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Abstract

The main goal of this paper is to show that the blow up phenomenon (the explosion of the
L°°-norm) of the solutions of several classes of evolution problems can be controlled by means of
suitable global controls «(t) (i.e. only dependent on time) in such a way that the corresponding
solution be well defined (as element of Lj,.(0,+oo : X), for some functional space X) after
the explosion time. We start by considering the case of an ordinary differential equation with
a superlinear term and show that the controlled explosion property holds by using a delayed
control (built through the solution of the problem and by generalizing the nonlinear variation
of constants formula, due to V.M. Alekseev in 1961, to the case of neutral delayed equations
(since the control is only in the space Wfoz’q/(o, 400 : R), for some ¢ > 1). We apply those
arguments to the case of an evolution semilinear problem in which the differential equation
is a semilinear elliptic equation with a superlinear absorption and the boundary condition is
dynamic and involves the forcing superlinear term giving rise to the blow up phenomenon. We
prove that, under a suitable balance between the forcing and the absorption terms, the blow
up takes place only on the boundary of the spatial domain which here is assumed to be a ball
Bgr and for a constant as initial datum.

1 Introduction

It is well known than one of the more relevant qualitative behaviors of nonlinear evolution problems
is the possibility to get the finite time blow-up of the L°°-norm of the solution of suitable parabolic
problems. Without any aims to be exhaustive, we mention as general references the books [30, 31}
[40] as well as the revision made in [13].

The main problem we will consider in this paper is a semilinear dynamic boundary condition
for an elliptic diffusion absorption equation on a ball Bg ¢ RN, N > 1,

—Au+G(u,a) =0 in By x (0, +00),

ou  Ou
P i e 1
(a) e + n F(u, ) on 9By x (0, 00), (1)
’UJ(.CC, O) = Uo, T E 8BR5

where F,G : R Xx R — R are two locally Lipschitz real functions, ug is a positive constant and the
control « is global, in the sense that « is a purely time-depending scalar function «(t). The crucial
fact in our study is the assumption that, in the absence of control a(t) = 0, functions F(u,0) and
G(u,0) are superlinear. More exactly, we will assume that

F(u,0) = Af(u), (2)
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where A > 0 is a given parameter and f: R — R is a locally Lipschitz real function ”superlinear

near infinity” in the sense that

* d
BN (3)

T
for some rg > 0, and that
G(u,0) = g(u), (4)
where g : R — R is a locally Lipschitz real function ”superlinear near the infinity” in the Keller—

Osserman sense:
oo

ds
— < oo,
ro G(s)

for some rg > 0, where G(s) = / g(s)ds. Some examples intensively studied in the literature

(5)

0
correspond to the cases f(u) = e*, f(u) = (k + u)? for some p > 1 and k > 0, and similar choices
also for g. We will need also the assumption that the forcing term dominates over the absorption
one, in the sense that
lim inf LT)

€ (0, +o0). (6)
We will see later that this domination assumption has different consequences according to the
above limit is infinite (strong domination) or positive (weak domination). In any case, we note
that, under this domination assumption, the Keller-Osserman condition implies the superlinear
condition (B)) for function g.

We will denote by u® the solution of P(«), and thus u" will represent the solution of P(0) (the
problem without any control). We will show that solutions u® attain their first blow-up only on
the boundary of the spatial domain dBgr. This must be done in contrast with what happens in the
usual case of semilinear parabolic problem with Dirichlet boundary conditions (for which the first
blow-up may take place in a single point), or Neumman or Robin boundary conditions (with the
first blow-up takes place taking place in the whole domain €2). As far as we know, problem P(«/) was
not considered in the previous literature and will be the object of a systematic study in Section [3
After that, the second goal of this paper is to show that, given any small € > 0 , it is possible
to find a suitable control «(t) which allows to ensure that (after, perhaps, a small modification of
the superlinear terms) the corresponding solution can be continued beyond the finite time blow-up
of its L°°-norm (which is the same than the one of the solution corresponding to no control case
a(t) = 0, F(u,0) = Af(u) and G(u,0) = g(u)). This property should be contrasted with the
complete blow-up phenomenon, which holds in most of the usual superlinear problems (see, e.g.,
[10] and [30]). As we will see, the key tool in our study will be the comparison principle jointly
with the previous study of a simpler case: the superlinear ordinary differential equation

du® o .
Pray W(t) =F(u* «a) in (0,+00),
u®(0) = uo,

with F(u, o) satisfying () and the structure condition given below (see in (7).
The property we will study in this paper can be stated in the following terms:

Definition 1 We say that the solution u®(-,t) of problem P(0) (respectively Py. o)), with no control
a =0 ( with blow-up time To(u®)), has a "controllable explosion” if

i) for any given € > 0 we can find a continuous deformation and an extension of the trajectory
u®(t,.) on the interval [0, Too(u®)—¢), by u®(-,t), solution of the associate perturbed control problem
defined by replacing Af(u) by F(u,«) and g by G(u, ), for a suitable control o, such that u®(-,t)
also blows-up at the same time Too(u®) = Too (u?),

i) u®(-,t) can be extended beyond Too(u®) as a solution which is in the space L, (0, +o00 : X) (i.e.

loc

in L0, T : X), for any T € (0,+00)) where X = L>°(BR) (respectively X = R).
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As a matter of fact, we will prove a stronger conclusion for the corresponding solution u®(t) of
the problems P(ar) and P 4): we will prove that, in fact, u®(t) = u°(t) for any t € [0, Too (u’) —é].
Notice that we use the notation T (u") since the blow up time depends not only on the initial
datum ug but also on other parameters and data of the problem. In the rest of paper we will
simplify the notation by writing Te(u?) = Teo.

This philosophy of controlling in order to have the recuperation after the explosion was initiated
in the previous papers by the authors dealing with some special multiplicative control of delayed
feed-back form for some ordinary and partial differential equations (|16} [I7] and [18]).

This approach applies even to certain linear delayed problems. Here we will extend, and
improve, this approach by considering nonlinear terms leading to the explosion on the boundary
of the spatial domain. We will make mention also of some other problems at the end of the paper
(see Remark [27]). We will prove that the recuperation after the blow up time arises for controls
a(t) with a quasi-bang-bang structure

F(u,a) = SAfu, (u) + «, (7)

fmww—{f@@ if u > M.,

for some M. > 0, and with S € sign® (a), where

. 1 ifa>0,
sgf“”‘{-& if a <0.

Notice that sign®(0) = {—1, +1}. Moreover we will see that a(t) = 0 if t € (0, To, —¢) and a(t) > 0
inte (TOO — &, Too). We will show that in some cases, the ”effective control” becomes S(«) and
it is purely of bang-bang type and no truncation is needed

F(u, a) = S()Af(u), (8)

with S(a) € sign™ (). This is the case when, for instance, f(u) = (k + u)? with p > 2 and k > 0
(see Remark [Bl). The dependence on « of the function G(u, «) is much weaker since we will need
only to truncate function g if o # 0:

G(u,a) = gn.(u) ifa#0, (9)

where
g(u) if 0 <u<M,,
gu, (u) = .
g(M.) if u > M,

for some M, > 0.

It is clear that the recuperation of the solution after the blow up time T requires that u(t) < 0
fort € (Teo, Too+9), for some 6 > 0 and thus it is natural to assume the quasi-bang-bang structure
and to take a(t) < 0 for ¢t € (Ts, Too + 0). The quasi-bang-bang structure of the controls implies
that the initial superlinear forcing term Af(u), on the interval [0, Too) becomes later a superlinear
absorption term, —Af(u), at least in a short period after T, and the problem has infinity as
initial value. The possibility to solve nonlinear parabolic problems with an infinite initial value, in
presence of a superlinear absorption term was already proved for some special parabolic problems
(see, e.g., [8] and its references). Here we must take into account the possibility of truncating f(u)
and the presence of a negative control a(t).

From the point of view of Control Theory, one of the pioneering works on control for blow-up
problems for nonlinear parabolic equations with a forcing term was the book by J.L. Lions [36]
(see also [24] [25] [T9] [ [6 26, B9] and the references therein). In these, and many other works,
the goal was to avoid the occurrence of the blow-up phenomenon by means of suitable controls
(the case of controls given by measures was considered in [4]). The possibility to choose the
blow-point time and points were considered in [38] and [14] for the nonlinear wave equation. The
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approximate controllability for the case of dynamic boundary conditions leading to global solutions
was considered in [I1]. As far as we know, no previous attempt to control problem P(«), searching
a continuation dynamics after the same blow-up time than the one of the solution without control,
was considered before. Notice the structure of our control problem is not entirely conventional
since we allow to consider the case in which f is sign reversed (and truncated). Moreover, our
control will be built as a solution of an auxiliary, singular ODE with delay. This point of view
is in contrast with many of the above mentioned control papers on control of semilinear partial
differential parabolic problems in which the main non-linearity is kept, the control is additive and
many times with a localized spatial support of the control for a given time horizon T (instead,
T = c0), etc. A quite complete list of references dealing with nonlinear problems with dynamic
boundary conditions, starting already in 1901, can be found, e.g., in the survey papers [I1] and
[9]. The study of the special case in which only the nonlinear dynamic boundary conditions is
the origin of blow-up phenomena was considered in [32] and later by several other authors (see,
e.g., [33]) but for different elliptic equations on the spatial domain. Notice that this is a different
situation to the case in which there is a nonlinear parabolic equation with a source term jointly
with a dynamic boundary condition (see, e.g.,[3, O, [43]). In all the cases, the blow-up takes place
also on the boundary, as it is the case of a nonlinear parabolic equation with a source term jointly
with a static possibly nonlinear Robin type boundary condition (see, e.g., [35, [37] and the survey
27).

