) =0, o0 x (0,7, (3.1)
u(x,0) = up(z), Q.

3.1 Preliminaries

Let us begin with some preliminary results.

Proposition 3.1 Let u and v be the solutions to problem (3.1) with initial conditions uy,
vo € L"(QY), respectively. Then if r > pN we have

sup (-, 1) = v(:,t)[lc2a(@) < C(11,72,0)[uo — vol[Lr @), (3.2)

tE[Tlﬂ'Q}

for every 0 < 7 < 1 <T(uo), ||uo — vol|zr) < 6 and for some a > 0.

Proof. The equation in (3.1) generates a continuous semiflow in L™ (Q2) if r > (p—1)N/2.
As a matter of fact, using standard Sobolev embeddings we can see that if we denote by
f(u) = |ulP~*u then

foLr(Q) — LP(Q) = Wr(9)
with s = (p — 1)N/r, and f is Lipschitz on bounded sets of L"(£2).

Using standard existence and uniqueness theories of solutions for this problem, we
have that, for all ug € L"(2) there exists a unique solution defined in a maximal interval
of existence

u € C([0,T(uo)), W27(Q)) N CH((0, T(ug)), W*"(92)).

Notice that 2 — s > 1 provided r > (p — 1)N.

Using now the variation of constants formula and the regularization of the linear
semigroup, it can be shown the following: for all 75 < T'(uy), there exists some ¢ > 0 such
that, if ||ug — vol|zr) < d, then the solution v starting at vy exists at least up to time 7,
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and, if 0 < 71 < 7o < T'(uy) is fixed, we have the existence of a constant C(7, 72,0) such
that, for all ¢ € [, 7] and all vg € L"(€2) with ||ug — vo|| @) < 0, we have

[u(-t) = v(s ) lwe-sr@) < C(71, 72, 0)[[u0 — vollLr (@) »
(- t) = we(e, ) lwrry < C(71, 72, 0)||uo — vollLr(o) -

Choosing r > pN we get that W?2757(Q) — C12(Q) and W' (Q) — C%(Q) for some
a > 0. Hence, we get

u(-,t) = v, t)|lera@) < C(71, T2, 0)||uo — vol|Lr (o) (3.3)
and
(- 1) — v (-, 1) | caqa) < C(71,72,0)||uo — vol|r ) (3.4)
forall t € [7'1, TQ] and all Vo € LT(Q> with ||UO — UOHLT'(Q) < 0.
Note that the condition » > pN allows to get also the previous requirements on r

fulfilled. On the other hand, these regularity results are not optimal and they can be
improved with a bootstrap argument.

Let us consider now t € |11, 72 fixed and denote by U(z) = u(z,t) and V(z) = v(x, t).
We have in this way that U and V are solutions of the elliptic problems

—AU =G(z), z€Q,

{ U =0, v € o0, (3.5)
and AV (x) Q
— = F(x), xe€f(,

{ V=0, x € 09, (3.6)

where G(z) = |u(z, t)[P u(z, t) — u(z,t) and F(z) = |v(z, t)[P v(z, t) — v, t).

Using (3.3) and (3.4) we get that ||[F' — G||ca(q) < Cllug — vol|Lr ) for some constant
C = C(m,71,d). Applying now Schauder estimates to the function U(z) — V(x) we get
the desired estimate.

An immediate consequence of the above result is the following corollary.

Corollary 3.2 If for some time ty the solution u(x,ty) has a unique mazimum at r = xg
and Au(xo, to) < 0, then for every vy with ||ug — vol|zr@) < 0 it holds that v(x, 1) has a
unique maximum at some point To which is close to xy when & is small enough.

For instance, this result can be used to obtain single point blow-up in one dimension
for the approximations (in L"-norm) of a solution with a unique maximum (that has single
point blow-up thanks to the results in [10], see also [7]).

Following ideas from [21], we now relate the time left for a solution to get blow-up
with the size of the solution at each time. This relation involves the energy functional
associated to the problem,

1

1
D(u(-,t)) = §/Q|Vu|2da:—m/g|u|p+l dz (3.7)
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since we know that this energy is nonincreasing along the evolution orbits and tends to
—o0 as t — T. We refer to [14] and [21] for a proof of this fact, but we include some
details here for the sake of completeness.

