ANALYSIS FOR TIME DISCRETE APPROXIMATIONS OF BLOW-UP
SOLUTIONS OF SEMILINEAR PARABOLIC EQUATIONS

IRENE KYZA AND CHARALAMBOS MAKRIDAKIS

ABSTRACT. We prove a posteriori error estimates for time discrete approximations, for
semilinear parabolic equations with solutions that might blow-up in finite time. In par-
ticular we consider the backward Euler and the Crank-Nicolson methods. The main
tools that are used in the analysis are the reconstruction technique and energy methods
combined with appropriate fixed point arguments. The final estimates we derive are
conditional and lead to error control near the blow-up time.

1. INTRODUCTION

In this paper we consider semilinear parabolic initial-and-boundary value problems of
the form
up— Au= f(u)  in £2x (0,7,
(1.1) u=20 on 02 x (0,7,
u(-,0) = ug in 2,

with f(u) = |u|P~tu, p € N\ {1} and up : 2 — R a given initial value that belongs to
L*°(02). In (1), 2 € R? is a bounded domain with boundary 82 and 0 < T < cc.

Consider now problem in 2% (0,00). Then, it is well known that its solution might
blow-up in finite time, even if the initial value uy belongs to L (£2), cf., e.g., [37], Chapter
I1. That is, there exists a t*, 0 < t* < 0o, such that

t—{l(gl)* |w(®)|| oo () = 0.
On the other hand, it is also known, see for example [16], that, for L*° initial data, problem
admits a unique solution u € C*'(£2 x (0,¢*)) N C(£2 x [0,¢*)). In view of this, in
the rest of the paper we assume that T < t* — ¢ for some ¢ > 0, i.e., we assume that the
final time T is at most € close to the blow-up time (7" is just finite when the solution does
not blow-up).

Our motivation to consider this problem is that it is the simplest nonlinear PDE with
possible blow up in finite time. Such problems become increasingly important in various
applications ranging from mathematical biology, to material science and to optics; see,
e.g., [0, 11} 22 23] B5]. The direct computation of such solutions is possible only through
appropriate adaptive methods as illustrated in the pioneering works [2, 36]. The available
adaptive techniques are based on ad hoc mesh selection criteria that work only under
certain structural circumstances related to the nonlinear problem at hand. Our aim is
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to provide error control based on rigorous analysis for such nonlinear PDEs. The final
goal is the design and the implementation of appropriate adaptive algorithms. As a first
important step, in this paper we prove fully a posteriori error estimates, for backward
Euler and Crank-Nicolson time discrete approximations of problem . Our results
lead to error control even near the blow-up time and circumvent long standing issues
related to estimation of approximations of this class of nonlinear PDEs, in particular, with
respect to “global in time” error control and to exponential constants. The construction of
corresponding adaptive algorithms is the subject of an ongoing work and will be reported
in a forthcoming paper. Adaptive strategies for other type of parabolic problems with
blow-up solutions have been proposed for example by Acosta, Durdn and Rossi, [1], and
by Groisman, [17].

Despite the fact that under reasonable restrictions on the time steps, one may prove,
in the spirit of [3], that the backward Euler and the Crank-Nicolson approximations for
problem are well defined, even close to the blow-up time, a priori error estimates
for problem (|1.1)) near the blow-up time do not exist in the literature. Standard analysis
yields, in this case, estimates of limited applicability due to the constants involved. In
particular, in the final estimates, a constant of the form e!/¢ appears. One of our tasks in
this paper is to address this issue in the a posteriori analysis.

The derivation of the a posteriori error estimates for problem follows the recon-
struction approach. More specifically we use the backward Euler reconstruction which is
just the piecewise linear interpolant, cf. [33, 28], and the Crank-Nicolson reconstruction
that has been proposed by Akrivis, Makridakis and Nochetto in [4]. Our analysis is based
on energy and semigroup type techniques. A key argument provides the successful passage
from “local in time” to “global in time” error control. The final estimates we obtain are
conditional. Such estimates hold under some a posteriori, and thus in principle computa-
tionally verifiable conditions. In particular, these conditions are of the form £ < «, where
€ is an a posteriori functional, i.e., it depends on the discrete approximations and the
data of the problem, but not on the unknown solution u, and « is a fixed, known number.
Conditional estimates have been considered in the past, e.g., by Cuesta and Makridakis,
[7], Fierro and Veeser, [9], Kessler, Nochetto and Schmidt [24], Lakkis and Nochetto, [26]
and Makridakis and Nochetto, [29].

Problems of the form and their blow-up solutions have been extensively studied
by many authors, see, e.g., Giga and Kohn, [I3]-[I5], Giga, Matsui and Sasayama [16],
Filippas and Kohn, [10], Herrero and Velazquez, [19]-[21], Merle and Zaag, [30]-[32] and
Groisman, Rossi and Zaag, [I8]. In particular, the asymptotic behavior of the blow-up

1
solutions near the blow-up time is studied in depth, yielding the blow-up rates (t*—¢) »-1.
To obtain conditional a posteriori error estimates for (1.1]) it will be helpful to consider

a slightly more general model problem,

up —vAu = f(u) in 2 x (0,7,
(1.2) u=0 on 02 x (0,77,

u(+,0) = ug in 02,
with v > 0 and where the nonlinear term f : R — R is a twice continuously differentiable
function such that

(i) |f"(x)] < g(p, R), for every p > 0 and R > 0 and for every z € R, with |z| < p+ R
and

(i) |£"(z1) — f"(z2)| < Sg(p, R)|z1 — 22|, for every p > 0 and R > 0, and for every
x1,x2 € R, with |z1], |x2] < p+ R and |z1 — x2] < 2R.
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In (i) and (ii), g : R? — R is a continuous function and C'is a positive constant. Obviously,
for p > 2, problem (|1.1)) comprises a special case of problem ([1.2). Indeed, in this case,
one may easily verify that we can take

(1.3) 9(p,R) =p(p—1)(p+ R)*>

and C' = p—2. This is because |f"(x)| = p(p—1)|x[P72, for all z € R and | f"(x1) — £ (z2)|
< £p(p—1)(p—2)(p+R)P~2, for all z1, x5 with |z1], |z2| < p+R. We consider problem (I.2)
first and then we specify our results for (1.1)), instead of handling directly problem ({1.1)),
for two main reasons. The fact that in (1.2)) f is general, makes the analysis less technical.
As a result, it becomes more clear how we apply fixed point arguments to obtain the final
estimates. However, because of the more general nature of problem (/1.2)), the conditions
to derive error bounds for problem can be relaxed, cf. , (4.1) and Remark
The second reason is that working first with we obtain a posteriori error bounds
for more general cases of interest as well. In particular, problem covers many other
interesting cases including f(u) = |[uP, p € N\ {1} and f(u) = AP, A € R, p € N\ {1}.
In these cases the solution of problem might blow-up in finite time and the blow-up
rate is the same as in the case of problem , see for example [12] [31], 34, [38].