We point out that in fact the blow-up phenomenon only occurs for large enough initial data
(or large values of the parameter \) since otherwise the solution is well defined for any ¢ > 0 and
converges (as t goes to infinity) to a solution of the stationary problem. This is well known for the
usual semilinear parabolic problem. For problem P(«) it can be proved as an easy modification
of some previous papers in the literature (see, e.g. [28] and [5]). This is the reason why we shall
always assume an additional condition

up or/and X\ are large enough. (10)

The key idea in this paper is to start, in Section 2, by proving that problem P (. ,) admits the
controlled explosion property and then to use similar ideas, in Section 3, for the case of problem
P(a).

For the case of Pg(. o), we will construct, in Section 2, the suitable control a(t) as a changing
sign delayed term of the form B’(¢)y(¢t — 7), for a suitable function B(t), where y(t) is the solution
of the auxiliary "neutral delayed ordinary differential equation”

L 1y(t) ~ Byt — )] = Mo, () ~ BT [yt 7)), 150

dt (11)
y(@) =u’(@), 0<60<Ty —c¢,

with the history initial condition
y°(0) = u®(9) for any 6 € [0, T, — €],

where u°(t) is the solution of problem Pg(. o) with no control (i.e. a = 0).
We emphasize that the good control will change sign with time and that

a(t) =B (t)y(t — 7).

Moreover, as we will see, a ¢ L}, (0, Too : R) but @ € W, 2%(0, T : R), the dual space of
Wé:?oc((), Tw : R), for some q > 1.

In fact, the previous paper [16] was devoted to a class of delayed problems (as for instance
problem () with A = 0) and so the searched control in that case was the function B'(t), so the
bang-bang term, sign™ (a(t)), was not needed. Here we will apply the main philosophy of the results
of [I8] (in which a refined nonlinear variation of constants formula, initially due to Alekseev [2],
was a crucial tool), to prove that y € L* (O, T oo), and that the extended solution satisfies problem

Pr(.,a) thanks to the quasi-bang-bang term (if A > 0) and an argument of time reflection over T
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for the consideration of the corresponding superlinear absorption equation with infinity as initial
datum. Then we will continue the solution to the whole interval (0, c0), by periodicity. This will
be detailed in Section 2.

We start Section Bl by developing the study of the problem P(0) , i.e., without any control. We
shall prove (Theorem [@]) that if the elliptic equation is of superlinear type (i.e., g(u) = u™ with
m > 1), as well as the forcing term on the boundary (assumed, for instance, as f(u) = u? with
p > 1), then, if the absorption rate is lower than the forcing one (this is the assumption (@l); so
that p > (m +1)/2 > 1), in absence of any control (a = 0), the corresponding solution of () has
a finite blow up time T, so that

—Auo(-,TOO) + g(uo(-,Too)) =0 in Bg,
uo(-, TOO) = 400 on 0BR.

0 Br

oo )

Thus, at the explosion time u” coincides with the unique large solution, U of the associate

elliptic problem (see (82)) below). Since we have the inequality
u’(z,t) <UBR(2) < 400, 2€Bg, 0<t,

then the explosion is only possible on OBg after Ty. It make sense thanks to the domination
m—+1
> 1. We

will obtain also several time estimates on the behaviour of solutions near the finite blow up time
Too. We will pay attention also to the limiting (weak domination) case p = (m+1)/2 (see Theorem
[@)) of the domination assumption. In order to better illustrate the behaviour near the finite blow up
time T, we consider in this case a self-similar solution corresponding to the spatial domain given
by the hyperplane RN=! x R, . In the case of general nonlinear terms, f and g, some additional
technical assumptions are required, as we will indicate below. For the controlled problem P(«) we
will show, again, that it is possible to choice a control «(t), now acting on the boundary of the
spatial domain 0Bgr, such that the corresponding solution u®(¢) satisfies the properties indicated
in Definition 1 (see Theorem []).

assumption (B) which in the case of powers it corresponds to the condition p >

2 The control for the complete recuperation after the blow
up time for problem Py,

It is well known that the simpler and illustrative example of dynamical system for which there is
blow up of solutions is the problem Pg(. o) (before the blow up time)

o AF()), > 0
E()_ f(u()), >0,

uY (0) =ugp > 0.
where A is a positive constant and f: Ry — Ry is a continuous function. Since
du®
T
dt -\
ful(®)
assuming condition [B]) we deduce
W0 g R R
/ oo \E-t), 0<t<@
wiy f(s)
We note that (B]) enables us to consider the decreasing function

T ds
(I)(T):/r m, s> 0,
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with ®(+o00) = 0. This function will be used systematically in Section Bl We have that
t— @ (u'(t)) + Xt
is a constant function. In particular, we may define T = %uo) for which
uw(t) =@ (AT —t)) <+o0, 0<t<T,

0=\ = Tirm 20(4) —
u’ (T )—th/‘rr%u (t) = +o0.

P (up)
A

Notice that with the notation of the Introduction T, = in this problem and that here A > 0

is arbitrary.

Remark 1 For the power case f,(s) = sP, p > 0, the condition (B]) corresponds to p > 1. Then

1 1
P = ———— and
ZD(S) p— 1 Sp_l an
1 1 1
ul(t) = — —, 0<t<Ty= =
(P=1)77 (MTo —t)) 7" (p — Dug 8

Remark 2 It is clear that if

o~

f(s) > f(s) for large s

then one deduces that if f verifies (@) the same happens with f In particular, any function

~

f(s) > sq(s), for large s, verifying

lim inf &j) € (0,400] for some v > 0,

s—00 8

satisfies (). For instance, we may choose ¢(s) > (log s)'y, v > 1, or g(s) > log(log(- - -log(s))). o

Remark 3 From Remark [2it follows that if we assume the property

f(s)

is increasing for large s, (12)
s

for some « > 1, then the assumption (@) is satisfied. Moreover, if v > 1, we deduce that

oo ds to ds
d(r :/ —:y/ < ® (v 1) for large 7.
A A PR A (77r) forlarg

Therefore, the change of variables ( = ®(r) implies that

v® ! (1*71¢) > @71(¢), for small (, (13)
for v > 1. A similar argument enables us to obtain

v® ! (1*71¢) < @71(¢), for small ¢, (14)
for v < 1. o

The main result of this section devoted to the nonlinear ordinary differential equation is the
following:
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Theorem 1 Assume f locally Lipschitz continuous and superlinear. Then, for any ug > 0 the
blowing up trajectory u®(t) of the associated problem Pr(.,0) has a controlled explosion (in the
sense of Definition 1) by means of the control problem Pr( o) for a suitable o € Wl;j{:q’(o, Tw : R),
for some q > 1. Moreover, given & > 0, if u® € Lj, (0, +00) is the solution of Pp(..a) corresponding
to the built control a(t), then u®(t) coincides with the solution with no control u®(t) = u°(t) for
any t € [0, Too — €] and u®(t) also blows-up at the time To, corresponding to u°(t). In addition,
if a(t) is the searched control (in the sense of Definition 1) then the corresponding solution u®(t)
satisfies that u®(t) > 0 for any t > 0.

Our main tools, and the strategy, of the proof are the following: we start by taking a delayed
feedback control (in the spirit of [I6]), on the interval [0, Ts], with Too = Too(u®), in order to the
associated solution to be in L(0, Ts,). To this end we will apply the so called nonlinear variation
of constants formula to the problem with the truncated function fyr, (u). After that, we pass to the
consideration of the corresponding superlinear absorption problem with infinity as initial datum,
for t € [Tw,2Tw). Finally, a periodicity argument allow to extend the solution to the interval
t € (2T, +00) (see Figure 1 below).

Concerning the nonlinear variation of constants formula we recall that it was first established
in the literature for nonlinear terms h of class C? (see Alekseev [2], Laksmikantham and Leela [34]).
Here we will prove that the formula holds also for Lipschitz functions h (which at this stage can
be assumed to be in fact globally Lipschitz) and with a very general perturbation term (which in
fact can be a multivalued term). Given a family of maximal monotone operators (¢, y), on the
space H = RY, with 8(-,t) € Li, (0, +0c : R?), we consider the perturbed problem

P*(h, 3,&) = (:l—i(t)Jrﬂ(Y(t),t) > h(y(t)), in RY,

We know that once that h is globally Lipschitz function, the solutions of P(h, 3, §) are well defined,
as absolutely continuous functions on [0, T], for any given T > 0 (this is an easy consequence of the
general theory: see [I2] for the autonomous case, and [44], and its references, for the generalizations
to the case of 8 depending on t).

Now, we reformulate the trajectory y°(¢) of @) with 3 = 0 in more general terms (by modifying
the initial time and the initial condition). So, we define y°(t) = ¢(t, to, &), with ¢(t, to, £) the unique
solution of the ODE

y'(t) = h(y(t)) in R,

y(to) =&.

We introduce the formal notation ®(¢, 9, &) = Oe¢(t, to, &), where J¢ denotes the partial differenti-
ation. Then we shall prove:

P*(h,0,¢&) —{

Theorem 2 The flow map ¢ is Lipschitz continuous, ® is absolutely continuous and the solution
y(t) of the "perturbed” problem P*(h, 8,£) has the integral representation

y(t) = ¥°() - / B(t,5,¥(s))8(s,3(s))ds for any t € [0,T],

where yO(t) = @(t, to, &) is the solution of the unperturbed problem P*(h,0,£).