Lemma 3.3 Let u be a blowing up solution of problem (3.1). Then, ®(u(-,t)) — —o0 as
t — T, and moreover we have the estimate

p—1

T-t< C( - <I>(u(-,t))> T forty <t < T, (3.8)

where ty is close to T and C' = C(p,|Q2]). Equivalently, if V(u(-,t)) = —P(u(-,t)) and
G(t) = (C’/t)%l we have

V(u(-,t) <G(T —t) forto<t<T. (3.9)
Proof. We first take a sequence t,, — 1" such that

||u||LOO(QX[OvtnD < ||u(atn)||L°°(Q)a

and define A\, = ||u(-, )| z>(q). In this way the sequence A, is nondecreasing. Also, there
exists a sequence x,, € () such that

An
5 < u(xp, tn) < Ay . (3.10)
Now we define the rescaled function
¢n(ya 5) = —U(l'n + any, tn + bns) 5

An

whit a,, = A&}"’W and b, = AL7P. Since p > 1, we have that both a,, and b, go to zero as
n — oo. The function ¢,, so defined satisfies the equation

tn
(¢n)s = A¢n + gbfp for (y> S) € Qn X (_b_’ 0) )
where Q, = {y € RY : 2, + a,y € Q}. Observe that €, expand to cover the whole
RY as n — oo. Moreover, 0 < ¢, < 1. Then, by standard regularity theory, we have
that ¢, (y, s) — ¢(y, s) uniformly in compact sets of R x (—o0, 0), where the function ¢
satisfies the equation

¢s =A¢p+ ¢,  inRY x (—00,0). (3.11)
On the other hand,
S2 b2 S92
/ |(dn)e|? dr ds = A luy (2, + ar, t, + bs)|* dr ds
1 Qn n

IN

)( )
A“”” N”/ /\utxﬂ dz dt

(N—-2)p—(N+2)

= AT (e — O(u(-1a)))-
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Notice that the parameter p is subcritical, which implies that (N — 2)p — (N 4+ 2) < 0.
This implies that, if ®(u(-,t)) is bounded, then

/sjz/n|(¢")t|2d7“ds_>0

for every 0 < s1 < sy < oo and, therefore, the limit function ¢ does not depend on s.
Moreover, ¢ is nonnegative and nontrivial. Indeed, if z,, — Z, we have that ¢(z) > 1/2
by (3.10). We conclude with a contradiction since it is well know that for 1 < p < pg the
only non-negative stationary solution of equation (3.11) is given by the trivial solution,
see [13]. This contradiction proves that the energy functional ®(u(-,¢)) must blow up at
time t =T

In order to obtain the required estimate we observe that, since t — ®(u(-,t)) is non-

increasing,
dd(u(-,t
% _ _/ s, )] d < 0,
Q
we have
1 1
22 udr = /|Vu\2d$c+/ﬂup+1dm——2<l>( u(-, ))+% uPt dx

p+1
2

> 20 (ul-,10))] + i ( / W) "

Q

where to < T'is close enough to 7" so that ®(u(-, %)) < 0 and €y = E= 1\Q\p+1.

Therefore, denoting by s(t fQ (z,t)dr and integrating between to and T we
obtain )
# d
T'—ty =< / - pt1
(to 4|(I)( ( to))| +2C 072
do

— C|®(u(-, ty))|

o AB(ul10))] + 2010 F
where the constant C'= C(p, |Q]). g

3.2 Perturbations of the initial conditions

Example 1. L" perturbations of the initial data.

We deal with solution to (3.1) and we perturb the initial condition ug(z) by considering
a family of functions ug ().

As we have mentioned in the introduction, continuity and almost Lipschitz dependence
of the blow-up time with respect to the initial condition in L*-norm has already been
established, see [15], [16], [18]. See also [6] for a proof of Lipschitz continuity for the
porous medium equation in the whole line, 2 = R.
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In [21] the author proves the continuity of the blow-up time with respect the initial
data in the space H} ().

We want to consider here perturbations of the initial values in the space L". We
consider a sequence of functions uj, such that

o, — wollzr@) — 0 as h — 0.