The paper is organized as follows: In Section [2| we briefly present the methods and
the corresponding reconstructions for problem ((1.2) (and thus for problem ) In this
section we also point out that, in contrast to the linear case, energy techniques do not lead
directly to a posteriori error estimates in the L>(L?) and the L?(H')—norm for problem
, Theorem

The main results of the paper are presented in Sections [3| [4] and [f] In Section [3] we
prove conditional a posteriori error estimates for problem in the L®°(L*°)—norm, by
using appropriate fixed point arguments. These estimates are then combined with energy
techniques and yield upper bounds for problem in the L>°(L?)— and L?(H')—norms
as well, Theorem ﬂ In Section 4| we deal with problem . Since now the nonlinear
term has a particular form, a slight modification to the analysis of Section [3] leads to
conditional estimates under relaxed conditions, Theorem [4.1] Finally, in Section [5| we
discuss how the conditional estimates we have at our disposal might lead to error control
near the blow-up time.

2. DISCRETIZATION METHODS AND ERROR CONTROL

In Subsections and [2.2] we present the backward Euler and the Crank-Nicolson
methods and reconstructions for problem . In the analysis of Sections |3| and 4| we
use only the error equation below, and not the particular form of the two methods.
Since, as we shall see, both methods satisfy equation below, with different residuals,
it is natural to keep the same notation in their definition.

To this end, let 0 = t¥ < t! < ... < t¥ = T be a partition of [0,7], I,, := (t"~1, "],
kp :=1" — " and k := maxj<,<n kn. For a sequence {v"}Y_, we use the notation

— fvn — /Un_l ,UTL + vn—l

" = — and o""% = — s n= 1,..., V.
In addition the following standard notation will be used in the sequel. For 1 < p < oo, let
LP := LP(£2) and let || - ||z» be the corresponding norm. In the special case of p = 2, we
just write || - || instead of || - || 2. Let H~! := H~1(£2) be the dual space of H := HZ(£2).
With || - ||_1 we denote the dual norm in H~!, i.e., for f € H1,

[fll-r:=="" sup  (f,v),

veH},||Voll=1
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where (-,-) is the inner product in L2 Lastly, we use the notation || - ||pe.c for the
L*°(L*)—norm.

2.1. The backward Euler method and reconstruction. We discretize problem (|1.2))
only in time by the backward Euler method and we end up with approximations U™ € H&
to the values u(t"), n =0,1,..., N, defined by

(2.1) ou™ —vAU™ = f(U™), n=1,...,N,

with U? = wg.
We define U : [0,7] — H{ to be the following piecewise constant function

Ut):=0", tel,.

Function U is a first order approximation to u which is defined for every ¢t € [0,T], but
it is discontinuous at the nodes {t”}g;ol. In order to be able to apply the reconstruction
technique, we need to introduce a continuous in time function. Thus, we consider the
piecewise linear interpolant between the nodal values U"~! and U™,

Ut) :=U"+ (t —t")oU™, te I,.
Then we can easily see that, forn =1,..., N,
(2.2) Ut)—U(t) = (t—t"oUu™, tel,.

In other words, the difference U — U is of first (and thus of optimal) order of accuracy in
time.

The residual 7 : I, — L2, n=1,..., N, of U is defined to be the a posteriori quantity
Fi=U, —vAU — f(U) Since for t € I, Ut(t) = OU™, by using the method , we see
that the residual can be written as

(2.3) i(t) = —vAU - U)t) + (fO) - fU)({), te€l,n=1,...,N.

In view of (2.3), (2.2) and the fact that f is a locally Lipschitz continuous function, we
expect that the residual will be of optimal order of accuracy. Therefore the piecewise
linear interpolant U is an appropriate reconstruction in the case of the backward Euler
method.

2.2. The Crank-Nicolson method and reconstruction. The Crank-Nicolson method
for problem (1.2)) produces approximations {U"}Y_; to the values u(t"), n = 0,1,..., N,
defined by

(2.4) U™ —yAU™ 2 = f(U""2), n=1,...,N,

with UY = . In this case we consider the continuous in time approximation U (t) to u(t),
for t € [0, 7], by linearly interpolating between the nodal values U"~! and U™:

U(t) :=U""% + (t — " 2)dU", te I,
Since the Crank-Nicolson method is of second order, it is clear that, for ¢t € [0, T, u(t) —
U(t) = O(k?). However it is well known, see for example [4], that the direct use of U in the
a posteriori error analysis yields, even in linear cases, estimates of first instead of optimal
second order of accuracy. This problem can be solved by using a reconstruction of U.

The Crank-Nicolson reconstruction U : [0, T] — L? of U, that has been proposed in [4],
is a piecewise quadratic polynomial and it is defined as

t ¢
(2.5) Ult) :=U""1+vA U(s)ds+ / b(s)ds, te Iy,
t

tn—1
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. . . _ _1
where b : I, — L? is the linear interpolant of f(U) at the nodes t"~! and t"~ 2, i.e.,

b(t) = U F) + ,fna — e[ - fUTY), el

From (2.5) we conclude that U can be written as

U(0) = U™ 4 2= AU + U + (0= ) O )

+ k:ln(t — (" 1) [f(U"_%) - f(U”_l)], teI,.