In the above formula we used, for simplicity, the notation corresponding to the case in which §(-, t)
is single-valued, but a suitable similar expression can be formulated if 3(-,¢) is multivalued. As a
matter of fact, we will also generalize (for the case d = 1) the Alekseev’s formula to the case in
which the perturbation 8(t,y(t)) of the equation is an element in the space W=14(0, T : R).

2.1 Proof of Theorem 1 assuming Theorem 2

We assume, for a while, that Theorem 2 holds. The proof of Theorem 1 can be divided in different
steps.
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Step 1: ¢t € [0, Too]. Let us develop the indicated strategy on the initial interval [0, T]. Given
e > 0, we define 7 = T, — € and M. = u%(Tw — ¢) (this explains the dependence on e of the
truncation parameter M.. Notice that then fy_ (u®(t)) = f(u®(t)) = f(u°(t)) if t € [0, T — €]
We also make the change of variable B

t=t—r71

and consider the delayed problem

P(f,u’,B) = { V() =Aw(y) +B @)yt —71), 0<t<r

(where, for simplicity, we have denoted again t by t, so that, for any —7 < 6 < 0 we are identifying
u?(0) with u®(0 + Too — €), for some suitable function B(t). Here u°(t) denotes again the solution
without control. Our goal is to show that we can chose the control in the form

a(t) :=B'(t)y(t —71)

such that the solution of P(f, u%, B) is defined on the whole interval [0, 7) and that v € W=24'(0, 7 :
R), for some ¢q > 1.

Now, let us indicate the choice of function B and the reformulation of f’( f,u% B) as a "neutral”
equation. Given ¢ > 1, a > 0, v € (0, %) and a continuous function m (to be taken in order to
have B(0) =0, B(¢) > 0 and B'(t) > 0 on 0 <t < 7) we define

B(t) =

with t* = € in this new time scale (i.e. t = T4 in the original time scale). We assume that
t* € (0,7), i.e., 2¢ < T. One possibility to avoid the difficulty related to the singularity of B(¢)

is to reformulate P(f,u, B) (as in [16]) as the "neutral” problem

%I” +m(t), telo,7],

L Iy() ~ By (¢~ 7] = A (v) ~ B(O) o

y(0) =u’), —-1<6<0.

[Y(t - T)] te [07 T]a (15)

In addition, we will use the extension to the case of "neutral” equations of the version of the
Alekseev’s nonlinear variation of constants formula [2] given in Theorem [2). We recall that (for
regular functions), this formula can be stated in the following terms:

Proposition 1 (Alekseev’s formula, [2]) Let h: R — R be C2. Let y°(t) = ¢(t,t0,&) be the unique

solution of the ODE
y'(t) = h(y(t),
Y(to) = 57

and let ®(t,t0,&) = Oep(t, to, ), where O denotes the partial differentiation. Then ¢ is C?, @ is
Ct, and for any H: R = R in L}Oc, the solution z(t) of the so-called ”perturbed” problem

{ 2 = h(z(t)) + H(2),
Z(to) = 55

has the integral representation

Remark 4 Notice that ®(t,t,&) satisfies ®(t,¢,€) = 1. Alekseev’s formula will be extended in
Theorem [2 under a much greater generality and then applied in the framework of "neutral”
equations. O
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Now, we can consider the delayed term as an external ”forcing”
H(t) = B'(t)y°(t - 7),

so that, by setting tg = 0, & = 2(0) = u°(0) = ug, y°(t) = #(t,0,€), the Alekseev’s formula we can
write (at least formally)

2(t) = yO(t) + /0 (t,s,2(s))B (s)u’ (s — 7)ds.

If we approximate B(t) by regular functions (denoted again by B(t)), then the above formula can
be equivalently written, after integrating by parts, as

2(t) = yOt) + [fb(t, s,2(s))B(s)u’(s — T)] . _/0 B(S)dis [<I>(t, s, 2(s))u’(s — 7')] ds

— yo(t) + D(t,t, z(t))B(t)uO(t —-7)— / B(s)% [‘b(t, s, z(s))uo(s - 7')} ds.
0

By the above remark, ®(t,t, z(t)) = 1. On the other hand, as we saw before, for u® € W4(—7,0)
its product by the C! function ®(t, s, 2(s)) is also in W4(—7,0). Therefore, its derivative belongs
to LI(—7,0) and the indefinite integral, as in all the previous cases, is an absolutely continuous
function. Moreover the regularity of function h is not needed in the final conclusion and thus we
can argue by approximation (as we will make in the proof of Theorem 2). This means that the
integration by parts is legitimate and we may state the following result, which is an extension of
the Alekseev’s formula to "neutral” equations:

Proposition 2 The initial value problem

! I
~ vt)=Am.(y)+B' )yt —7), 0<t<rT
St = YO = A B Oy =)
y(0) =u0%0), —-7<6<0
with f Lipschitz continuous and initial function u® in Wh9(—7,0) has a precise integral sense in
[0, 7] by means of the neutral equivalent equation ([IH), and its unique solution z admits the integral
representation

¢

d

2(t) =y (t) + B(u’(t — 7) — / B(s) - [@(t, 5, 2(s))u’(s — 7)]ds, (16)
0

(where yO(t) = ¢(t,0,u%(0))) associated to h = Nfy. ). Then, for every u®(-) € WH"(0,7) (where

1/q+ 1/r =1) the neutral Cauchy problem has a unique solution given by the identity (IG).

Therefore, z € L4(0,7), z(t) — B(t)u’(t — 7) is an absolutely continuous function on (0, 7), and
then we may write
2(t) = B(t)u’(t — 7) + AC,

where AC means an ”absolutely continuous” function on the closed interval [0,7] (notice that
without the truncation operation this is not necessarily true). As a consequence, the singularity
of the solution on [0, 7] coincides with the singularity of B. In particular, since t* = ¢ (recall
that t* = T4 in the original scale of time), and by taking 0 < v < 1, we have that for some m
continuous function on [0, 7] we have

B(1) =

a

m +m(t).

Since the initial function u"(-) satisfies u®(t* — 7) = y%(€) # 0, then t* is also a singularity of z
(the controlled explosion) and

NL 0 *
2(t) ~ |t—t*|vy (e), ast—t",
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is an asymptotic expansion of z near t* = T, which gives the qualitative picture of the behavior of
the solution near singularities of B. Obviously, from the choice of v we get, finally that z € LI(0, 1) ,
which implies the desired property in this step: y € L* (O, Too)-

Moreover, the control a(t) = B/(t)y(t — 7) is in W=1¢(0,7 : R)). Finally, notice that ug > 0
implies that u°(#) > 0 for any —7 < @ < 0. Then, by construction, we get that u®(t) > 0 for
any t € [0, To].

Remark 5 The integrability condition u® € L!(0, T4 ) holds, in some special cases of the forcing
term f(y) without any truncation and with a = 0. This is the special case in which the function
®~1 € L}(0,7) for some 7 > 0. In the case of powers, f(u) = u?, it corresponds to the additional
condition p > 2. Notice that this explains the non-uniqueness of the searched control. Some kind
of optimality criterion on the set of searched controls could be introduced (see, e.g. the paper
[] and its references) but we will not enter here in this kind of considerations since the required
techniques are of different nature. O

Step 2: t € [Too,2T ). We will take a control such that a(t) <0 on (T, 2T). Thus, we consider
the problem

C(li—?(t) + A (u) = a(t) in(Tw,2Tx), (17)
u(Ts) = +00.

As mentioned before, the nonlinear term is of absorption type and problems of this nature were
already considered in [8] (see problem (D)) but without any truncation argument and with « = 0.
The case with a truncation and a < 0 can be solved by reflection with respect to the time T..
Indeed, we define

Ya(t) =u®(t —Too) for t € [Teo,2Tos] and a(t) = —a(t — Too).

It is a routine matter to check that Y5(t) satisfies problem (IT) for the control a(t). Notice that,
a(t) = 0 on the interval (Too + £,2To], @(t) < 0 on (Teo, T + &) (in fact a(t) \, —oo, if
t N\ Too), Ya(t) >0 o0n (Teo,2To], Ya(2Too) = up and Yg € L} (Too, 2T o).

Step 3. Finally, we use a 2T -periodicity argument to extend the controlled solution to the interval
t € (2T, +00). It is clear that for times in which the control changes sign we get some singularity
on the time derivative of the solution but, as typical in control theory, the differential equation
holds for almost any ¢ € (0,+00), the controlled solution is in L} (0, +00), and the proof of
Theorem 1 is complete.

Example 1 We consider the special case of f(u) = u? and ug = 1. Then we can identify easily the
elements appearing in the proof of Theorem 1. Indeed, in this case,

1
B(t,t0, &) = m7

and so To, = 1. Thus we can take, e.g., ¢ = 1/8 (and, of course, 2¢ < To.), 7 = Too — & = 7/8.
Taking v = 1/5 and a = 1 we get that B(t) =
by

W and thus the searched control «(t) is given
0 it te(0,7/8)
=] |
B/ (H)u(t —7/8) ift e (7/8,1),

with w(t) the solution of the delayed problem

o/ (D) = fur. (D) + — (T~ 7/8)). Te (7/8.1)

17

uw(f) =u’(0), —7/8<6<0,
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u%0)=y,

Figure 1. Illustrative example of the control a(t) and the effective bang-bang control if f(s) = s, p > 2.
The blowing up solution without control u°(¢) and the controlled solution u®(t) defined in the whole [0, +oo|.

where u%(0) = 1 i@ if 0 € [-7/8,0] and

B u? if u e (0,7/8)
fur.(w) = 49/64 if u € (7/8,+00).

