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Abstract

In this paper we study numerical approximations for positive solutions of a
nonlinear diffusion equation with a nonlinear boundary condition,

Ut = (um)xz ($,t) € (OaL) X [OaT)7
(u™),(0,¢) =0 te[0,T),
um)fE(La t) = ’LLp(L,t) te {0>T)a
u(z,0) = ug(x) z € (0,L),

where m > 0 and p > 0 are parameters.

We describe in terms of p and m when solutions of a semidiscretization in space
exist globally in time and when they blow up in finite time. We also find the blow-up
rates and the blow-up sets. In particular we prove that regional blow-up it is not
reproduced by the numerical scheme. However in the appropriate variables we can
reproduce the correct blow-up set when the mesh parameter goes to zero.
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1 Introduction.

In this paper we deal with a numerical approximation for the following problem,

Uy = (um)ﬂm (l’,t) € (0’[’) X [OaT)a

(™), (0, £) = 0 tel0,T), o
WLt = (L t)  tel0.T), (1.1)
U(ZL‘,O):’LLO ZL‘) I’G( >L)7

where m > 0 and p > 0 are parameters. We assume that ug is positive.

In many problems, like (1.1), solutions exist only for a finite period of time, T" < oo,
in this case u becomes unbounded in finite time and we say that it has blow-up, or it is
defined for all positive ¢, T = oo, in this case we call it a global solution. See [FF], [L],
[P], [SGKM] for references on blow-up problems.

In this paper we are interested in numerical approximations of (1.1). Since the solution
u may develop a singularity in finite time, it is an interesting question what can be said
about numerical approximations of this kind of problems. For previous work on numerical
approximations of blowing up solutions we refer to [ALM1], [ALM?2], [BB2], [BK], [BHR],
[C], [FBR], [LR], [N], [NU] the survey [BB] and references therein. For (1.1) in the case
m = 1, that is for linear diffusion, we refer to [DER]. Up to our knowledge this is the
first numerical study of (1.1).

In our problem one has a nonlinear source term at the boundary x = L and a nonlinear
diffusion in the equation. The behaviour of the solutions is determined by the different
influence of both terms. This problem was analyzed in [Fi] and the behaviour varies if m
is greater or less than one. Let us summarize the known results for the solutions of (1.1).

If m > 1 the equation is known as porous medium equation. It is proved in [Fi] that
for every positive initial data the solution blows up if and only if p > 1. Moreover the
blow-up rate for increasing initial data is given by,

Nl )| ~ (T =) 7T i1 < p <m,
(-, )| g ~ (T — )" 2===1 if p > m.

For this problem the blow-up set, B(u), i.e., the set of points where u(x,t) becomes
unbounded, is given by,

- B(u) =[0,L] if 1 < p < m (global blow-up),
- B(u)=1[0,L] if p=m and L < 22 (global blow-up),

m—1

- B(u) = [L — 2™ L] if p=m and L > 2™ (regional blow-up),

- B(u) = {L} if p > m (single point blow-up).

This is proved in [Fi] for the cases 1 < p < m and p > m. For the case p = m
we perform the analysis in the Appendix and give a more precise description of blow-up
showing the existence and uniqueness of a profile that gives the asymptotic behaviour of

blowing up solutions when we consider self-similar variables.

In the case 0 < m < 1 (known as fast diffusion equation if 0 < m < 1 or heat equation
for m = 1) the existence of blowing up solutions depends on m and p. In fact every
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positive solution blows up if p > mT“, and if p < mT“ every solution is global (see [Fi,

[WD]). In this case the blow-up rate is given by
)l ~ (T = )75 i p > g,

and the blow-up set is
- B(u) = {L} if p > ™ (single point blow-up).

Now we introduce the numerical scheme. We discretize using piecewise linear finite
elements with mass lumping in a uniform mesh for the space variable, it is well known
that this discretization in space coincides with the classic central finite difference second
order scheme.