Thus U(t") = U(t") = U", n = 0,1,..., N, ie., U is continuous. From (2.5) it is also

~

easily seen that U satisfies
(2.6) U(t) — vAU(t) = b(t), te€ I,.

As before, the residual # of U is defined as #(t) := [ﬁt — VAU — f(U)] (t),t €Ip,n=
1,..., N. From (2.6 we see that the residual can also be written as

(27) () = —vAD =)0 + [FU®) - FOW)] + o) - FO®)], e

If {U”}fl\;o are second order approximations to u at the nodes t”, n = 0,1,..., N, then the
residual is expected to be of second order as well. This is because as it has been proven
in [4], the difference U — U can be expressed as

A 1 2

U(t) = U(t) = =5t =" )" — 1) [VAéU" n k—n(f(U”’%) - f(U”’l))}, tel,

and f is a locally Lipschitz continuous function.

Remark 2.1. In the analysis below we assume that Ue H&. This can easily be proven
in the case of problem (cf. [25], Chapter 1, Remark 1.2). For the general cases this
is not obvious. A discussion about when U indeed belongs to HJ can be found in [5].
However assuming that Ue H& does not comprise loss of generality since this is always
true in cases of fully discrete schemes, see for example [25], Chapter 7. O

2.3. The main error equation. Let the error é: [0,T] — H& be defined by é := u — U,
where U denotes the backward Euler or the Crank-Nicolson reconstruction that has been
introduced in Subsection [2.1]or [2.2] respectively. The definition of the residual immediately
yields equation

(2.8) é(t) —vAe(t) = [f(u) — fO)](t) = #(t) € L,

forn =1,..., N, with é(0) = 0. For the backward Euler method the residual is given by
, while for the Crank-Nicolson method is given by (2.7). A first straightforward result
based on the error equation is given in Subsection Afterwards, a motivation and
a plan of the forthcoming analysis is provided.

Remark 2.2. Our analysis is general and can be straightforwardly extended to other
Crank-Nicolson reconstructions or to any numerical scheme in which a reconstruction
function is known. In particular we can alternatively consider the Crank-Nicolson recon-
struction proposed by Lozinski, Picasso and Prachittham in [27], or we can discretize by
any other Runge-Kutta method and use the reconstruction discussed in [5]. O
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2.4. A first error estimate: Motivation. In this subsection we apply energy techniques
to the error equation for the special case f(u) = |ulu and v = 1. We first observe
that energy techniques do not lead directly to fully a posteriori error bounds because of
the nature of the nonlinearity. To this end, forn =1,..., N, we take in the L?—inner
product with é to obtain

2 a2 + Ve <([Julu — |010](2), (1))

+ SO+ SIVeD|?, ¢ e L.

Note now that

(2.10) ([lulu = [O10](#), 6(t)) < IT B[l + [e@)llz=) (D)%,
because

| |w|u — \(A]](A]\ < é? +2[ﬁ\ |€é].
Invoking in and applying Gronwall’s inequality we conclude to:

Theorem 2.1. If f(u) = |u|u, then the following error estimate holds for problem (|1.1)
t
max {Hé(t)HZ _|_/0 2! [210() oo +é(r )||Loo]dTHvé(s)”2 ds}

0<t<T
(2.11) ==

T o
§/ (20T IO oo+l dr a2 g5 O
0

Using similar arguments as above, we can prove estimates of the form (2.11]) for the cases

f(u) = |[ulP~tu, p € N\ {1,2}, as well. Obviously, estimate (2.11)) is not an a posteriori
T || »

estimate because of the presence of e2Jo I€(Mllzeed™ i1y the right-hand side. Naturally,
Theorem leads to two questions:
e Is a fully a posteriori result of the form (2.11|) possible?
e What is the behavior of the constant, especially near the blow-up time?
Our aim in the next section is to show that it is indeed possible to control a posteri-
ori fo |é(T)|| e d7 and thus to obtain fully a posteriori error control, of course under
assumptions of conditional type.

In addition, despite the fact that (2.11]) is not yet a fully a posteriori estimate, it provides
the following important insight: The appearance of the term

2 21T @)oo +e(m)zos ] dr

in the right-hand side relates to the constant of the final estimate. In fact, the main term
in the constant of our estimate will be

oJo 10 pee dr

Roughly speaking, for reasonably good approximations, we expect that U will behave as

the exact solution u, U ~ wu. If we further assume now that the exact solution blows-up

1
at the finite time ¢*, we obtain that ||u(t)||p~ ~ (t* —t) =1, near the blow-up time,
cf. Introduction, where of course p = 2 in this special case. Let T := t* — . A simple
calculation reveals that
o werdt .
€
Therefore, we expect that
N *
SN0 oo ar ., CE)
e4q

)
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for some ¢ > 0 and a constant C(t*), which depends only on t*. In other words, the

appearance of efoT IU(D)l[zee 47 ipy the estimate , combined with the blow-rate of the
exact solution, is expected to lead to upper bounds that grow polynomially instead of
exponentially, as we approach the blow-up time. We discuss this issue in detail in Section 5]
see also Remark (4.3

3. A POSTERIORI ERROR ESTIMATES FOR GENERAL f

3.1. Main ideas. As we have already discussed, to prove a posteriori error estimates in
the L°°(L?)—norm, we first need to estimate a posteriori the term fOT lle(T) || e dT, cf.
Theorem [2.1] So, our goal in the next subsection is to prove conditional a posteriori
error estimates in the L°°(L°°)—norm for problem using fixed point arguments.
In some parts of the proof, we follow arguments from [7]. Furthermore the bootstrap-
type argument we use has conceptual similarities to the “thought experiment” of [24],
Sections 3.3-3.4.The forthcoming analysis is technically involved and requires careful use
of conditional assumptions and new key ideas.

More specifically, in our analysis, the introduction of a new, uniform partition {7, m}%zo
of [0, T] of time step 6 > 0 plays a significant role. As we shall see this partition is artificial,
i.e., it will be used only for theoretical purposes, and at the end of the analysis it will allow
a slight improvement to the error estimates, cf. Remark below.