In order to use Proposition 3.1 we impose the condition r > pN. Hence, if t; < T (as
usual 7" is the blow-up time of the solution u starting at ug), we know that, for A small,
(-, to) —un(-, to)|lc2e(@) < Clluo—uonl|zr(), which allows us to use the continuity results
of the blow-up times with this stronger norm that we have mentioned above.

Nevertheless, with the results that we developed in the previous sections, we can
provide a simple proof of the continuity of the blow-up times. Observe that, as a byproduct
of Proposition 3.1, we have the convergence

up(-,to) — ul(-, to) strongly in H*(Q) = W?(Q), (3.12)

for every 0 < t, < T fixed. This in particular implies that (H1) holds. Moreover, this
H' convergence and the fact that p is subcritical implies that, putting Vj(ux(-,t)) =
—®(up(-,t)), we have from Lemma 3.3 that (H2%*) holds. Hence Lemma 2.1 implies the
convergence of the blow-up times.

3.3 Perturbations of parameters in the equation

Example 2. Perturbations in the reaction or in the diffusivity coefficients.

Again we look at solutions to problem (3.1). In this case we perturb that problem by
introducing some coefficients, thus considering the equation

uy = Au + ap(z)[uPu,

or even the equation
uy = div(By(7)Vu) + [ulP~u,

in the same domain €2 and with the same initial condition ug. The coefficient a;, is a real
function defined in €2, while Bj, is a function with values in the space of square N x N
matrices. In both cases of perturbation we can use the same arguments as before as long

as
up(-,to) — u(-, to) strongly in H*(€2), (3.13)

for every 0 < to < T fixed. And this is guaranteed if a;, — 1, or B, — I (the identity
matrix), uniformly in Q. This result generalizes the constant coefficient cases a, = 1+ h
and By, = (1 + h)I studied previously in [15].

Note that we can perturb the problem in several other ways, getting the same conclu-
sion as long as we can obtain (3.13). For example, as in [15], we can deal with perturba-
tions of the exponent, considering u; = Au + |u[P»~tu with p, — p.

14



3.4 Perturbation of the domain

In order to address the problem of domain perturbation, we first need a result on the
behavior of solutions under perturbations of the domain in the presence of globally Lips-
chitz nonlinearities. For the sake of notation, let us denote by u(z,t, ¢, O, f) the solution
of

uy = Au+ f(u), O x (0,t),
u(z,t) =0, 00 x (0,ty), (3.14)
u(z,0) = ¢(x), 0.

where f is certain nonlinearity, O is an open set of R and ¢ is a function defined in O.
Observe that both, the initial condition ¢ and the solution u are defined in O but we can
extend both of them by zero outside O so that we may consider them defined in R".

Proposition 3.4 Let €2 be a bounded Lipschitz domain and let
Q" = {z e RY : dist(z,Q) < h}

for 0 < h < hg for some positive, small hg. We consider a general nonlinearity f(u)
which is smooth and globally Lipschitz. Then, if ug € L>®(Q) and ub € L>*(Q") with
20| Lo () ||u8||L°°(Qh) < M for all0 < h < hy and

||U8—UOHL1(Q) — 0 as h—>0,
then, for each 0 < 19 < to we have

sup ||u(-,t,ul, Q" f) — u(-, t, uo, Q, Mze@ny —0  ash—0. (3.15)

tE(T(),to)

Proof. Observe that since the nonlinearity is globally Lipschitz, the solutions are globally
defined in time for any initial condition and for any h. Moreover, Q" is a nice smooth
perturbation of the fixed domain €2, from where the convergence stated in the proposition
follows easily.

In the following result we consider more general perturbations of the domain and we
obtain convergence of solutions in the energy space H'. The kind of perturbations we
will consider satisfy the following,

(P) Q, € B(0,R) for R > 0 fixed and if x, € H}(Q),x € HL(Q) are the unique
solutions of —Ayj, = 11in €, and of —Ay = 1 in 2, respectively, with homogeneous
Dirichlet boundary conditions, we have |[x5 — x||2((0,r)) — 0 as b — 0.