We denote with U(t) = (uy(t), ...., un+1(t)) the values of the numerical approximation
at the nodes x; = (i — 1)h, h = L/N, at time ¢t. Then U(t) is a solution of the following
problem (see [Ci]):

MU'(t) = —AU™(t) + BU?(t), (12)
U(0) = ud, '

where M is the mass matrix obtained with lumping, A is the stiffness matrix and u} is the
Lagrange interpolation of the initial data, ug. Writing this equation explicitly we obtain
the following ODE system,

(uy(t) = & (uf'(t) — ui'(t)),

W (t) = (o, () — 20 (1) + 4 (1)), 2< k<N, »
Wy (£) = () — Uy (1)) + 2y, (8), |

ug(0) = up(xg) > 0, I1<k<N+1

\

To begin our analysis we prove that numerical approximations given by (1.3) converge
uniformly if we consider a regular bounded solution of the continuous problem. Hence
our scheme is uniformly convergent in sets of the form [0, L] x [0, — 7].

Our main results concern the behaviour of the numerical approximations given by
(1.3). Significant differences appear between the continuous and the discrete problem.

First we prove that positive solutions of the numerical problem blow up if and only if
p > 1. Hence, in the case 0 < m < 1 with mTH < p < 1 the continuos solutions blow up
in finite time while the numerical approximations are globally defined.

Next, we turn our attention to the blow-up rate. For increasing in space solutions we
find that the blow-up rate for the numerical scheme is given by

U)o ~ (Th =) 7T if p > 1.
Therefore the blow-up rate does not coincide in the range of parameters given by
p>m>1orp>1with 0 <m <1, and coincides in the range m > 1 with 1 < p < m.

Concerning the blow-up set for the numerical approximations we prove that
-B(U)=10,L]if 1 <p < m (global blow-up).
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-BWU)=[L—-Kh,Lifp>m>1orp>1with 0 <m < 1. Where the constant K
depends only on m and p. K is the integer that verifies

K ; K
Zi:J(gl m'’ Dicom'

- <P S

Yo Y

In the range 1 < p < m the numerical and the continuous blow-up sets coincide.

In the range p > m > 1 or p > 1 with 0 < m < 1, the blow-up set can be larger than
a single point, x = L, but our results show that

B(U) = [L — Kh,L] = B(u) + [-Kh,0],

and hence
B(U) — B(u), as h — 0.

In the case p = m > 1 with L large a mayor difference appears concerning the blow-up
sets. The continuous problem blows up in the subinterval [L — %, ], strictly contained
in [0, L], but the numerical solution blows up in the whole interval [0, L]. There is no
regional blow-up for the numerical scheme.

However, in this case we can recover regional blow-up for the numerical scheme taking
into account the correct self-similar variables and letting h go to zero. We prove that
the numerical method blows up at nodes that lies in [0, L — %) at a blow-up rate that
goes to zero as h goes to zero while for nodes that belongs to [L — %, L] the blow-up
rate does not vanish as h goes to zero. Hence we have recovered the regional blow-up by
looking at the different blow-up rates of the solution at different nodes when the mesh

parameter goes to zero.

To summarize our results; we observe that when computing numerical approximations
of a blow-up problem significant differences appear. The continuous problem can blow up
while the numerical scheme has global solutions. Moreover, in case that both problems
blow up the blow-up rate and the blow-up set can be different. We remark that regional
blow-up is impossible for a numerical scheme with a fixed mesh, however if we look at the
right variables we can recover regional blow-up when the mesh parameter goes to zero.

Organization of the paper. In Section 2 we describe some properties of the numerical
scheme and prove the convergence of the method. In Section 3 we prove the numerical
blow-up results and find the numerical blow-up rates. Section 4 is devoted to the numerical
blow-up sets. In Section 5 we present some numerical experiments. Finally we include
an Appendix with some results on stability and uniqueness of the asymptotic profile for
solutions of the continuous problem (1.1) in self-similar variables.

2 Properties of the numerical scheme

In this section we collect some preliminary results on our numerical method. In particular
we prove convergence for regular solutions.



First, we want to prove a comparison Lemma. To do this we need the following
definition,

Definition: We will call U a supersolution if it satisfies

(W (t) > Z(@(t) —ap(t),
(1) > 5@, (1) — 2u(t) + e, (1)), 2<k<N,
(2.1)
Uy (1) > Z R () —up () + 2, (1),

Analogously, we say that U is a subsolution if it satisfies (2.1) with the reverse inequalities.