This step-by-step procedure, instead of considering the whole time interval [0,77], to
prove the conditional estimates, is required in order to pass from “local in time” to “global
in time” estimates. This is because in the analysis the term f(f 7T ()| ds, t € [0,T],
must be controlled; in particular, a condition of the form

(3.1) /0 1FO)(s) e ds < 1, ¢ € [0,7],

must be satisfied, cf. below. It is clear that can be verified only if ¢ is “suf-
ficiently small”. Then, obviously, condition leads to local in time estimates. The
artificial partition of length ¢§ is chosen as a main tool to overcome this obstacle. On the
other hand, one may wonder why not to use the initial partition {t"}gzo. One of the
reasons is that we want to avoid to introduce additional restrictions to the time steps.
In fact, using a uniform partition we can guarantee that the whole interval [0,T] will be
covered, even if § is approaching 0*. This is something we cannot generally do with the
(nonuniform in principle) partition {t"}_,.

3.2. Estimates in the L°°(L°°)—norm using fixed point arguments. We first assume
that ||f/(U)| g < 0o. Then we choose 0 < R < 1 and time steps k,, n = 0,1,..., N,
such that

(3.2) Tg(|| U] oo, R)R < 4(21+C)

and

(3:3) e o 17/ O)lzoo dr / RGP p———
0 4 22+0C)

Finally, we choose d > 0 such that

(3.4) S () e < 2

and M := % € N. Let T,, :=md, m =0,1,..., M, be a uniform partition of [0, 7.
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Remark 3.1. (Can conditions (3.2)) and (3.3)) be satisfied simultaneously?) Let us consider
the function G: R — R,

1
G(p) = max {2, T max g(p, R)}.

Since the function g is continuous, G is well defined. Also, for every p € R,

1
(3.5) G(p) > ]
We choose the time steps k,, n =1,..., N, such that
36) B VOG0 nn) [ 150 dr < 50— 5t
. [,00,00 ) T)I|| Lo T_4 2(2—|—C) 4(2+C>

We next set
A 1 1

IR0 GBI
Relation yields that 0 < R < 1. Besides that, the definition of GG asserts that
A Al a A A 1
Tg(10 e RYR < GO i) B = 5
In other words, holds. Finally, from , we immediately conclude the validity of
(3.3). Now, regarding the question if condition (or equivalently, condition ) is
realistic, this will be the subject of discussion in Section[5] At this point we just conclude
that conditions and can be satisfied simultaneously. U
3.2.1. Estimate of maxe|r,, _, 7, |€(t)[|L>. The purpose here is to estimate ¢ in the
L>®(L*®)—norm in each subinterval [Ty,—1, T, m = 1,..., M. Recall that {T,}M_, is
an artificial partition of [0, 7] which is used only in the proof of the final estimates, and
must not be confused with the partition {¢t"}2_,. In order to avoid any confusion, for
m = 1,..., M, we will use the notation Lp;,™ for the space C([T—1,Tin]; L>°(£2)) and
|| - || oo for the norm corresponding to the space Ly, ™™.
Since the function f is twice continuously differentiable, we can write

1
(3.7) fu) = f(U) = f(U)e + /O (1 —7)f"(U + 7€) dr é2.

Then, in each [T},,—1,T},], the error é satisfies

1
& —vAe = f(U)e +/ (1—71)f"(U+7é)dré®> —7 in 2 x [Thn1, Tl
0
(3.8)

>

=0 on 902 x [Ty—1, Tml,
é('va—l) - é(Tm—l) in Dv

with é(0) = 0. Through (3.8)) a sequence of problems {P,,}*_; is defined. Recall that the

error € is a time-continuous function and thus this sequence of problems is well defined.

Assuming that é(T,,,—1) € L™, we define the operator @ : Ly,"> — Lp, "™ as

B(w)(t) =t~ Tm-0rAe(T,, 1) + /T U= A ([ (s)w(s) ds

t 1 )
(3.9) + /T elt=svar /0 (1—7)f"(U + 7w) dr w?}(s) ds

t
_/ e(t—s)VAf(s) ds, te€ [Tm—laTm]'
Tm—l
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The aim is to prove that the operator @ is, in every interval [Ty,—1,T)n], m = 1,..., M,
a contraction in the L°°(L%)—norm, in the closed ball B(0, R; Lyy™™) of center 0 and
radius R > 0. If we manage to achieve this, then by Banach’s fixed point Theorem, & will
have a unique fixed point in each interval [T},,—1,T),], m = 1,..., M, which, by Duhamel’s
principle, will also be the unique solution of problem . Therefore the problem

ér —vAé= f(u) — f(U) —# in 2 x(0,T),
(3.10) eE=0 on 92 x (0,7,
e(0)=0 in 2,
will have a unique solution, the L>°(L%)—norm of which will be estimated through the
analysis below.
To this end, we will derive preliminary estimates for ||®(w)(t)|r~ and ||®(w1)(t) —

&(w2)(t)|| e in a generic interval [T;,—1,T,] and then we will use induction with respect
to m to complete the proof. Next we shall use the following standard lemma:

Lemma 3.1. (General form of Maximum Principle, Thomée, [39], page 93.) Let e*? be
the solution operator for the problem

wy — Aw =0 m 2, t>0,
w =20 on 082, t >0,
w(-,0) =v in 0.

In other words, w(t) = e'?v. Then, the following estimate is valid
(3.11) le4v|| Lo < [[oflLee, t>0,veL®. O

Estimate (3.11)) yields,

t
[@(w) ()] <[e(Trm-1)ll 2o +/T 1@ (8) | oo dis [Jw]] pozooe
1
(3.12) + 5/0 (L= DU + rw)] o0 dr [[w]|7 0.0

t

+/ ||f($)||p>o ds, te€ [Tm—lmi]'
Tm—1

Let w € B(0, R; Lye™). Then, for every 7 € [0,1], we have that 7w € B(0, R; Lg™).