2.2 Proof of Theorem 2

PrOOF OF THEOREM 2 Let h,, € C1(R? : R?) be a sequence approximating h in W1#(R? : R%),
for any s € [1,+00), and such that

HazhnHLw(Rd:ded) < |\azh||Lw(Rd:ded) =M for any n € N (18)

Let y9 = ¢, (¢, t0, &) be the unique solution of the unperturbed ODE

"(t) = hn(y(t)) in RY,
b 0.6 = | VO =)
y(to) =&,
and let @,,(¢,t0,&) = Jedn(t,0,&),. Let us consider the sequence of ”perturbed” problems
dYn . d
P* (. 5.6) = { g (T AEIn(0) 3 ha(yn (), in RE,
y(to) = ¢
Then, by the classical version of the Alekseev formula (also valid for d > 1) we know that
¢
yn(t) = ya(t) —/ Dy (t, 5, yn(5))B(s, yn(s))ds, for any ¢ € [0,T], (19)
to

(as before, in the above formula we assumed, for simplicity, that S(t,-) is single-valued but a
suitable similar expression can be obtained if 5(¢,-) is multivalued). Since h,, — h and h is locally
Lipschitz, we know that y2 — y© and y,, — y strongly in AC([0, T] : R%) for any fixed T > 0 (this
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is an easy application of Theorem 4.2 of Brezis [12] for the autonomous case and from [44] in the
non-autonomous case). Moreover since any maximal monotone operator is strongly-weakly closed

we know that, at least, B(yn(-), ) — ﬁ(y(-), ) in L2(0,T : RY). Then, from the classical Peano
Theorem we know that there exists a ®(¢, s,y) such that

o, (t, ~,yn(~)) — <I>(t, ~,y(~)), for a.e. t € (0,T),
strongly in L2(0, T : Mgxa). Indeed, ®,,(¢,t0,&) is the solution of the problem

@/(t) = Hn(t,to,f)@(t) in Mgxd,
D(ty) =1,

where
Hn(ta lo, 5) = 8xhn(¢n(ta to, 5))
But, we know that, if M is given by (I8) then

[Hn (s 0, Ollne 9,1y <M for any to € (0, T) and for any £ € RY.

Thus, by Gronwall inequality, there exists a positive constant M = M(to, &) such that
[[®n (-5 0, ) w1, (o,r) < M.
This implies that there exists a Lipschitz function ®(t, s,£) such that @, (¢, -, yn(-)) = ®(¢,-,y(-)-)

in Whe(0, T : Mgyxq) for any q € (1,00). This leads to the strong convergence in L2(0, T : Mgxa)-
Then we can pass to the limit in formula ([I9) and we get that

y(t) = y°(t) —/ D(t,s,v(s))8(s,y(s))ds, for any ¢ € [0, T].

to

3 The complete recuperation after the blow up time for
problem P(«)

Previously to the consideration of the controlled problem, it is useful to establish some basic
properties for the uncontrolled problem P(0)

—Au° + g(uo) =0 in BR X (07 OO),
auo auo 0

S+ 3o =AM@)  on 9Bg x (0,00),
u'(R,0) = ug > 0, v € OB,

where g and f are continuous non-negative increasing real functions as indicated in the Introduction
and A is a positive constant. The framework of our study concerns the case in which the forcing
term dominates over the absorption one, in the sense of the condition (@)

lim inf f(7) € (0, 4o0].

The main goal of this section is not only to prove that it is possible to build a control «(t) such
that the solution u® of problem P(«) be well defined for any ¢ > 0, but to prove previously that
in the isolated times in which the solution blows up it takes place only on the boundary 0Bg. So,
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we will prove that at the blow up time the solution without control will coincide with the unique
large solution of the problem

—AUBR 4+ g(UBr) =0  inBg, 20)
UBr = 0 on 0BgR.
Beside condition (@) we will require other technical assumptions:
. U(ns)
limsu <1 foranyn>1 21
T yn (21)
(see (B0) below) and
9(s) is increasing for large s. (22)
s

Among other examples, the conditions (&), (2I)) and ([22) hold for the power-like case g, (s) = s™,
when m > 1.
It is clear that there are two different subcases in which the the forcing term dominates over
the absorption one:
a) Forcing term strongly dominating over absorption term. It corresponds to the case in which the
following condition holds
f(7)

lim ——— = o0, (23)
T /2G(T)

with G(s) = / g(s)ds. Here, for any A > 0 the domination at infinity of the forcing term over

0
the expression v 2G associated to the absorption term is satisfied.
b) Forcing term weakly dominating over absorption terms. It concerns the case in which we have

lim inf SO =L>0. (24)

oo /2G(T)
In some sense, the functions /2G(7) and f(7) are of the same order at infinity. We will see that

the domination at infinity of the effective forcing term A\f over v2G requires the assumption

1
A> —,
L
which is obvious when the forcing term strongly dominates to the absorption (condition (23))).

Remark 6 For the power-like case fy(r) = s, p > 0, and gm(s) = s, m > 0. It implies
1

Gn(s) =
(5) = —

7 s™*+1 They imply

folr)  m+ 1T2p—(;n+1)
2G, (T) 2 '

Then, the condition ([23)) hods if 2p > m + 1. On the other hand, ([24) requires the equality
1
2p =m+1 and then L = 4/ % (we will come back on it in Theorem [ below). o
In fact, we are interested in a global domination
M(1) > \/2G(7), for any 7 >0, (25)

for A > 0. In some cases, the local domination (@) can imply the global domination for suitable
large values of the parameter A (see ([I0).
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Proposition 3 Assume (6. If

lim inf iGN > 0, (26)
™0 /2G(T)

there exists Ao > 0, depending only on f and g, for which one has the restricted global domination

M(T) > \/2G(T) for any T > 0, (27)

provided A > Xg. Therefore a global domination is verified under [25) or under the couple of

condition ([B) and (20).
Whenever [28) fails, thus

f(7)

liminf ——— =0,
™0 /2G(T)
we only may extend the local domination (@) to
A(T) > 2G(1), T>7_, foreachT_ >0
for X > Xg. Here \g > 0, depending on f,g and 7_.

PROOF. The assumption (24]) implies that there exists 79 > 0, large enough, such that

f(7)

———~— >L>0 foranyT> 7. 28
260 y 0 (28)

Since f and v2G are positive continuous functions, we deduce

ﬂ>L*i min ﬂzo, for 0 <7 <1g.
2G(r) 0<r<m /2G(T)
Therefore (26) implies
7(7) > Lo =min{L,L.} >0, for any 7 >0,
2G(1)
1
and then (27)) holds for A > Ao = L The reasoning also applies to the case in which (23] holds
0
and we have an inequality similar to (28] for any L > 0. o

Remark 7 Since for f,(s) = sP and g,,,(s) = s™ one has

Ip(7) _m + 1T2p—(;n+1) 7
V2G (1) 2
the condition (20 holds if 2p = m + 1 (see Theorem D). o

The main result of this Section is the following:

Theorem 3 Assume (@), @), (IQ) and @5). Then:

i) For any u®(R,0) = ug > 0 there erwists a finite time Too(u") such that the solution without
control coincides at this time with the large solution of the problem Q). In fact the continuation,
ul(-,t) = UBR(.) for t > Too(u®) is a global solution of problem P(0) blowing up on the boundary
for any t > Too(u?).

ii) For any ug > 0 large enough, the blowing up trajectory u°(-,t) of the associated problem P(0)
has a controlled explosion (in the sense of Definition 1) by means of the control problem P (), with

the structure conditions ([®)) and ((@)), for a suitable o € Wl_oi’q/ (0,Tw : R), for some g > 1.
Moreover, if u®(-,t), in L} (0,400 : L>(Q)), is the solution corresponding to the built control

loc

a(t), then u®(z,t) < +oo for any t > 0 and any = in Bg.
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As above we use the notation To,(u”) since this time depends not only on the initial datum
up but the other parameters. Again in the following we will simplify the notation by writing
Too(u?) = Teo.

The crucial step in our study is to consider previously the case without any control P(0). We
will need some previous results (collected in Section 3.1) and to get the existence and uniqueness
of solutions of problem P(0) and to prove part i) of Theorem[Bl Finally, in Section 3.3 we will give
the proof of part ii) of Theorem [Bl

3.1 The boundary blow up for the uncontrolled problem

Some of the results of this Section are applicable to the case of an arbitrary (non necessarily
symmetric) open set  C RN, N > 1. We collect here some useful technical properties derived
from the condition (&l).