Observe that we regard the functions x; and y defined in B(0, R) by extending them
by zero outside €2, and () respectively.

15



Proposition 3.5 Let Q2 C B(0, R) be a Lipschitz domain and let {2 }ocn<n,, be a family
of domains satisfying property (P). We consider a general nonlinearity f(u) which is
smooth and globally Lipschitz. Then, if ug € L*(Q) and ul} € L*(,) with

||Ug — uol|z2(B(0,r) — 0, as h — 0,
then, for each 0 < 19 < tg we have

sup Hu(-,t,ug, O, ) — ul-, t, ug, £, f)HHl(B(O,R)) — 0, ash— 0. (3.16)

tE(T(),t())

Proof. Condition (P) implies the spectral convergence of the Laplace operators in €,
denoted by —Aqg, , to the Laplace operator in 2, —Ag, see [1], [8]. By this we mean that if
(P) is satisfied and if we denote by {\"}°°, the sequence of eigenvalues of —Ag, , ordered
and counting multiplicity, and by {©"}%° | a corresponding sequence of orthonormalized
eigenfunctions and similarly for {\,}°°; and {¢, }°2, for the operator —Agq, we have that

M — )\, as h — 0 for all n = 1,2, ..., and the spectral projections converge as operators
from L*(B(0, R)) to H}(B(0, R)). That is, if A\, < A\,41 then

n n

D 06 emen = (X n)en

i=1 i=1

— 0. (3.17)
HY(B(0,R))

sup
||X||L2(B(O,R))

<1

We have denoted by (-,-) the scalar product in L?. Using the expression of the linear
semigroup e in terms of the eigenvalues and eigenfunctions of —Ag, , that is

ety = Ze “x ene

and with the convergence of the eigenvalues and the spectral projections given by (3.17)
we get the convergence of the linear semigroups, that is,

le®n!x — 22|l s,y < CDOR)E X 250,10 (3.18)

for all 0 < ¢t < T, and some 0 < v < 1, where #(h) — 0 as h — 0. To show (3.18) from
the convergence of the eigenvalues and (3.17) we refer to [2], for a general result, and to
[3] for a similar result with Neumann boundary conditions.

With the expression of u(-,t,ul, Oy, f) and u(-,t,ug, 2, f) given by the variation of
constants formula, that read as follows,

t
u(- tul, Qn, f) = ePont ug+/ A=) f(u(-, s, ul, Qp, f)) ds
0

t
U(', tv Uo, Qv f) = eAQtuo + / eAQ(t_S)f(u('v S, Uo, Q7 f)) ds
0
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substracting both expressions, applying some elementary computations, using (3.18) and
with the singular Gronwall’s inequality, see [17, Lemma 7.1.1], we obtain

-ty uf, Qs f) = ul, tuo, Q) msor) < CT)OR)ET, (3.19)
for all 0 < ¢t < T, where #(h) — 0 as h — 0. This gives the desired result.

To the particular nonlinearity we are considering, F'(u) = |u[P~lu, we associate the
truncated function Fj, defined by

—kP u < —k,
Fi(u) =< |ulP~'u —k <u<k,
kP k<.

Observe that Fy, is globally Lischitz and Fi(u) = F(u) as long as |u| < k.

Proposition 3.6 Let 2 C B(0, R) and let Q" be as in Proposition 3.4. Assume we have
a family of domains {2 Yo<n<n, satisfying (P) and 2, C OF for all0 < h < hy. Assume
also that we have 0 < ug € L>®(9), 0 < uf € L®(QF) and that there exists M > 0 such
that |luo|| Lo, |ulll L@y < M and ||ug — uf||z2(s0,r) — 0 as b — 0. Let T be the
existence time of u(-,t,ug, 2, F) and Ty, the existence time of u(-,t,ul,Qp,, F). Then if
to < T and we denote by

k=2+ sup |lu(-t,uo, 2 F)| e -
0<t<to

then, there exists 0 < hy < hgy such that for 0 < h < hy, we have

Ty > to, (3.20)
(et ug, Q, F) = ul(s, t,ug, Q, Fy), for all0 <t <tp, (3.21)
w(, t,ul, Q, F) = u(-, tult, Qp, Fy), for all 0 < t < to. (3.22)
Therefore for each ty <T" we have
||U(, to, Uo, Q, F) — U(', to, ug, Qh, F)HHI(RN) — 0 (323)

which in particular implies that Ty, — T as h — 0.