Hence, |(U + Tw)(z,t)| < ||U]|s + R, for every w € B(0, R; Lyw™), 7 € [0,1], and for

every (z,t) € 2x[Tp—1,Tm], m =1,..., M. Accordingly, assumption (i) (cf. Introduction)

yields, form=1,..., M,

(3.13) Sl[t)pn 1£7(T + 7w)| 2o < g(|U || poeoe, R).
7€|0,

Combining (3.12) and (3.13) we conclude, for w € B(0,R; Liw™), m = 1,..., M, the

estimate

Tom X
LWl Lo <lle(Tm—1)l[z +/ 1F/ () ($) oo ds [|wl]] gz

Trm—1

(3.14) 5 .
+ G0 ROR e+ [ 19(6) o s
m—1
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Regarding the contraction property, one calculates for ¢ € [T),—1, Tp,],
¢

Bun)(t) — Bwn)(®) = [ L)) (wr(s) — wa(s) ds

Tm—l

t 1
+ /Tm_1 e<t—s>vﬂ{<w1 — wy) (w1 + wo) /0 (1 —7)f"(U + 7wy) dr

+ud (=D +rwn) = (0 + ) dr () ds

Using again (3.11]) we get
Ty, .
[@(w1) — D(wa)]| oo < / 1F(U)(8)]|Loe ds [[w1 — wal| oo
Tm 1
) .
(3.15) +3 {(le\lmm + [lwal| oo ) w1 — wal[ oo Sl[lopu | f"(U + Tw1) || pooree
7€|0,

o lfwaloe sup [Lf"(0+Twn) = f1(0 + ) | e .

T€|0,1

Let wy,wy € B(0, R; Ly™). Since 7 € [0,1], we have that Twy, 7w € B(0, R; Lyw™).
On the other hand, since wy,ws € B(0, R; Ly, ™), it is easily seen that ||wy — wa|| e <
2R. We obtain, in view of assumption (i), that for m =1,..., M,

(3.16) P 1F"(U + Tw1) || oo < g(HUHLoomJ?),
7€|0,

and

R X c . .
(3.17) sx[lp} | f"(U + 7w1) — f"(U 4 Tws)|| pocce < EQ(”UHLOO’“?R)HWI — wa|| oo,
7€|0,1

in light of assumption (ii) (cf. Introduction). The combination of (3.15) with (3.16])-(3.17)
reveals, for every wi,ws € B(0, R; Ly,™), that

1D (wr) — B(wa) || pgroe <O||f'(U)]| powroo[Jwr — wa| g0

(3.18) 2+4C
+ 579(HUHLO<> o, R)R [[wy — ws| poeee.

To complete the analysis we use induction with respect to m.
o 1% Step
Recall that é(0) = 0 and let w € B(0, R; L;>°°). Then the combination of (8.14) with
conditions . ensures that
1 | 1 - .

. 5 .
7] 00,00 < — _ (1 - ——— = _R<R.

In other words, & maps the ball B(0, R; Ly™™) on itself. The use of (3.18) gives, in view

of (3.2) and ({3.4)), that

1
16(w1) = P(wa)l| 5o00 < Fllwr — wellpgees,

for every wi,ws € B(0, R; L77%°). Accordingly, @ : B(0, R; L77%) — B(0, R; L77%) is a
contraction. Therefore, according to Banach’s fixed point Theorem, there exists a unique
fixed point é € B(0, R; L3>°) of & which is also the unique solution of problem for
m = 1. The following elementary lemma is useful.
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Lemma 3.2. Let 3 >0 and o := 5 Then for 0 < x < «, there holds ﬁ < e(1+h)z

+B

Proof. We just note that 0 < a < 1 and for 0 < z < a, h(z) := e+tA?(1 — ) — 1 is an
increasing function. Since h(0) = 0, the proof is complete. O

Now, since é € B(0, R; LT7°) is the unique fixed point of operator @, we conclude, in

view of (3.14)), (3.4) and of Lemma (with v = 1), the estimate

R R T
max ||é(t)|pe < o2 Jo LI 0)(s) oo dseég(IIUlLoo,omR)R/ ' 17(5) | oo ds.
t€[0,T1] o 0
e 2™ Step (Inductive step).
We next assume that for an arbitrary m (2 <m < M),
max [E()]| Lo <& Jo VIS @)(8)l| oo ds.

te€|Tm—2,Tm—
(3.19) [Trm—2 1]

—1

. L. Ty
(M1 g([0] oo,00 R)R / 17(5)| oo ds.
0

Because of (3.2)), the estimate
(3.20) e(m—1)5g(IIUIILoo,oo,1'33)R < oT9(IU]| e .00, R)R eé

is valid. Therefore, by condition and ( - -, we obtain
—1

. . ca fTm
< e? fon_l /@) ()l oo dse(m—1)5g(||U||Loo»oo,R)R/ 17(5)|| oo ds
0

IN

16(Tm—1)]| Lo
(3.21)

=

es .

1 R<
Proceeding as in the first step of the induction and combining (3.14]) with conditions

(32)-(3-3) and with (3.21]), we see that for w € B(0, R; Lyw™),
|B(w)| oo < R,

R.

OO\C«O

i.e., operator ¢ maps the ball B(0, ]A%; L) on itself. Moreover, proceeding as before,
we can prove that @ : B(0,R; Ly, ™) — B(0, R; Ly,"™) is a contraction with constant
< 1. Thus, 215 has a unique ﬁxed point é 6 B(0, R; Ly,), which is the unique solution

of problem . Relations , and -, conditions and ., and

Lemma (Wlth a= 7) give

HGHLOOOO <e Typ—1 ”f (U)(S)”LOO ds 69(“U“Loooo R)R

N N a A Ton—
{92 Jo IO s)l| oo dse(m—l)ég(ULoo,oo,R)R/ ' 17(5) || oo ds
0

Tm
[ e ds),
Tm

—1

or
Tm
ell oo < o™ W@ lzee dsgmd o101 zo0.0, R)R/O 17(5)|| 1o ds.
In other words, since for m =1,..., M, md < T, the following a posteriori error estimate
is valid
R X . T
(3.22) max  [|é(t)]|pe < e2H 17O so dsgTo(|0 o0 )R / 17(5) | oo ds.
Tm—1<t<Tm 0
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3.2.2. Estimation of ||é||ee.cc. From the analysis above and the estimate (3.22), it is clear
that problem (3.10f) has a unique solution for which the following a posteriori estimate is
valid

N . A T
(3.23) ]| oo < 200 17/ @)@ lnos ds Tg(1Los0e IR / 17(5)|[ Lo ds,
0

where 0 < R < 1 has been chosen such that condition (3.2) is satisfied. Furthermore,
é € B(0,R; L>°(L™)).