Lemma 1 (Lemma 6.1 of [1]) Let us assume (B). Then

i ;*imi:im G(S):
ﬁﬂxﬂﬁg_iww@) Jim, 9(s) 0, (29)

where G(s) :/ g(s)ds. Hence
0

s s s G(s)
—— =0 —— and — =o0 . 5
9(s) G(s) q(s) 9(s)
An useful tool in this subsection is the decreasing function associated to the improper finite
integral (H),

for anyd > 0 (30)

< ds
1) = /(s /2G5

with U(oc0) = 0. Straightforward computations allows to see that for ¢ small we have

%\If*(o:—\/m(w-l(o) and j—@W@):g(W@). (31)

Properties BI)) can be used to characterize the unique explosive profile on the boundary of the
large solution of the problem

CAUR 4 g(U2) =0  inQ
{ 4+ g(UL) in Q, (32)

U = on 0f2,

provided ([22). More precisely

Theorem 4 [20, 1] Let @ € RN, N > 1 be a bounded open set where 02 satisfies an inner and
outer sphere condition. Assume @), ZI) and @2). Then there exists a unique classical solution
UL of B2) whose explosive boundary profile satisfies

UQ
lim ()

dist(z, 09)—o ¥~ (dist(z, 9Q)) =1 (33)

a

In fact, when Q = By the rate behaviour (B3] becomes

Uk
lim —>—~-—
2l R U1 (R — |z|)
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Remark 8 For the power like case g(s) = s™, condition (B) becomes m > 1 and

2(m+1) 1
m_1>

m — 1 5 p]
Moreover, the technical conditions ([2I) and ([22)) also hold. Then

~(2(m+1) T -2 .
UL (z) = (m) (dist(z, 09)) + o(dist(x, 0€2))

(see [I). o

Remark 9 Among other illustrative choices satisfying (@), [2I) and (22) studied in [I] we pick up
the function g(s) = e® for which

U () = log < 2) + o(dist(z, 092)).

(dist(z, 0€2))
Another example is g(s) = se?*, for which

U (z) = V2 erfe™? <M

NG

where erfc(§) = 1 — erf(d) = %/ e ds. o
T™Js

> + o(dist(z, 092)),

Remark 10 Reasoning as in Remark 2] from the inequality
qg(s) > g(s) for large s,
it follows that if g verifies (@) the same happens with g. In particular, any function g(s) > sq(s)
verifying
o q(s)
liminf ——= € (0, +o0] for some v > 0

s—oo 87
satisfies ([@). For instance, we may choose ¢(s) > (logs)?, v > 1, or ¢(s) > log(log(- - -log(s) - - -)).
It is also clear that an assumption like

9(s) . :
oo increasing for large s,

for some « > 1, implies (). o
Remark 11 Sometimes it is more useful to write (21I) as

lim inf ¥(ns)

$—00 (s)

>1 forO<n<1.

We note that for some example as g(s) = s(logs)™, m > 2, which verifies (@), the condition (1))
fails. In [I] a sharp argument enables us to extend Theorem [l to the so called borderline case given
by

: Y (nos)
lim su
This happens for the above choice or when g(s) = ¢1s(logs)™ + ca(logs)™ 1, s > 1, m > 2, for
c1 > 0and ca € Ror g(s) = s(logs)2(1og(log(s)))m, s >0, m > 2. We send to [I] for some
comments and other examples. We will not consider the borderline case in this paper. O

=1 for some 7y > 1. (34)

We note that the spatial explosive profile given by ([B3]) does not depend on the geometrical prop-
erties of By as curvature or dimension. These influences can appear in lower term of the explosive
expansion near OBR (see again [I]). We point out that some authors have approached the bound-
ary behaviour of the large solutions, e.g. Bandle, Essén, Lazer, Marcus, Mc Kenna, Matero and
many others (see [7, 20, [I] and the references therein).



Controlled explosions 17

3.2 Blowing up time-profile for the uncontrolled problem: the radially
symmetric case

Here we will get some growing time-estimates near the blow-up time for problem P(0) on the radial
domain Bgr. The radially symmetric solution u®(z,t) = u°(|z|,t), corresponding to a constant
initial datum satisfy

0 0
_TN1*1 —%i (rN_l—(?;i (r, t)) + g(u(r, 1)) =0, r<R,t>0
ou’
—(0,t) =0 t>0
8/]" ( ) ) ) - ) (35)
ou’ ou’ o
—_— —_— = >
= (R,t) + = (R, t) = Af(u'(R,1)), t >0,
u’(R,0) = ug > 0.

As the center of the ball does not play any important role we may assume that it is the origin of
the space.

Theorem 5 ( Blow up time on the boundary) Assume A\ > 0 satisfying the global domination of
the Proposition[3 Assume also (). Then P(0) has a unique radially symmetric solution, u®(|x|,t),
on Br x [0, Too)[, for some Tog < W(ug), such that

0 <ul(|z|,t) < UBR(z), (x,t) € Br x [0, Tsol,
: 0 — Br n
t}%ou (|z|,t) = UZR(z), =z € Bg,

where UBR s the relative stationary large solution on the ball Br (see B2))). Moreover, under
@ID) the solution of [BA) has the explosive boundary behaviour

0
lim inf w(R, 1)

_ > 1.
AT ug) U (Tog — 1)) =

Remark 12 As it was deduced from the below proofs, in some case as for the power choices
fp(s) = sP and gy (s) = s™ with 2p > m + 1 the constant Ay, introduced in Proposition Bl can also
depend on the data R and uyg. O

The proof of Theorem [0l is based on a result taking the advantage that for radially symmetric
functions the comparison principle holds even if there are some singularities at the origin.

Proposition 4 Assume A > 0 satisfying the global domination of the Proposition[3 as well as (Bl).
Define the function

Ur,t)=¥'(v(T—t+R-r)), 0<r<R,0<t<T, (36)
forv>1and T > 0. Then we have

1 oU(rt) [ n_10U(r 1) -
TN gy (r “or +9(U(r,t)) =E(r,t), r<R,0<t<T,

U(0,t) =1 (u(T -t +R)), 0<t<T,

ou(o,t)
o = 141/2G(U(0,t)), 0<t<T,

OUR,1) | AU
or or
U(R,0) = ¥~! (VT),

<Af(UR, 1)), 0<t<T,
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where

EeC((0,T):L*&,R)), foranye >0 (37)

and
E(r,t) <0 for anyt € (0,T) and a.e. r € (&, R]. (38)

PRrROOF. Given an arbitrary long future horizon T > 0 and each constant v > 1 we introduce the
function

Uz, t) =¥ ' (w(T—t+R—|z])), 0<|z|<R, 0<t<T.

Clearly
0 <U(|z],t) < 400, ifo<|z| <R, 0<t<T,

lim U(R,t) = +o0.
t AT
Straightforward computations on the function
U(Jz],t) = ¥7H(¢),
for (=v(T—t+R—|z]) € [v(T—¢),v(T—t)+R)] and 0 <t < T, shows that
—AU(|z[,t) + g(U(J2], 1)) = =AT~H() + g(T7H(C)

< (1—2)g(u1() - v

||

2G(T-1(¢)) <0

(see (B1D).

On the other hand, one has

U, (R, 1) = v /2G (01 (11 (T - 1)),
(VU(R,£),0) = v1/2C (21 (1 (T — 1)),

for 0 <t < T. Thus

UL(R 1) + - U(R 1) = 202G (81 ((T — 1)), (39)

for 0 <t < T. Under the assumptions ([]), the Proposition Bl implies

20,/2G(U(R, 1)) < Af(U(R, 1)),

where the lower bound
U (W(T+R)) <U(|l,t), 0<|e| <R, 0<t<T,

is considered (see the comments of Remark [[2]). So that, the inequality (89) leads to

U,(R,t) + %Q(R, t) <Af(UR,E), 0<t<T.

Finally, 1) and (B8] follow from the above arguments. o

Function U(r,t) looks like a subsolution but it is not in a strict sense since AU(+,t) generates a
measure, a Dirac mass at the origin (see Figure 2 below). The crucial fact to justify the comparison
with the unique solution of P(0) is that this measure is negative. A direct proof of the comparison
can be given in term of radially symmetric functions.
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Lemma 2 Assume \ > 0 satisfying the global domination of the Proposition[3. Assume also (B
and let T = ®(ug) > 0. Let u € C([0,T) : H'(0,R)) be the unique solution of (BH) and let
U eC([0,T]:C>(0,R)) defined by BG) for any v > 1. Then

U(r,t) <u’(r,t), for anyt € [0,T[ and any r € [0, R]. (40)

PROOF. By subtraction in the interior partial differential equations and multiplying by (H — u)
we get, after an integration on the interval (g, R),

+

2 R
<§ — 0 (r, t)) dr + /E N1 (g(Q(T, t) — g(uo(r, t))) (Q - u0)+(r, t)dr
“E

r

(r,t)dr + RN"? [g (U —u")(R, t)} (U—-u’), (R,t)

w@—WWﬁhﬂﬂwgmy

, 0 2
Since EQ(O,t) >0, o Y (0,t) =0 and

%u(r,t)ZO, r<R, 0<t<T,

we deduce that there exists € > small enough for which
0
—U(e,t) >0 for any t € [0, T].
or

So that

0
e N-1 _ 0 .0
hgn\l(r)lfs [67“([] u )(a,t)} U-u )+(a,t) > 0.

Thus, we get

1 (ﬁ(g ~ ) (R, t)>2 . l/RTNl (E(H —u) . (r, t))2 .
2\ ot + 2 Jo or +
X [ () - S0 - )
for any t € [0, T). We choose T = ¥(ug) for which
U(R,0) =¥ ' (vT) < U HT) = u.
Being f locally Lipschtiz, by applying the Gronwall Lemma we have
UR,t) <u’(R,t), 0<t<T. (41)

Finally, by repeating the integration by parts argument, now using (#Il), we get

1 (R 9 °
N—1 0
5/8 " (E(H—u)+(-,t)) dr<0, 0<t<T
and ([{0) follows. o

PROOF OF THEOREM With the notation of Proposition [ Lemma [2] implies

\Ifil(V(T—t-i-R—T)) <u’(r,t), 0<r<R,0<t<T,
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with T = ¥ (ug). Since ¥(oo) = 0 one deduces
u’(R,T) = 400
Therefore there exists a first boundary blow up time T satisfying To, < \I/(uo) and

u®(R, 1)
VT (Te - 1)) =

Finally we argue as in [Il, Lemma 4.1]. We write the condition (ZI]) as

U
lim inf (ns)

S—300 (5)

0<t< Ty

>1 for0<n<1l (42)

(see Remark [T1]). We may suppose that 0 < (v — 1) so small that

lim inf W (ns)

5—»00 \Il(s)

>v forany 0 <n < 1.