Lemma 2.1 Let U and U be a superolution and a subsolution respectively, then

U(t) > Ut) > U(t).

Proof. By an approximation procedure we can assume that we have strict inequalities
in (2.1). Let us prove that U(t) > U(t). We argue by contradiction. Let us assume that
there exists a first time ¢y and a node j such that @;(to) = u;(fo) then if 1 < j < N + 1,

— 1 —m m —m m
0> u;(to) - u;(to) > ﬁ(uj-i-l(t()) - uj+1(t0) + uj—l(to) - uj—l(t(J)) >0,
a contradiction. In case 7 = 1 we get
_, , 2 m

0> 7w (t) — uy(to) > ﬁ(% (to) — u3'(to)) = 0,
again a contradiction. Finally, if j = N + 1 we have

= 2 —m m

0> Uy (o) =ty (to) > 73 (N (to) — u(to)) = 0.
This contradiction proves that U(t) > U(t).
The inequality U(t) > U(t) can be handled in a similar way. O

Now we prove our convergence result for regular solutions up tot =7 — 7.

Theorem 2.1 Let u(x,t) € CH([0,L] x [0,T — 7]) be a positive solution of (1.1) and
U(t) the numerical approzimation given by (1.3). Then, there exists a constant C, that
depends on the C*1([0, L] x [0, T — 7]) norm of u, such that for every h small enough it
holds

max max |u(xy,t) — up(t)| < Ch2
tel0,T—7]  k



Proof. In the course of this proof we will denote by C; a constant independent on h
which can be different in different occurrences.

If we rewrite the system (1.3) in terms of Z = U™ we obtain

(/")) = F(z(t) = 21()),
(/™) (1) = 7 (21 (8) = 220(8) + 201 (1), 2<k<N,

(2N () = Z(en(t) — 2nea (b)) + 22800 (),

2(0) = ut/™(x) >0, 1<k<N+1.

\

Let vg(t) = u™ (g, t) where u is the solution of the continuous problem (1.1). We define
the error function as
€ = 2k — Ug.

Let

to =max{t € [0,7 — 7] : |ex|(t) < ¢/2}
where ¢ = min{vi(t) : 1 <k < N+1land 0 <t < T —7}. We perform the following
calculations with ¢ € [0, ty] and we will prove at the end that ty = T'— 7 for every h small

enough.
The error function satisfies that, for 2 < k < N,

1 1-m)/m 1 1 1-m)/m 1-m)/m
ok ek = glen = 2e ) = ST = T 4 17
1 —zm)/m
< _(ek-i-l_26k+6k—1)+C1h2+02€](€1 2m)/ )|€k|,

h2

where &, is an intermediate value between z; and v;. Taking into account that there exist
constants, ¢ and C, such that ¢ < z(t) < C for every t € [0,to] we have

C
e < h_zl(ek—f—l — 2ep, + ex—1) + Calex| + C3h% (2.2)

Making analogous calculations for the first and the last nodes, we get

C
e] < 71(62 —e1) + Coler| + C3h?, (2.3)

C —zm)/m C —m)/m
1 < h_Ql(eN —eny1) + Coh® — CocU2mimey ) + 7477(]3 meniq (2.4)

Where 7 is an intermediate value between zyy; and vyy;. Now we use a comparison
argument. We remark that the system (2.2), (2.3), (2.4), has a comparison principle, that
can be proved as in Lemma 2.1. Let us look for a supersolution of the form

wi(t) = p(t) (™ — Cay)



where (t) is a solution of
{ ¢'(t) = Crp(t) + Coh?
©(0) = C3h*.
That is
o(t) = h* (Cre% + Cs) .

A direct calculation shows that we can choose the constant C' large but independent of h
such that, W (t) is a supersolution. Hence,

er(t) < wi(t) < O1h%eT.
Arguing in the same way with —e;, we obtain
ler(t)] < wi(t) < C1h%e“?T.