Proof. From the definition of £ it is clear that we have (3.22). Moreover, it is clear that
k> M+ 2.

If we consider the solution u(x,t, M, Qho, F') then, this solution will exists for certain
time and therefore we will have the existence of a time 75 > 0 small such that

0<u(x,t, M, Q" F)<M+1

for all 0 < ¢t < 715. By comparison arguments with respect to the initial condition and
with respect to the domain, we have

0 < u(z, t,uf, 0, F) < ulz, tuf, Q" F) <ulz,t, M,Q" F) < M+1
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for 0 < h < hg and 0 < t < 75. This implies that for 0 < h < hg,
u(z, t,ul, U, F) = u(z, t,ul, Qn, Fr), 0<t<m (3.24)

and also K )
u(z, t,ul, Q" F) = u(x, t,ul, Q", Fy), 0<t<mp.

Applying now Proposition 3.4, we obtain that there exists 0 < hy < hg such that for
0 < h < hy we have,

HU(, t7 ugv Qhu Fk) - U(', tu Uo, Q? Fk)HLOO(Qh) S 17
for 79 <t <tp, which in particular implies that, for those values of h and ¢, we have

0 <u(-tul, O, Fr) < u(~,t,ug,Qh,Fk) < sup |lu(-,t,uo, 2, F)|lpe) + 1 < k.
To<t<to

Therefore,
u('7taug>QhaFk) :u('>t,U8>QhaF)> T0 St StO

Putting together this last inequality and (3.24) we get (3.22) and also (3.20). Statement
(3.23) is obtained from Proposition 3.5. This H' convergence implies the convergence of
the energy (3.7) associated to the equation and in particular, with Lemma 3.3, we easily
get that (H2%*) holds true. From here we obtain the convergence of the blow-up times.

We will consider now several examples where we obtain the continuity of the blow-up
times when the domain is perturbed. We start with some basic but important examples
where a straight proof of the convergence of the blow-up times can be obtained. We will
also consider other not so simple examples where we must check that condition (P) in
order to be able to apply Proposition 3.6.

Example 3. Dilatations of a fixed domain.

Consider the family of dilatations of a fixed domain, for A > 0, let
QN =XQ={\z : z€Q},

and study the family of evolution problems with €, = QM X =1+h, 0 < || < 1. If we
solve

(uh)t = Auy, + |uh|p_1uh, Qy, % (O,Th)
uh(x,t) = 0, th X (0, Th) (325)
Uh(flf,O) :Uo(l’>, Qh7

we get by a simple scaling argument, that the solution wu,, verifies
up(z,t) = \"Y Py (A Le, A2t

where v, is the solution to the problem with initial condition ug(z) replaced by vy (x,0) =
vao(7) = AP Dyg(Az). Therefore, we have

TV = \2T),
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where T is the blow-up time of the solution of the problem in the fixed domain €, but
with perturbed initial condition vy g. The continuity of this blow-up time 7} as has been
shown above in Example 1. From this it follows immediately that

TN =T,  as A — 1.

Example 4. Regular perturbations of a star-shaped domain.

Now assume that € is star-shaped (without loss of generality with respect to 0 € ),
and let €2, be a sequence of domains for which we have

Ah)=inf {A>0:Q,cQV} -1, as h — 0, (3.26)
and
AMh) =sup{A>0:Q, >N} 1, as h — 0. (3.27)

Then, with the notations of the previous example, we have
QM) - O, OA(h)

for every h > 0. If we consider now the solution u; to the problem (3.25) in €, with
ug > 0, we have B
WO (1, 8) < up (2, £) < w0 (3, 1)
Hence, as h — 0 we have
TO®) <7, < TOMW)

l !
T T.

This shows the continuity of the blow-up time, T}, — T, for regular perturbations of a
star-shaped domain, that is perturbations that verify (3.26) and (3.27).

Example 5. General perturbed domains satisfying condition (P).