Thus if 0 < 7 < 1 the assumption (42)) implies
U(ns) > v¥(s) for large s.
Therefore the monotonicity of ¥ and the choice s = W1 (T o — t) leads to
N (T —t) < U (0(Too — 1))

and
u®(R,t) - U (v(Too — 1))

>n, 0<Tew—tK1.
V(T —10) = U1 (T—t)

Then 0
lim inf — (R, 1)

t/Too U= (To —t) =

Since n < 1 is arbitrary one concludes the explosive boundary behaviour

0
t
lim inf _w(RE) >1
1T U1 (Too — 1)

independently on v > 1. o

Remark 13 Is is clear that the domination balance

s) > +/2G(s) for large s

implies
teo g 1 [t 4 1
U(s) = /S \/S_ X/ ﬁ:) = be(s) for large s.
e PORD) _ 18 (R.0)
1 R t
— <1, Teo-—-tx1l
To 1 Sx T._t b <
and
O (uP(R,t U (u9(R,t
limsupM <A = limsupM <1.
t S Too oo — 1 T, Too—t

From suitable properties on ¥ and ®, as (2I]), one can deduce

. u’(R, 1) .
[ T SY U} I Y G
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The precise time growing rate of the trace of the solution u(R,¢) depends of the way in which
the forcing term dominates over the absorption term. We will argue in the following by using
assumption (3]).

Remark 14 As it was pointed out in Remark[I3] under (6]) the condition (&) implies the superlinear
condition [@]). So that, under (@) the Remarks B @ and [[0 and (see also Remark [[]) provide some
examples for which ([B]) holds (see also Remark [2]). o

Figure 2. Spatial profile of the subsolution U and time profiles of the solution at » = R for some values of p.

We split the analysis in two different subsections.

3.2.1 Time estimates for the strongly dominating forcing over absorption case

We assume, in this Subsection, the condition ([23]). We have

Theorem 6 Assume the hypothesis of Theorem[d as well as [@3). Then the solution u°(r,t) of the
problem BT verifies

O (u(R,t
lim inf M >\,
t/ Too To —t

More precisely, if we also assume

)
lim sup (ns)

<1 foran > 1. 43
P for any n (43)

then we have the inequality

. u
B BT (T — 1))

PrOOF. We consider the interior equation

0
—TN—:% (TNI%(T,t)> —i—g(uo(r,t)) =0, r<R, 0<t<Tw.
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B 0
Multiplying by rN—1 % one obtains
r

C20r or

r

Integrating from 0 to » < R we find

N—10u’ ’ o [ a1y @ 0 2(N=1) 1 (,,0
0<|r (r,t)) =2[ s G(u’(s,t))ds < 2r G(u’(r,t)).
0

or

Ou°
W(T,t) <41/2G(u0(r,t)), r<R, 0<t<Ts.

Therefore the boundary condition leads to the ordinary differential inequality

8a—lio<va>+ 2G(u0(R, 1)) > AMf (W’ (R,1)), 0 << Te

So that, applying assumption (23) we deduce that for 0 < e < 1

f(’R,1)) > e/2G(uO(R,t)) for large values of u’(R,t).

or
Thus

and then Py
8—ut(R, t) > A1 —¢)f(u’(R,t)) for large values of u®(R, ¢),
i.e. 90
—-(R.1)
f(E)ZOR, ) > A1 —¢), forlarge values of u(R,t).
Integrating from ¢ to Ty we get
e d
(v’ (R,1)) :/ O S N1 —e)(Tae — 1), 0<To—t< 1.
uO(R,t) f(S)
Sending £ \, 0 we obtain
. @(u'(R,D)
liminf ———= > A

t/ Too Too—1t —

We may make more precise this inequality as follows. From (A7) we have

VR <O A1 —g)(Too — 1), 0<To—t<1,

0 2
Lo (rN_lai(r, t)) + TQ(N_l)aﬁG(uo(r, t)) =0, 7<R,0<t<Tw.

(44)

(47)

(48)

where the upper bound of the approach T, — ¢ depends on ¢ and it does not make to send ¢ to 0.

Finally, given n > 1 assumption (@3] implies
®(ns) < (1 —¢e)®(s) for large s.
Hence the monotonicity of ® and the choice s = @1 (A(Too — 1)) leads to
(1 —e)MTe — 1)) <n® ' (MTs — 1)),

whence

and

. u’(R, 1)
lim sup <
7 Ta (k) 71 MToo — 1))

since 1 > 1 is arbitrary the result holds.
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Remark 15 If we consider the power-like choices g, (s) = s™ and fp(s) = sP the assumptions of

1
Theorem [6] hold whenever p > m > 1. Then, since ([@3) holds, one has

1 1 p—1
lim sup u’ R,t)(Too —t) 771 < <7>
t/‘Tmp ( )( ) Alp—1)

We note that u°(-,¢) is integrable near T, if p > 2. Once again, as in Remark [F] this explains the
non-uniqueness of the searched control. O

Remark 16 Under the technical assumption (2I]) we deduce, as in [I, Theorem 1.1],

uf(|z|, T,)

im ——— = 1. 49
lz| /R U1 (R — |z]) (49)

a

Remark 17 Theorem [l also holds when we replace the assumptions [B]) and @3] by ([I2)). Indeed,
from (@8] we obtain

u®(R, t) - P1((1—e)MToe — 1))
P 1(ANToo — 1)) = 1 ( AT — 1))

<(l—g) a7, 0<To—t<1,

by taking ¢ = (1 —e)A(Too —t) and v = (1 — 5)_ﬁ > 1 in (I3) (see Remark B]). Then

) u®(R, t)
lim sup
NToe P H(A(Too — 1))

and the result follows by letting € N\, 0. O

<(l—g) a1, 0<To—t<1,

3.2.2 Time estimates for the weakly dominating forcing over absorption case
Theorem 7 Assume the hypothesis of Theorem[d as well as [24). Then the solution of the problem
B8 behaves on the boundary as

O(uC(R,1)) _ AL -1
im 1 > .
i inf ————= 2 —

More precisely, under [A3) the inequality

. u’(R, t)
lim sup L1 <1,
T 1 ( (T —t))

holds.
PROOF. Arguing as in the proof of Theorem [6l we obtain the ordinary differential inequality

aa_if)(m” 2G(uO(R, 1)) > Mf(u®(R, 1)), 0<t<Tu

(see Q). So that, for 0 < e < L assumption ([24)), used in (#G)), leads to

0
%(R, t) + LLf(uo(R, t)) > Af (uO(R, t)) for large values of u’(R, 1),
—€

or equivalently

ou’ ML—¢g)—1

W(R’ t) > T f(W’(R,t)) for large values of u®(R,?).
—c
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Then D0
n
—(R,1) o)
ﬁﬁmm—M%f) for large values of u’(R, 1),
and

P (u(R,t)) = /;R.t) fcés) > A(LL__E)E_ 1(T00 —1), 0<Te—-t<1, (50)

by an integration from ¢ to To. Sending € N\, 0 in (B0) we obtain

(R ) AL —c)—1

lim inf

t/'Too Too(R)—t — L—¢
and ( 0
SR, 1)) AL—1
. -
b inf Ry = 2 T 1

On the other hand, (B0) implies

ML —¢g)—1

R, 1) <P !
u (R, t) < -

(Too—t)>, 0<To—t<1, (51)

where upper bound of the approach T, —t¢ depends on ¢ and it not has sense to send € to 0. Again
we argue as in [Il Lemma 4.1]. Given n > 1 assumption ([@3) implies

LA(L —¢) — 1))

D(ns) < ®(s) for large s.

(L—e)(AL —1)
- . (AL =1
Therefore the monotonicity of ® and the choice s = @ I (T —t) ) leads to
1 ML—-e)—1 L (AL—-1
o (T — t ot T —t
(e —0) <t (Bt o)
whence .
— 1
u°(R, t) > (’\ L(E—; )(T°° -t
’ < — Teo —t< 1
ot (A1) ot (L1 <m 0< <5
L L
and
) u®(R, 1)
lim sup SV <.
e ¢-1( (Tm-—w)
L
Since n > 1 is arbitrary one concludes the result. O

Remark 18 Once more, by [Il Theorem 1.1] one deduces

o (Je], T)
hm —_—
2R U1 (R — |z|)

provided (2I). o

:]_7

Remark 19 For power-like choice g,, = s, with m > 1, the assumption (24]) becomes

m 2
liminf f(s)s™ =Ly ———, L>0.