From this inequality it is easy to see that to = T — 7 for every h small enough and the
Theorem is proved. o

To finish this Section, we state a Lemma that says that an increasing in space initial
data gives an increasing solution. This will be used in the following Sections to ensure
that the maximum of U(¢) is attained at the last node, x 1.

Lemma 2.2 Let U be a solution of (1.3) with ux(0) < ug+1(0), k =1,....; N then
Uk(t> < uk+1(t), 1<k<N.

Proof. We argue by contradiction, let us assume there exists a first time ¢, and two
consecutive nodes where the Lemma fails, let us call them j,j + 1. We can assume that
u;j—1(to) < u;(to). Indeed, if all the nodes have the same value then all of them have null
derivative except the last one, which verifies u/y,(to) > 0, but this is not possible. Then
we can assume that

uj—1(to) < u;(to) = uja(to) < ujra(to),
hence we obtain

U;-(to) <0, u;drl(t()) > 0,
which is a contradiction. We observe that if at time ¢ = 0 we have this situation then
instantaneously we have wu;(t) < u;1(t). O

3 Numerical blow-up.

In this Section we prove that solutions of the numerical problem blow up if and only if
p > 1 and we find the blow-up rate in this case.

Theorem 3.1 If p > 1 then every positive solution of (1.3) blows up. Moreover, if U(0)
is increasing, then there exist two constants, Cy = Cy(h) and Cy = Cy(h), such that

Cl C’2
@ — oo < IW0l= < G576

where Ty, is the blow-up time of U.



Proof. Let us begin with an increasing initial data U(0). By Lemma 2.2 U(t) is increasing
and then its maximum will be uy1().
We define the function

which satisfies

Since U(t) is a monotone vector it has its maximum at uy;(f). Hence there exists two
positive constants, ¢ = ¢(h) and C' = C'(h), such that

cw(t) < uni1(t) < Cw(t).
Therefore, the function w(t) verifies
w'(t) < CwP(t), w'(t) > cwP(t). (3.1)

From the second inequality we get that w (and hence U) blows up if p > 1 at a time T},
and from the first one, if p < 1, w (and therefore U) must be global. This blow-up result
is valid for every initial data as we can use a comparison argument with an increasing
super or subsolution.

Now we find the blow-up rate. By integration of (3.1) we obtain that

Cl < £ < CQ
(Th _ t)l/(p—l) = w( ) = (Th — t)l/(p——l) .

In terms of uyy1 we get

C
m < una(t) = [[UG]l <

&
(T — /=D

Note that the blow-up phenomena occurs if and only if p > 1 and the blow-up rate is
independent of the parameter m. O

We remark that this rate coincides with the blow-up rate of the continuous problem
(1.1) if 1 < p < m, but it is different in the case p >m >1or 0 <m <1 and p > 1.

4 Numerical blow-up set.

Now we turn our interest to the blow-up set of the numerical solution. For a fixed h we
want to look at the set of nodes, xy, such that ug(t) — 400 ast / T),. To do this we
introduce the self-similar variables given by

ui(s) = (T — )7 Tu(1),
(4.1)

(Th — t) =e "
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In this new variables Y = (yx(s)), problem (1.3) reads,

m—p

Yi(s) = mer"(y5'(s) — yi"(s)) — ;57w (9),

Ui (s) = e (gt (s) = 20 (s) + i (9)) — 5u(s), 2< k<N,

Unia(8) = jzer (R (s) = yR 41 () + Rk (s) — s5ruv+a(s),

| (= In(T})) = (Th) 7 Tug(ar), 1<k<N+1.

We observe that, from the blow-up rates proved in Theorem 3.1, the vector Y is
bounded and there exists a subsequence such that

lim yni1(s;) = an1 # 0.
3]'*)00

Theorem 4.1 If1 < p < m then we have uniform global blow-up, that is

C
up(t) ~ ——— 1 <k <N,

1
(T, —t)rT

therefore

B(U) =0, L.

Proof. Since yy41(s) is bounded we have that yj,(s) can not go to infinity as s — oco.
From (4.2)

2 m-p 2 1

hva(5) = 35T WRS) ~ U () + 0 (s) — e (s)

as p < m there exists a subsequence {s;}, such that

yn (i) = ynpa(ss) = 0.