Remark 3.2. § in condition (3.4) is only needed for theoretical purposes. Indeed, as we
can see from conditions (3.2))-(3.3), 6 does not affect the choice of R or the choice of the
time steps k,, n = 1,..., N, neither does it appear in estimate ((3.23)). Since § is only

needed for theoretical purposes, it can become as small as we wish. Actually, we can let
§ — 0". But then, according to Lemma condition (3.3)) can be relaxed and estimate
(3.23) can be improved. In particular, condition (3.3) can be written as

T
(148) [T 1/ (O) (7)o dr / NN R S
(3.24) e 0 ; I7(s) || oo ds < 4(1 T C’))R’

and estimate (3.23]) can be written as

N N A T
0

where ( is any real number with 3 > % O

3.3. The final estimates. Taking in the error equation (2.8) the L?—inner product with
é and using relation (3.7)) we obtain

1d
2dt

1 ~ . A «
(3.26) +5 sup 17U + 7€)|| oo || €] oo [|E(E) [
T€[0,1]

1., . v R
o FOIR+ 2 7e).

In (3.26)) we have also used the Cauchy-Schwarz and the Young inequalities. Proceeding
as in the proof of (3.13) and recalling that é € B(0, R; L>(L>)), we conclude that

sup [|f"(U + 7é)[ e < g(|U]|1oeme, R).

le@)I? + vIIVe)* <IIF (T (0)llz= ()]

T7€[0,1]
Also, ||é]|zo.c < R. Thus, (B.26) gives now
1d . v, _. A . 1 ~ Ala
5 g IEOI7 + S IVEDI* <IF (@) 1o 16N + S9Nl zoe, R)R ()]
L.
+ P OI2:

The above relation yields

% Gl (0 e dr a0 zeuce RORE 1) )
1 ve 2 17 (OO) e dr =901 posce IR 75 (1) 2

S 16721‘5 ”f/ (U(T)) HLOO dTe*g(HOHLoo,oo,R)Rt”/)g(t) H%1
14
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Integrating from 0 to ¢, and recalling that é(0) = 0, we conclude
t . . L
le@)))? + ,,/ o2 17 (0()) oo o9 (U]l Locoo )R (E=5) | 176 (5)|| ds
0

1 [t 5t (0 ; A
< / 211 (0)) Inoe dr g0 oo, ROR (1= 559 12, ds.

Vo
Thus we have proved the main result in this section.

Theorem 3.1. Let é = u—U be the error. Then, the following a posteriori error estimates

are valid for problem (|1.2])

t X N A
max {||é(t)||2 i 1,/ Q2SI (0() e a7 691Ul oo )R (t=9) | 7 (5) |2 ds}
0

327 =
. . A A B
< 1/ Q2 JE 1 (0(0) oo 7 910 oe.oe R (T=5)| 612, dis,
vJo
and
A N A A T
(3.28) max_[|é(t)||zee < e Jo 15 @) )llzoe dsTg(IUlLowce R)R / 17(5)| g ds,
0<t<T ;

where > &, and R and the time steps knp,m = 1,..., N, have been chosen so that

conditions (3.2)) and (3.24)) be satisfied. O

Remark 3.3. The term eTg(”U”L"O*’Q’R)R, which appears in the estimates above, is negli-
2 D\ D 1
gible. Indeed, from (3.2]) we have that eT9(lUl[Loooe RIR < o5 O

4. A POSTERIORI ERROR ESTIMATES FOR f(u) = |u|P~1u

We are now ready to discuss problem . Our aim is to show that the results of
Section 3 can be further improved in the case where f(u) = |u[P~ u. In the forthcoming
analysis we avoid the repetition of similar arguments; whenever the analysis is modified,
we discuss the differences in detail.

4.1. Conditional estimates using fixed point arguments and energy techniques.
As in the general case, we assume that ||f/(U)||pec.~ < 00, i.e., |Ul|fwc < 0o. Using

the notation of the previous section, we choose again 0 < R < 1 and the time steps
kn,m=1,...,N, so that

i=2 M

and
T\ o775 T 3 -
(4.2) o2 Jo IF(U)()lILee df/ 17(s)|| o ds < —R,
0 16

be satisfied. We finally choose 4 > 0 so that

. Lol 3
(4.3) (10w + RY T < 3
is satisfied, where M := % € Nand 7T, :=mé, m=0,1,..., M, is a uniform partition of

[0, T7.
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Remark 4.1. Condition (4.3]) implies that

~ A= 3
(4.4) O (O)lzoe = 3plU [ < 3

is satisfied (compare with ) Condition (4.3)) is more restrictive than (3.4]). However,
recall that (4.3) will only be used for theoretical purposes and that in practice we only use
conditions (4.1)) and . As we will see in Remark condition is less restrictive
compared to (3.2)).

We recall that in each time-interval [T;,,—1, T},], the error satisfies the problem
& — Aé = f(u) — f(U) =7  in Q2 x [Tn_1, T,
(4.5) e=0 on 02 x [T—1,Tm],
é('vafl) = é(Tmfl) in Q?

with é(0) = 0. We assume that é(T},,—1) € L* and we define the operator

D(w)(t) =el"Tm-DA(Ty, ) + / ™I (F(U +w) — f(U))(s) ds
(4.6) Tn

t
_ / e(tfs)A'f'(S) dS, t E [Tm—17Tm]'
Tm—1

If p > 2, then the operator @ is equivalently written (for v = 1) in the form (3.9).
Assume first that p > 2. Then

(@) = p(p— D] x
Accordingly, in view of (3.9)), we have

B(w)(t) = el Tm=2e(T, 1) + /T IS (T (s))w(s) ds

t 1
+p(p— 1)/ e(t_s)A{ / (1 —=7)|U + 1wP~3(U + Tw) dTw2}(s) ds
Tt 0
t
—/ =945 (s) ds.
Tm—l
Let w € B(0, R; Lyy'™). Then
T’nl ~
[P(w)][Locce < (|E(Tim—1)ll Lo +/T LF (U ($)) Lo ds [[w]] oo
m—1