5—00 m—l—l
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In particular, for f,(s) = sP, p > 1, one has

) = 0
P(S) (p o 1)Sp_1 ’ >
Then, one obtains
. L p—1
limsupu®(R,t)(Toe —t) 7' < (—) ,
e (9T =) L1
. m+1 0 . .

provided p = (see Theorem [). We note that u’(-,¢) is integrable near To, if p > 2. o

Remark 20 We may proceed as in Remark [[7 in order to prove that Theorem [7 also holds when
we replace the assumptions (@) and @3] by ([I2)). Indeed, from (EII) we obtain

o1 (M(Tm _ t))

u?(R, t) - L—¢ - <)\L—1 L—¢ )‘11
AL -1 - AL—-1 - —e)— ’
o1 (Too — 1) o1 [ (T — 1) L AL-e)-1
L L
1
AL —¢)—1 AL -1 L- =T
for0<Too—t<<1,bytaking§=%(Tw—t)anduz( I /\(L—a)g—l) in
(@) (see Remark [3). Since the function
AL —¢)—1
e —p
is decreasing, we have v > 1. Then
. W (R, t) <<AL—1 L—¢ >;%
im sup < )
Sy S
L
and the result follows by letting € \, 0. O

The study of the behaviour at the finite blow up time is completed now as it is collected in the
following result.

Theorem 8 (Behaviour at the finite blow up time) Suppose

lim inf /()

and the assumptions of Theorem[A . Then the boundary behaviour of the solution, u°(r,t) of (B3
verifies

>1 (52)

0
lim inf A;}?J) > 1.
/Z“)¢—1<————G;Q—ﬂ>
14
If 24) also holds one has
R, ¢ (R, ¢
lim sup )\;j_( 1’ ) <1< lnginf /\5_(1’ ) ) (53)
7T -1 (Toe — 1) e g1 (X (T 1)
L L
In particular, the property
O (54)

oo\ /2G(T)
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implies
0
th’rrn )\;—(Ili,t) =1L
e g (—(TOO - t))
/
Proor. First of all we note that from Theorem [7] one satisfies
0
t
lim sup /\5 _(};’ ) <1
e g1 ( —(Too = t)>

Once more, we recall that under (B2)) the assumption (@) implies (B]).
In order to complete (B3] we use the inequality

ouP
=5, (1) < 2G(u0(r,t)), r<R, 0<t<Tw

(see (@) on the interior equation

9%uY N —10u°
8—72(7“,&-1-78—1;(7“,1%):g(uo(r,t)), r<R, 0<t<Ts.

2 _
%uo(r, t)+ ¥1/2G(u0(r, t)) > g(u’(r,t)), 0<r<R, 0<t<Tx.

On the other hand, by using (29) of Lemma [I] we deduce for each € > 0

Then

g(uO (T‘, t)) > g(uo(r, t))

whenever

0<(Tow—t)+(R—7r) <o 1.
R R
In particular, as § < 3 we have r > 3 and

2

%uo(r, t) > <1 —2¢
”

N-1

> o (a(r,1)).

3]
Multiplying by 8—u0(r, t) > 0 in these region we deduce
r

10 /0 , 2 N-1\ 9 .

Next, an integration from R — § to R leads to

0 N-1
EUO(R, t) > \/2 (1 —2— ) (G(uO(R,t)) — G(uO(R — 6,1))).
Since T is the first time in which u(R, ) becomes infinity, we may suppose t so close to To, as
G(u’(R,t) > éG(UE’OR R —9)).

Hence
G(u’(R,t) > %G(UEOR(R — ) > éG(uO(R —4,t)),



Controlled explosions 27

provided t near T, and § small (here by UB® we are denoting the relative radial symmetric large
solution of ([B2)). It implies

guO(R, t) > \/2 (1 - 25NI; 1) (1-2)G(uO(R,1)), 0<To—t<1,
T

consequently from the boundary condition we get to the ordinary differential inequality

u? —
%—t(R, t) + \/2 (1 - 2ENR 1) (1-2)G(uO(R,1)) < Af(u’(R,1t)).

Since assumption (52)) implies
f(uR, 1))

—e< 7
\J2G (R, 1)
we deduce
. )\(é—i-a)—\/(l—ZENf_{l)(l—s)
<

- {+e

</{+¢ for large values of u’(R, 1),

f(W’(R,1)) for large values of u’(R, t)

and 5
u
- (R:t) _ MAE()

f(wO(R,t) = L+e¢

for large values of u°(R,t)

N-1
where the function E(g) = Ae — \/<1 — 2 R > (1 —¢) satisfies lirr(l) E(e) = —1. So that, an
E—

integration from ¢ to T leads to

[ ds M+ E(e)
o(u(R, 1)) = / e TS “Tre

(Too — 1)

whence
@(uO(R, t)) - M+ H(e)

and
®(u’(R, 1)) M-
t/ Too Too—1 = V4

by letting e — 0. Once more, we note that in the inequality

M +E(e)

OR,t) > o1
u'(R, 1) = ( {+¢

(Too—t)), 0<To —t <1 (55)

the upper bound of the approach T, —t depends on € and it does not make sense to send ¢ to 0.
However we may argue by using the assumption ([@3]). Indeed, reasoning as in Remark [[1] we may

write ([@3) as
P
lim inf (ns) >1 forany 0 <n<l1. (56)
B B (s)
LM+ E
Since ( (€)) > 1, for € small, given 0 < n < 1, (B6) implies

((+e)(M—1)

(M +E(e))

mfb(s) < ®(ns) for large s.
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Consequently the monotonicity of ® and the choice s = ! (#(TOO — t)) leads to
L (AM-1 1 (M +E(e)
P (T —t [ ——— (T — 1) ),
ot (M e -n) <o (X - )

whence

o1 (Ae +E(e)

0
v —(}_1{ : 2 )\éétgl =T
O — (T — t) o1 (Too — 1)
4 14
for Too — ¢ small, and we have
0
it —3 T 2
e g1 (—(TOO —t))
L
since 1 < 1 is arbitrary one concludes the result. O

Remark 21 For power-like choice g,, = s, with m > 1, the assumption (B4]) becomes

m+1 2
li T =l ——, > 1L
e S =l

In particular, for f,(s) = s?, p > 1 one has

Then, one obtains

1 ¢ o
. 0 _ R
Jim a0 (R, 1) (To — 1) ((/\E—l)(p—l)> ’
m+1

provided p = — We note that u%(-,#) is integrable near T, if p > 2.

Remark 22 As in Remark [[1l one may extend the arguments to a kind of borderline case given by

P
lim sup (m05) =1 for some ny > 1,
S—00 (I)(S)
but by simplicity we will do not consider that in this paper. O

Remark 23 Once more, we may prove Theorem [§ when we replace the assumptions (@) and @3]
by [I2). Indeed, from (B3 we obtain

u(R, ) o (M%Ea@@m_”) Z(Aé—l l+e )

(ML) e (A g
. <)\€€1T t)> . <e£1 > ¢ MAEQ

1
E -1 a7
for Too — ¢ small, by taking ( = /\K%E(E)(Too —t)and v = (%ﬁ) in (I (see
Remark B]). We note that v < 1 as it was pointed out in the above proof of Theorem B Then
WO (R, 1) M—1 (+e \5°1
lim inf : >
T —( ‘ /\£+E(s)) ’

R <—M; Lre - t)>

and the result follows by letting € \ 0.
We emphasize that this reasoning, as well as the ones of Remarks[I7land 20l includes the borderline
case announced in Remark o
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We consider now the limiting (weak domination) case p = (m+1)/2, appearing in the power-like
problem governed by the choices ¢, (r) = ™, m > 0, and f,(r) = r?, p > 0, of the domination
assumption. To better illustrate the behaviour near the finite blow up time T.,, we consider
the case of the self-similar solution corresponding to the spatial domain given by the hyperplane
RN=1 x R, . This special case provides some intrinsic information in this limit case. We have

Theorem 9 Assume 2p =m + 1. Then, the system
—Au+u™ =0 in (RN xRy ) x (0,00),
0 0
8—1; + 8—z =u? on (RN=1 x {0}) x (0, 00),
is invariant by the change of variables v(x,t) = plu(px, pt), pw > 0. In this case, any self-similar
solution must be of the form

1

T
tr-1

u(z, t) = H(%) zeRN"IxR,, 0<t, (57)

for some p # 1 and some function H : RN"! x R, — R, called as the similarity profile of the
self-similar solution, satisfying the boundary value problem

m

—AH(n) + (H(n))" =0, neRN"I xRy,

N—-1 1 » N_1 (58)
ZmDiH(n)—DNH(n)=EH(77)+(H(77)), ne RN {0},
i=1
In particular, the function with a regional blowing-up set
2(m +1)\ 7T 1 —meT
m P —=
Hn) = ————= ——(y/2 1)—2 RN x R 59
o= (2D s - S (VBT )L CneRNIxR. (59)

is the similarity profile of the self-similar solution

u(z,t) = (%) m—T lIN _ tW] ) 7 (60)
N

for x = (z/,2x) € RN x Ry, 0 < t, where expression @0) is uniform on z' € RN~
PRrROOF. The function v(x,t) = plu(pz, pt), p > 0, verifies

—Av + g(v) = p2-am=Dym,
oo
8t 8:EN

= plap=Dyp,

So that, the invariance of the equations follows if
2—gim—-1)=0 and 1-—g¢g(p—1)=0,
whence 2p = m + 1. The self-similarity equality is
u(z,t) = uﬁu(ua@, ut).