Now, we can take again a subsequence such that yn(s;) — ani1. Applying the same
argument with y; we obtain that y,_1(s;) — an4; forall 2 <k < N.

Therefore, in the context of the variable U(t) we have that all nodes blow up in finite
time 7T}, with the same rate. O

Theorem 4.2 If p > max{m, 1}, then U blows up at exactly K nodes near L, i.e.
BU) = [L - Kh, L,

where K is determined only by p and m in the following way: K is the unique integer

such that Kl . .
Do M <p< Doicg™M' .

Zfio m' Zfigl m



Moreover, the asymptotic behaviour of the blowing up nodes is given by

(- | K mi .
+ E m!, if p#=—r— or 1#k
r—1 = 7 Zfiﬁl mt .

m

uny1-i(t) ~ (T — )™, Vi = —

and by
Zfio m'
S mt

Proof. As Y is bounded and p > m, we have that for s large enough

ug (t) ~ In(T), — 1), if p=

2 1
Y1 () ~ E?J%H(S) - ]leNH(S)-

So, for s large the function yx1(s) is monotone and it has a positive limit as s — 0.
On the other hand, if we return to the variable U(t), we have that

Wy (0) = (0B (0) — 205(0) R (1) < (s () + iy (1)

< C(Th — t)_P—l

and by integration

C(Th—t)p;l:lm p<m+1,
un(t) <9 —Cln(T), —t) p=m+1,
C p>m+ 1.

If we translate this inequality in terms of Y, we get

Ce v1° p<m-+1,
0<yn(s) <{ Cse s p=m+1,
1

Ce »1° p>m+ 1.

Notice that in all cases yn(s) — 0. Repeating the argument we obtain that
yr(s) — 0, for all k£ < N.

Moreover, for s large

2 mp, N N 1
yn(s) = 357 (YNa(s) = 2N (s) +yNa(s)) = ——7un(s)
m—p 1
~ Cer 1’ — ﬁyN(s)

Integrating we obtain the asymptotic behaviour of yy,

(]16—,,115 + C’Qe?:lps 0267;:1175 p<m+1,
yn(s) ~ _ 1 1y ™ 1y
Cie =17 4 (Cyse” p-1 (Cyse™ 1 p=m-+ 1.
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Translating this behaviour to the context of U(t),

C(T, —t)7 p<m+1
t) ~ ’
un(®) { —C In(T), — t) p=m+ 1.

m—1
—1

Therefore, if p < 1+ m the node uy(t) blows up with different rate than uy,1, and for
p > m + 1 it is bounded.

Repeating this argument with the nodes N — 1, N — 2, ... we obtain the asymptotic
behaviour of each node and the result follows. O

Theorem 4.3 If p = m every node is a blow-up point. Moreover in the self-similar
variables,
Y(s)— W, as s — o0,

where W = (wq, ..., wny1) 18 the unique positive stationary solution of (4.2). Hence the
asymptotic behaviour of uy is given by

__1
uk(t) ~ (Th — t) =1y

Proof. In this case, if we write the numerical problem (4.2) in matrix form (1.2), we have
a Lyapunov functional. In fact,
1

1 1
(Y — _Z(AY2ym Al/2ymy BY 2™ My ™
¥)(s) 2< ’ ) 2m + (p—1)(m+1)

satisfies
P'(Y)(s) = (MY, Y™ 1Y) > 0.

Hence, the orbit Y'(¢) goes to a stationary state, see [H]. Therefore we turn our
attention to the study of stationary solutions of (4.2), which satisfies

0= Z(wy —wl") — —w,
0= %(wﬂrl — 2w +wi,) — ﬁwlm 2<k<N, (4.3)

_ 2 m m 2,,.m 1
0= 75wy —wiy) + w0k — g WN1-

Moreover, if we begin with an increasing data U(0) then for a fixed s the vector
Y (s) is positive and increasing, hence we have to look to nonnegative and nondecreasing
stationary solutions.