There are several interesting situations in which condition (P) holds. For instance,
if we consider Q@ C RY, N > 2, a bounded smooth domain, z, € €2 and we denote by
Q= Q\ B(zo, h), then (P) holds. The main reason for this is that H}(Q\ {z0}) = HZ(Q)
since a single point has zero H'-capacity in RY for N > 2. Recall that the H'-capacity
of a closed set K C RY is defined as

Cap(K) = inf {||V@| 2@ : & € CF(RY), ¢ =1 in a neighborhood of K }

As a matter of fact if K CC Q is such that Cap(K) = 0, then we have H}(Q\ K) = H}(Q)
and this implies that if V}, C 2, is a decreasing sequence of closed sets with NV}, = K,
then the family Q, = Q\ V}, satisfies condition (P). We refer to [1] for a proof of this
result.

For this family of domains we can apply Proposition 3.6 and obtain the convergence
of the blow-up times.
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3.5 Stability of blow-up sets

Here we deal with solutions to our problem (3.1) but here we restrict ourselves to one
space dimension, that is,

Up = Ugy + UP, (0,1) x (0,7)
uw(0,t) =wu(1,t) =0, (0,7) (3.28)
U(ZL', 0) = UO([L’), (Oa 1)>

with (as before) p > 1, and uy > 0.
Example 6. Stability of the single-point blow-up in an interval.

Assume that uy has a unique maximum in (0,1). Then it is known that u blows up
at a single point, see [10] and [7]. Let zy be this blow-up point.

We perturb the initial condition considering a family wug of functions such that
o, — wol|Lr(01) — 0, as h — 0,

with r > p. Note that under this hypothesis we have that 7, — T

From the C? convergence (see Proposition 3.1 and its Corollary 3.2) we obtain that
for 0 < 7 < T and h small, the function w(-,7) has a unique maximum at some point
xp(7). A comparison argument with the solution of the ODE, 2/ = 27,

1

2(t) = Cp(Th — ) 771,
gives that
wn(en(t),1) 2 Cy(Ty — )77
(otherwise, uy, and z cannot blow-up at the same time 7},).

This implies that (H3) holds, from where the convergence of the blow-up sets follows.
Indeed we have, B(uy,) = xj, a single point, with

lim T = Xg.
h—0

Example 7. Stability of the single-point blow-up in a family of intervals.

We can also perturb the interval considering the dilatations QW = (0,)), A > 0.
Note that we have a perturbation of the domain like the ones considered in Example 2,
therefore the convergence of the blow-up times is guaranteed.

If we solve the problem in Q™ we get, by the same scaling argument used in Example 2,
that the solution u® verifies

uM (z,t) = XYy (AL, A7)

where v, is the solution to problem in (0,1) with initial condition wug(x) replaced by
oa(7,0) = vyo(z) = AP Vyy(Ax). Therefore, by the (uniform) convergence of vy to
up as A — 1, we get, using the continuity of the blow-up set with respect to the initial
condition,

lim x\ = xg.
A—1
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4 Conclusions

In this final section we comment briefly on the results obtained throughout the previous
pages and on further extensions.

In this paper we have proved a general result concerning continuity of the blow-up
time and blow-up set for an evolution problem under perturbations. This result is based
on some convergence of the solutions of the perturbed problem for times smaller than
the blow-up time of the solution of the unperturbed problem together with some uniform
bounds on the blow-up rates of the solutions of the perturbed problems. Obtaining these
uniform bounds is a delicate subject in general, specially the ones appearing in (H3),
since they involve an estimate for every point in the blow-up set. It will be desirable to
obtain continuity of the blow-up set under weaker hypotheses, but, as shown by one of
our examples, this seems a very delicate issue.

We have also accompanied the general results by a number of examples where more
specific information can be obtained. It is clear that we can extend some of our results
to more general equations, like the evolution given by the porous medium equation with
a source u; = Au"™ + uP or the one given by the g—Laplacian with a source, u; =
div(|Vu|972Vu)+uP. Our results are specially well suited for the case p > m (or p > ¢—1)
where there is single point blow-up. Finally, we mention that our general result may also
be applied to systems, but this extension requires further analysis.
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