Then, if we take u = 1, after a derivation with respect to u, one concludes

(x, Vu(z,t)) + tug(x,t) +

1
. u(z,t) = 0.
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Then, by means of the classical characteristics method, we obtain that any self-similar solutions is
represented by
1
u(ze’, te®) = u(z,t)e” 71°, 5> 0,

whence

u(z,t) = t;H (%) (1) € (RN x Ry) x (0,00)

for a profile function H : RN~ x R, — R verifying
—AH®@m) + (H®m)™ =0, neRY" xRy,

N—1
1 _
> mDiH(n) — DyH(y) = S + (Hm)", neRY""x{o0}.
i=1
Let us prove that we can take, as a possible solution, the profile function given by
H(p) =k(nn —C)%, neRYN' xR,
for some suitable positive constants k, a and C. Indeed, clearly

m

—AH(n)+ (H(n))" =0 & H(1n) =kn(mNn— C)_%, NN >0

1

2 1)\ ™1
and k,, = <7( (m +1) 2)> . Moreover, the boundary condition becomes
m—
2p k 2 2k 2
kP (—C) m— MmO - M oy wme =
m(=C) 1+p—1( s L )

and thus we must require

2(p-1) k 2k
kP (—C) ™ Tm—1 m o oy t=0
L(-0)THE ¢ S ()
2(p—1 1-2
Since 2p = m + 1 we know that (p ): m =1 and we have

m—1 m—1
2 1
Bl —— ) (-O) = ———
(m m—1>( ) p—1’

C=(p-1) (kﬁjl - L) = %(\/2(m+1) -2).

m—1

whence

a

Remark 24 (Blow up finite time property) Since 2p = m + 1, p # 1, the self-similar solution
defined by (60) can be represented as

o= (Gentr=n) [ o

for x=(2',on) € RN"! x R,, t > 0. Then for each zx > 0 the solution at this point blows up
at the finite time

TN

Too(zn) = ﬁ,

(62)

ie.,
0<u(z,t) <4oo ift<Tolan),
u(z,t) = 400 if t > Too(zN)-

Notice that, again (GI)) is uniform on 2’ € RN-1. 0
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Similarity profile

T T I T

1.6

14

12

Hm)

0.8

0.6

e NS S S S

\
0.4 |
C(10) 2 8 C(40) 4 5C(8%) 6 0(125) C(1860) 0(300) 10
N

Remark 25 (Large solution at the blow up time) Consider now the spatial domain RN~1x (R, +00), R >
0. From (60) we obtain the representation

u(z, To(R)) = (%) " e — R (63)
for = (2',2n) € RN"! x (R, +00), where
R 2R

Too(R) = -1 mrl) -2

Thus
{ 0 <u(z,To(R)) < +00 if 2x > R,

u(z,t) = 400 if ey = R.
Once more, (G3)) is uniform on 2’ € RN~1. Notice that we have that

ou ou

TUR) + SR —w(Rt) =7(1), 0< 1< Too(R),
where )
_ VP = p—(p+1) —
R ) B v LU R )

Remark 26 Notice that the above boundary condition can be equivalently formulated as an ” oblique
boundary” condition with a nonlinear forcing term which, as far as we know, was not previously
treated in the literature. Some techniques and references on nonlinear oblique problems can be
found in [21]. o
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3.3 Proof of the controlled explosions for problem P(«a)

Now we return to the treatment of the problem P(«).

Lemma 3 Let u’(r,t) be the unique solution of problems P(0) with blow-up time on the boundary
To and let a given € > 0. Let V(t) be the solution of problem Pg(. ), given in Theorem I,

corresponding to the control a(t) associated to the time Too and initial datum V*(0) > ug . Then
we have the comparison

0 <u®(t,z) <Vt) for any t € [0,T) and any x € Bg.

Proof. We know that V*(¢t) > 0 for almost every ¢ > 0. Then the function w®(¢t,x) = V*(¢)
satisfies that

—Aw® + G(w™,a) > 0 for (x,t) € Br x (0, Two),
ow*  ow*
o g = M. (u) +a(t) for (1) € 9BR x (0, T),

w*(R,0) > wo, for |z| =R,

with M, > 0. We recall that, usually, the comparison principle is stated under the assumption
that o € L1(0,T) for any T € (0, Too) and that in our case we only have « € W=7 (0, T) for some
g > 1. Nevertheless, the comparison principle still holds since there exists A € L9(0, T), which, as
in the proof of Theorem 1, we can also assume also in C([TOO —¢, Too)), for some § > 0, such that

MQZ%A@.

Thus, to justify the comparison principle we can argue in a similar manner to the case of some
stochastic parabolic equations with an additive noise (see, e.g., [22]). We make a change of variables
which is

U(t,x) = u(t,x) — A(t).

Then
—AU*+G((U* + A(t),a) =0  for (2,t) € Br x (0,Tw),
ou»  ou~
T + e Afm. (Ua + A(t))  for (z,t) € 0Br x (0, Too),
Ua(R,0) = uo, for z € OBR.

Analogously, if we define
W) = VL) — A(t)

we get that
—AW* + G(W* + A(t),a) >0 for (z,t) € Br x (0, Tx),

8?; + 8(\;/ =Afm. (Wo +A(t)) for (x,t) € 0BRr x (0, Too),
n
W< (R, 0) > uo, for x € OBg.

Now the comparison principle can be applied (even if the right hand side is a time depending
nonlinear term: see, e.g., [22]) and we get that U*(x,t) < W(z,t) , which implies the desired
comparison.

END OF THE PROOF OF THEOREM 3. For ¢ € (0, T ) the dynamic boundary condition can be
equivalently expressed as

ou

5 Rot) = A (u(R, 1) = e(t) + al?)
where 5
c@zE%Rﬂ



Controlled explosions 33

Now, we take «(t) as in the proof of Theorem 1. In fact, if ¢ € (To — ¢, To), since G(u, a) is
truncated, we deduce from the identity ([@4]) and the above comparison Lemma that

0 < cft) < K(R)\/Vo(t)

for some K(R) > 0. Then, from the form of the control «(t) we arrive to the non-homogeneous
neutral equation

L 1y(t) = Bt~ 7)) = M, (9(6) = B(O) [yt — 7)) — e(t)

y(@) =u’(@), 0<60<Ty —c¢,

where now y(t) = u°(R,t). Then we can apply the generalized Alekseev nonlinear variation of
constants formula and get that its unique solution z(¢) admits the integral representation

2(t) = y°(t) + BOu’ (R, t — 7) — /0 (B(S)dis [‘b(t, s,2(s))u’(R, s — 7')} - c(s))ds,

where, again, y°(t) = ¢(¢,0,up). Then, since the singularity of c(t) is weaker than the one

of V() (which, for this control «(t), is of the form ﬁ with v € (0,1)) we conclude that
z € L}(0,Ts)). In consequence, since 0 < u¥(r,t) < u’(R,t) we have that u € L' (0, To : L(BR))
and the extension is integrable in the whole domain. The extension to the rest of the interval
(Too, +00) is similar and follows as steps 2 and 3 of the proof of Theorem 1.

Remark 27 The controlled explosions can be also shown for other different partial differential
problems leading to a global blow up time (i.e. with the region of blow up given by the entire
spatial domain). That was presented in [16] for the case of the usual semilinear heat equation with
Neumman boundary conditions

% — Au =F(u,a) for (z,t) € Q x (0,+00),
g_z 0, for (z,4) € 92 x (0, +00),
u(0,2) = ug(x), for z € (),

where (2 is a regular open bounded set of RN, N > 1 and F(u, a) is associated to a linear delayed
term (for the case of separable solutions: Section 4.1 of [16]) or nonlinear delayed term (Section 4.2
of [I6]). A different problem, with a global blow up time was considered in [I7]. The formulation
was very similar to problem P(a) but with a linear elliptic equation (¢ = 0). As a matter of fact,
this problem can be understood as an special case of the fractional semilinear heat equation:

% + (=A)*u=F(u,a) for (x,t) € Q x (0, +00),
u =0, for t € (0,400) and = ¢ Q,
u(0, ) = up(x), for x € Q,

where (—A)®*u represents the fractional Laplacian on Q, for s € (0,2), in the sense of Caffarelli
and Silvester [I5]. A pioneering 1975 paper dealing with the blow-up question when Q = RN was
[41]. For the case of £ bounded see [29]. It seems possible to apply the results of Section 2 of this
paper to get some controlled explosions but now stated in some different terms. We recall that
the fractional Laplacian operator when the spatial domain is the whole space RN, by means of the

formula (2) )
s o ulr) —uly
(—A) U(I) = CN7SP.V. AN mdy,

with parameter s € (0,1) and a precise constant ¢y s > 0 that we do not need to make explicit
for our purposes. The operator can also be defined via the Fourier transform on RN. With an
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appropriate value of the constant ¢, s, the limit s /1 produces the classical Laplace operator —A,
while the limit s — 0 is the identity operator. An equivalent definition of this fractional Laplacian
uses the so-called extension method, that was well known for s = % and has been extended to all
s € (0,1) by [I5]. We recall that the existence, comparison principle (implying the uniqueness)
for local in time solutions for this type of problems are consequence of well known results (see,
e.g., [42, (411, 29] and their many references). It can be shown (see, e.g., [23]) that a good space to
solve this problem is X = L1(Q: 6) = {w € L}, .(Q) : w € LY(Q)}, with §(z) = dist(z, Q). The
adaptation, to this problem, of many of the results of [13] is automatic and then if f satisfies (],
f is convex and f(0) > 0, then there exists a A* > 0 such that the local very weak solutions blows
up in finite time if and only if A > A*. Then, it is possible to show that if ug € L>°(Q2), ug > 0,
and A\ > 0 is such that the local very weak solution u°(z,t) of problem with no control, blows up
in a finite time T.,. The proof of the control of the the trajectory u’(-,t) in a sense quite similar
to the one of Definition 1 will be given in a separated work. O
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