On the other hand, from the blow-up rate we know that ynx.; > C(h) > 0, then W
is not the trivial solution. We claim that w; must be positive for all k. To prove this
claim just suppose that there exists some j with w; = 0. Since W is non-negative and
non-decreasing we have that w; = 0, but in this case wy = 0 and therefore w; = 0 for all
k. This contradiction proves the claim.

11



In order to prove the uniqueness of W, we observe that the functions w;, are increasing
with respect to wy. Indeed, from (4.3) we have that w, is increasing. Now, let us suppose
that w; is increasing for j =2,...,J

h2
m m
wih, —wi = wy —wji, + W,y
m—1
p2 1=
= wy —w"+ E wy.
m—1

Therefore,

. . h2 h2
wJH:wJ +2(m—1)w1+m—1zwl

So the function w;,; is an increasing function of wy.

__ Therefore, if there exists two stationary solutions, W and W, then we can assume that
W > W. But this is imposible since in the original variable ¢ the corresponding solutions

U(t) and U(t) given by
O(t) = (T —t) 71W,  U(t)= (T, —t) 71 W

verify U(t) > U(t) and have the same blow-up time. 0

Now our goal is to recover regional blow-up by looking carefully at the behaviour of
the stationary solution as the parameter h goes to zero.

When h goes to zero we expect that Z = W™ converges to a solution of the following
problem

Wy — 2w =0, z e (0,L),
’LUx(O) =0, (4'4)
w,(L) = w(L).

This is the content of our next Lemma. We remark that since m > 1 a non Lipschitz
function appears in (4.4).

Lemma 4.1 Let W be the solution of (4.3) and let w(x) be the unique stationary solution
of (4.4). Then
Z=W"—w(x), as h — 0.

Proof. Multiplying the equation satisfied by Z by

(2r1 — 21) + (2 — 26-1)
2

and summing we get

0— (evi1—2n)® (2 —21)° 1 f: z% (2101 — 211)
h? h? m—1 '

12



Hence ( 2o 2
ZN4+1 — 2N Z2 — 21 m mtl mtl
0= B2 - 2 Tz 1(ZN+1 — 2™ )+ O(h).
Using the first and the last equations of (4.3) we get that zyy; and z; must verify the
following polynomial,

1 m 1tm m 1tm
0= 5212v+1 vt A 00 (4.5)
Therefore, z; must be bounded. Then we can take a subsequence of h such that z; —
r>o.
We consider two different cases,

2 2
mn and L> m'
m—1 m—1

L <

In the first case, if I' > 0 we consider the auxiliary initial value problem

1
w’ = —lwl/m, x €0, L],
w(0) =T,
w'(0) =0

This problem has a unique solution. Moreover, for = € [0, L] the function w(z) is increas-
ing. Then, by general theory (see [J]) we get that in this case

Z=W" - w(x), as h — 0.

Moreover by (4.5) we have that

w" = Lwt/m, z € [0, L],
w'(0) =0,
w(L) = wh' (L)

For the existence and uniqueness results for this problem we refer to the Appendix.
On the other hand, if we assume that I' = 0 we arrive to a contradiction. By (4.5) we
obtain that zy,1 — A, where A is the only positive root of

3

w(L) ™ .

That is




Hence, we consider the problem

1
w’ = mwl/m WS [O, L],
w(L) = A, (4.7)
w' (L) = —AP/™,

By classical theory we have that in the interval where w is positive, (L — =5, L],
Z=W" - w(x), as h — 0.

Since L < 2™ we have that w(z) is positive in [0, L] (see the Appendix). Hence, z; —
w(0) > 0, which is a contradiction. This proves that I' must be positive.

In the second case, L > % If I' > 0 we arrive to a contradiction, as by the previous

argument zy,1 — w(L) with w(L) is a root of

Ty I phe

m.

1

m2 —1 m2 —1

But this contradicts the uniqueness result given in the Appendix. Hence I' = 0 and
therefore
Znp — w(l) = A,

where A is given by (4.6). Now we consider the problem (4.7). When the solution w is
positive we can again apply the standard theory to find that

Z=W"— w(x), as h — 0.