Trm 1 R . A
(4.7) +p(p - 1)/ /0 (1 =7)(|U(8)|l L + TR)P "2 dr ds R ||w]| oo

Tm—1
Tm
Tm—1
Moreover,
p—2 _9 '
(45) (06 + P2 =3 (P72 W02

I
o

J
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Thus,
! 2 -2
p(p—1) / (1= ) ([0 e + Tl o) 2 dr
p—2
_ PP —1)  (P—=2\ o\ p-2-i B
(4.9) j:o(jJrl)(jJFQ)< j >”U(S)HL°°2 R
p—2 p o
=3 (2w w =Y (M)
Jj=0 j=2

Combining (£.7)-([£.9) we obtain, for w € B(0, R; Lyw™), that

Tom R
[@(w)l| Loee < [|E(Trn—1) |z + /T 1F/(U($)) | oo ds [|wl] 5z
m—1

=~ (p T LA o\ & T
p—J J— 0,00 . ~ .
() [ 0 s ) Rl o+ [ e

j=2
Now let p = 2. Then (4.6) yields

(4.10)

Tm A A~ A A
[@(w) | g <[l€(Trm—1)l Lo + /T (T + w|(U +w) = [U|U)(s)]| L ds

Tm
+/ 17(5) [ ds.

Tm—l

It is easily seen that || (\UJFMJ(U‘FM)—W\U)(S)HLOO < T ()| oo+ |w(s) [ zoe) w(s) | £oe -
Consequently, for w € B(0, R; Ly,™),

T . .
[@(w) | Lggoe <l|e(Trm—1)ll Lo + /T 1/ @) ()= ds [|wl| geoe + OR [Jw]| oz
m—1

Tm
+/ 17(5) [ ds.

Tm—1
Therefore (4.10) is valid for p = 2 as well; hence (4.10)) holds for integers p > 2.
On the other hand, for ¢ € [T),—1, T)n],
t

B(wy)(t) — B(ws)(t) = / U=IA(F(U +wi) — F(U + w2))(s) ds.

Tm—1
Hence,
Tm

(4.11) [@(w1) — P(wa)| g5 S/ 1+ wi) = f(U +ws))(5)]| o ds.

Trm—1
Notice now that
(4.12) If(U +w1? — F(U +w)|(s) = = | U +wi [P7HU +wi) — |U+w2A|p_1(U+w2)‘(3)
< [|U + w1 [P Hwy — w2| + (U +w)P™ = (U +w)P Y |U + wal] (s).
In addition,

p 2
(4.13) (U4 w)P~t — (U 4+ wy)P~! = (U + w))P~ 29U + wy).
=0

.
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Let wy,wy € B(0, R; Ly°%). Then, relations — ensure that
|(FO +w) = F(U +w2) (5) |
T [ + R~ + (0= D0 ()l aoe + Rl = woll s
= p(10 ()| + R leor = wal| g

|/\+

(4.14)

Relation ({.14) yields, in view of ([@.11)), for every wy,ws € B(0, R; Lys™),
~ A\p—1
(4.15) |D(w1) = P(ws)|| oo < pO([|U| e + R)T [Jwr — wal| pooee.

Using now an inductive argument, cf. Section we can prove, form = 1,..., M, that
the operator @ : Ly,> — Ly;,"> is a contraction and the validity of the following local
estimate

. Tm
max_ [|é(t)||p <e2Jo " I @) s)llzoe ds o2 [§ ™ Ep(5:0,R) ds / 17(5)]| oo ds.
Tm—lStSTm 0

Finally, we can derive the following a posteriori estimate for the error in the L (L%)—norm

T
T oo T B .
(4.16) s (D) < 625 1O e 2 6p<s,U,R>ds/ 17(5) || o ds,
0
where f(z) = |z[P7lz, pe N, p > 1.
As we have seen in Remark [B:2] the coefficient 2 in the exponential terms of estimate

(4.16) and of condition ([4.2), can be improved to 1 + 8 with 3 > > 5. So, condition (4.2)
and estimate (4.16]) can be written as

T
(4.17) P I 0N lds/ I#(5) e ds < 2R

0
and

T |17 -1 T or 2 7 T R
(4.18) Oglt23u<><T|| ()| e < AP S5 V()00 ds o(145) Jy E(s,U,R)ds/ 17(5)|| oo ds,
0

respectively.

Remark 4.2. Estimate indicates that the error é is uniformly bounded in the
L*>°(L*°)—norm. This is possible, even when the final time 7" is near the possible discrete
blow-up time. In fact, this result is in complete agreement (for d = 1) with Theorem 1 in
the paper [§] of Fermanian and Zaag. O

Proceeding as in Section we obtain, in view of conditions and (| -,
=S eI? + IV <170 le(t) P

1
(4.19) plp— 1) / (1= DT + R dr RI20)|

1, . 1.
SR, + 196,

Invoking (4.9)) in (4.19), we arrive at the estimate

S @I + SIVe I3 <1 @) O = eI + &0, R + LIFDI2:
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Following the same steps as in Section we finally conclude the estimate
t X _ -
||é(t)H2 + / erfSt HU(T)Hioj dTe2 f: Ep(T;U,R) dr Hvé(S)HQ ds
0

t N A A
< [ LN dr &R 1 (s) 2 ds, v € (0,7
0

We collect the results of this section so far in the following theorem.