On the other hand, since Z is increasing, we have that for h small enough,

2 2
Zkgw(L__m1+5)g5, Vo <L- Mg

m— m—
Then, Z = W™ — w(z) in all the interval [0, L]. O

Remark. As a consequence of Lemma 4.1 if L > % we have that

2
W — 0, in {O,L——m},

m—1

and we recover the regional blow-up in the sense that the constants that appear in the

blow-up rate for the nodes that lie in [0, L — %] go to zero as h goes to zero, i.e.,

1
’U,k(t) ~ (Th — t) =1 Wy
2m

with wy, — 0 as h — 0 for every k such that x, € [0, L — ="].

m—1
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Our goal is to show that the

results presented in the previous sections can be observed when one perform numerical
We start with the case p < m, in Figure 1 global blow-up can be appreciated.

computations. For the numerical experiments we use an adaptive ODE solver to integrate

In this Section we present some numerical experiments.
(1.3).

5 Numerical experiments.
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Next, in the case p = m we look for regional blow-up. In Figure 2 the numerical
solution blows up in every node but the behavior of the stationary solution imposes for
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2m1 a slower rate.
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Figure 2.
Figure 3.

= numerical approximation

—— continuous solution

The next picture (Figure 3) shows the profile of the numerical solution near the
numerical blow-up time, T}, in self similar variables. As it was proved this profile is close

to the continuous stationary profile, which is drawn in the same picture.



Figure 4 shows the evolution of the first node (the minimum), which is blowing up.

Figure 4.

5,6 and 7. When p = 2 and m = 3,

igures
Theorem 4.2 says that just two nodes blow up. The first picture shows the numerical

F

)

Finally, we consider the case p > m

the profile at time ¢y close to T}. In the last one, we draw

the evolution of the nodes N — 1 and N, uy_;(¢) is bounded while ux(t) is blowing up.

solution, U(t). The second one

u()

Figure 5.
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Figure 6. Figure 7.

6 Appendix.

In this Appendix we study the continuous problem (1.1) in the range of parameters p = m.

In this case the blow-up rate is (T' — t)_ﬁ, [Fi]. We concentrate in the blow-up set and
in addition we find the blow-up profile in self-similar variables.

Lemma 6.1 In the region p =m > 1 the blow-up set is given by
0, L] if L < 27

B(u): m—1"
(-2 L) L= 3

Proof. The proof of this result is given in several steps.
First, we introduce the self-similar variables

v(z,7) = (T — t)ﬁu(az, t), T=—In(T —1). (6.1)
This function v(z, 7) satisfies the following problem,
Uy = (V™) 0 — ﬁv (x,7) € (0, L) x (0, +00),
(v™).(0,7) =0 7 € (0, 400), 6.2)
(v™)o(L, ) = v™(L,T) 7 € (0, 400), '
v(z,0) = T%luo(x) z e (0,L).

The second step consists in proving that v(z, 7) converges (in terms of w-limits) to a
stationary state. For this we multiply the equation by (v™), and integrate with respect
to x to obtain

/OL(Um)tUt = —%F(U%

where




Hence F(v) is a Lyapunov functional for problem (6.2).

Therefore, we have that the w—limit set of v(x,T) consists of nontrivial stationary
solutions of (6.2). Now we claim that for each L there exists only one nonnegative and
nontrivial stationary solution.

Accepting this claim, we have that the w—limit set has only one element, w(z), hence

v(x,7) = w(x), T — 00.

The third step is to prove the claim. We consider the stationary problem

(W™)gw — —5w =0, r € (0,L),
(w™)2(0) =0, (6.3)
(w™)s(L) = w™(L)

IfL> % this problem has a unique compactly supported solution (see [V]),

w(z) = (Ll)) T (2—m1 +(z— L)) " (6.4)

2m(m +1 m— N

and if L < % there is no compactly supported solution.

To study the existence of other solutions of (6.3) we use ideas from [ChFQ]. We
set w = w™ and look for a shooting argument beginning with w(0) = p, w,(0) = 0.
Integrating the equation we get
~;% m ~14+m m 1+m

2 T m_1t " T Tl

Evaluating at * = L and using the boundary condition, we observe that w(L) must be a
root of the following polinomial

ya m 14+m m 14+m
P = — Tmo Tmo
=51 T 1
As )
Pl(2)=z— o
() =2 - ——=%,

P attains a unique minimum at the point

m—1
JR— 1 "
zZ0 — m—1 .

In order to guarantee that P(z) has a root we need that P(zy) < 0, this imposes the
following restriction on p,

IR m4 1) 7
<po=—o0 1— —— .
pP=p <m—1) < 2m>
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For those values of p we have two roots Ry(p), Ra(p). As P(p) > 0 we conclude that
p < Ri(p) < Ra(p).

On the other hand, if we integrate again the equation we have, using that w, > 0,

/ w(e) ds [ 2m
= Z.
P 14+m 14+m m2 — 1
A/ S m — p m
/ 14m 14m v —_— 1

Sm—pm

At x = L this reads

Hence for each root R;(p) we have a solution of (6.3) in an interval [0, L;(p)] where L;(p)
is given by

m?—1 1m ’ ds
Now we observe that, as Ry(p) < Ry(p) we have that Li(p) < La(p).

In order to prove the uniqueness of the solution of (6.3) in the interval [0, L] we study
the monotonicity of the functions L;(p).

First we observe that L;(p) is increasing with p because R;(p)/p increases with p, in
fact a direct calculation shows that

d% (@) - <m27;1) p2((m — 1)?2 ~ RF(p)

Notice that p?((m—1)R;(p) — R/ (p)) = (m—1)P'(R;(p)). To see that Ly(p) is decreasing
we just observe, after differentiating and simplifying the resulting expression that this is

equivalent to

T

/\/Uf"Jrl 1 W(( —1) - RTM)

where we have set x = Ry(p)/p. In fact one can check that

d _mi1
d—pLQ(p) p~ 2 Y(p).

We note that Rg(p) (m — 1)1 and also z(p) is a decreasing function of p, so
z(p) > x(pe) = (22 )m+1. In that range of values it is easy to check that ¢'(p) < 0 for
p > 0 and also that w( ) = 0, therefore ¥ (p) < 0 and we conclude that Ly(p) is decreasing.

We want to get a bound for Ls(p), 0 < p < p.. As

om O\ 1
Rz(ﬂ) - ( > ) p— 07

m?2 —1

20



a direct computation shows that

. 2m
i Lap) = =7

2m
m—1"

Therefore L, attains a maximum at p = 0 that is Ly(0) = which is exactly the
support of the explicit solution (6.4).
Since Ri(p.) = Ra(p.) we have Li(p.) = La(p.). Also, as Ri(p) — 0 when p — 0, one

can easily check that L;(0) = 0.
We conclude that for L > 2™ we have a unique solution of (6.3) that is given by (6.4)

m—1
and has compact support, and for L < %, problem (6.3) has only one positive solution.

This proves the claim and finishes our study of the stationary problem.

In the fourth step we show that v(z,7) goes to zero exponentially in every compact

set included in [0, 2). More precisely:
Let v a solution of (6.2) that goes to zero in an interval of the form [a — §,b+ 4], then

there exists a constant C' such that
v(z,T) < Ce mi™  z€ [a, b].

In order to see this we use ideas from [CDE], [V]. We will only sketch the arguments
and refer to those works for details.

Since v(z, T) goes to zero in [a — 0, b + 0], we can use a solution of

Pr=(P"™)gx — milp (x,7) € [a—0,b+ d] x (0,400),
pla—90,7)=¢ 7 € (0,4+00), (6.5)
p(b+0,7)=¢ 7 € (0,400),

v(z,0)=¢ z € (a—06,b+9)

as a supersolution of our problem.
To finish the proof we only have to observe that solutions p of (6.5) goes exponentially
to a stationary solution that has the form

2

C(m)(a — x)m-T1 x < a,
h(zx) =< 0 a<z<b,
C(m)(z — b)m T x> b.

If € is small, h(x) has a dead core that includes the interval [a, b] and the result follows.

Finally, if we translate the behaviour of v(z,7) in terms of the function u(z,t), we
obtain the desired result. a
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