Theorem 4.1. Let é = u — U denote the error. Then, if we choose 0 < R <1 and

the time steps kp,n = 1,..., N, so that the conditions (4.1) and (4.17) be satisfied, the
1)

following a posteriori estimates are valid for problem (

5 ! O )P dr L Ep(r;U,R) dr 5
0@&%{”66)”24_/ 2P S WMo drg2 [ Ep(TUR) AT |76 (5)||12 ds}
(4.20) = 0

T2TU P lar 2 (T e,(rU,R)d 2
S/o o2 SN0 dr 2 [T Ep(rs0 Ry dr 1135312, dis

and

o o T
(42) s (0w e OO b4 I S0 R [ i) s,
0<t<T 0

where B is any real number greater than % O
Remark 4.3. (Comparison of conditions (4.1) and (3.2)).) Let

d+2 d>3
= d—2 -
ps(d) { 00 d=1,2

and let p € (1,ps), We assume that the data of problem (1.1]) are such that its solution
blows-up at some finite time ¢*. Then it is known that the blow-up rate for the quantity
llu(t)||Le is —2——. In fact, there exists a constant D, depending only on d, p and {2,

(t=—t) 71
such that, [16] [I8] 30],
1 *
(1 )7

Our aim is to obtain reasonable estimates that are valid even close to the blow-up time.
Next we will investigate if conditions (4.1)) and (3.2]) make sense in that case. To this end,
we assume that for some t}; > T'

N 1
(4.23) [0 e ~ ———, tefo,T]
(tg —t)7T

Note that the ideal situation will be t* = ¢7. If Uis a good approximation to u then t* and
t should be close. We denote by € = [t* —t}| and let T := min{t*,¢}}. Since T* > T we
set T :=T* — e. Next, we investigate the form of our conditions in the case where € ~ ¢
both being small numbers. Similar conclusions can be drown under alternative reasonable
scenarios.

As we have mentioned in the Introduction, for p > 3, problem is a special case
of problem . By the analysis of Section we can easily see that the quantity
g(J|U|| oo, R), which appears in condition (3-2), has a polynomial dependence on the
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quantity ||U||Loo,oo. In particular, for a given p, there exist constants Dj, j = 0,1,...,p—2,
depending only on p, such that
p—2
. . . g
9(1Tl|mooe, B) =D DUl 0,00 R,
§=0
cf. (1.3). Since 1T #)|| e ~ —L—— and t% is an approximation to 7%, we have for

' (tZ}—t)"*1
0<t<T*—¢, that |U]|} oo ~ for j =0,1,...,p—2. Consequently, condition (3.2))

oPoT
in this special case, takes the form

p—2 2
Rp A 1
4.24 E; R<——
(24 < ’ ) 42+C)’

j=0

where the constants D, j = 0,1,...,p—2, are independent of ¢ and of R. Condition (14.24))

A~

requires restrictions on R as € tends to zero. On the contrary, notice that in condition
(4.1) quantities of the form

T"—e
(4.25) | =2
0
appear. Since for j =2,...,p,
T*—¢ . )
1 —1 i=1 i=1
(4.26) / —dt =P ()T —ev1),
0 (tr—t)r 1 J-1
condition (4.1)) is expected to yield
2 R P
(4.27) [z;ﬂ((t )51 — b )R }R <
j:

where the constants F}, j = 2,...,p, are independent of ¢ and of R. Condition (4.27) is
clearly less restrictive than condition (4.24)) and does not substantially affect the choice of
R while € tends to zero, or equivalently, while we approach the blow-up time. ]

5. TIME STEPS CLOSE TO THE BLOW-UP TIME

In this section we provide arguments that support the claim that our results lead to
feasible error control near the blow-up time for the cases p = 2 or 3 and d = 2. We empha-
size again that an important verification of this claim will be done through sophisticated
adaptive algorithms. This is the subject of a forthcoming work.

Here we follow the notation and assumptions made in Remark We assume that for
some t; > T, holds. We emphasize here that is not required for our estimates
to hold. We use this assumption only to check the form of the constants and whether the
conditional assumptions make sense. Similar conclusions can be drown under alternative
reasonable hypotheses. If Uisa good approximation to u then ¢* and ¢} should be close;
let & = [t —t}|, T* = min{t*,t}}, and T = T* — €. Next, we investigate the form of
conditions and constants in the case where € ~ €, both being small numbers.

We start with condition . Then, it suffices to choose R > 0 such that

1

. R —— =
(5.1) R< 6T when p = 2,
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and
T"—e N .
(5.2) (3/ [0(s)lz ds + (T~ 2)R) B <
0
Then according to (4.25)), (4.26]) in Remark we expect that
T*—¢
| 106 ds < DT - v
0

for some constant D which depends only on the domain (2. Consequently, both of (5.1
and (5.2)) impose realistic restrictions on R.
Regarding (4.17)), we first notice that

*

T*—¢ . 0 T
| o a < mw
0 g

where the constant E7 depends only on p, d and 2. Thus,

2l ot < gy
- 5‘13(17)
and
B [T oL dt « g, L
© ’ . < B ca4(p,8)’
where the constants Es, F3 are independent of e. Therefore, for the condition (4.17)) to be
satisfied, it suffices to choose the time steps k,, n =1,..., N, in such a way
1 T*—e 3 .
. —_— r 0o < —R.
(5.3) By /0 I#(5) e ds < R

Let us now consider a fixed €. Given the rate of convergence of backward Euler and
Crank-Nicolson methods, their residual 7 will tend to zero as the size of the time steps

decrease. Therefore, with a suitable choice of the time steps, (5.3 will be satisfied. At this
point we emphasize the fact that due to the presence of m and not of an exponential

on %, we anticipate that will be satisfied under reasonable choices on the sizes of the
time steps. Finally, we observe that as € becomes smaller, we have to choose smaller time
steps. This is something we expect, because as we approach the blow-up time, the choice
of extremely small time steps is a necessity, see [36] and [2].

It is important here to notice that the blow-up rate of the solution is such that the term

oPlo TIUMIT 47 tends to infinity with polynomial, instead of exponential rate, while ¢
tends to zero (this is true for every p; not only for p = 2 or 3). As a consequence, the
conditions required in the present analysis are, with a suitable choice of the time steps,
realistic. Moreover, choosing again the time steps appropriately, our results provide upper
bounds with reasonable constants for the L>°(L?)— and the L>°(L°°)—norm, respectively.
As we have mentioned in the Introduction, this is not feasible via standard a priori error
analysis, since in the upper bounds of the a priori error estimates a term of the form
et appears, i.e., the upper bound tends exponentially to infinity while ¢ tends to zero.
However, via the analysis of this paper, the goal of error control near the blow-up time
seems a feasible task.
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