NEAR-FIELD ASYMPTOTICS FOR THE POROUS MEDIUM
EQUATION IN EXTERIOR DOMAINS. THE CRITICAL
TWO-DIMENSIONAL CASE

C. CORTAZAR, F. QUIROS AND N. WOLANSKI

ABSTRACT. We consider the porous medium equation in an exterior two-
dimensional domain that excludes a hole, with zero Dirichlet data on its bound-
ary. Gilding and Goncerzewicz proved in 2007 that in the far-field scale, which
is the adequate one to describe the movement of the free boundary, solutions
to this problem with integrable and compactly supported initial data behave
as an instantaneous point-source solution for the equation with a variable mass
that decays to 0 in a precise way, determined by the initial data and the hole.
In this paper, starting from their result in the far field, we study the large
time behavior in the near-field, in scales that evolve more slowly than the free
boundary. In this way we get, in particular, the final profile and decay rate on
compact sets. Spatial dimension two is critical for this problem, and involves
logarithmic corrections.

1. INTRODUCTION

Let H € RN be a non-empty, bounded, simply connected open set with a C*®
boundary. We assume, without loss of generality, that 0 € H. Our aim is to
determine the large time behavior of solutions to the Cauchy-Dirichlet problem for
the porous medium equation in € := RY \ H in the “near field”when N = 2, by
using the behavior in the “far field” found by Gilding and Goncerzewicz in [10].
More precisely, we are interested in the long time behavior of the solution u to

(P) Ou=Au"inQxRy, uwu=0indH xR;, and u(-,0)=wug in Q,

with m > 1, and nonnegative, compactly supported and integrable initial data wy,
in the critical case N = 2. A full study of the asymptotic behavior for spatial
dimensions N # 2 is already available [4, 8, 10, 12].

This problem, which models the flow of a fluid in a porous medium, does not
have in general a classical solution, even if the initial data are smooth. Therefore,
in the sequel we will deal with weak solutions.

Definition 1.1. A function u is a weak (L*-energy) solution to Problem (P) if:

o ue Oy LYQ), u™ € L2, (R, 5 HE(Q);
e identity

/ / uOyp dxds — / / Vu™ - Vedrds =0
o Ja 0o Jo

holds for every ¢ € CH(Q x R,);
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o u(-,0) =ug almost everywhere.

Existence of a weak solution follows from a double limit procedure, which is
nowadays more or less standard, approximating first the initial datum by a sequence
of bounded functions, and also approximating 2 by a sequence of bounded domains
with null boundary data. The detailed proof involves a smoothing effect showing
that weak solutions become immediately bounded. Uniqueness follows then, from
a classical argument which combines the continuity in L' of the solution with an
L' contraction property for bounded solutions. See [16] for similar arguments in
the case in which the domain is the whole space. Let us finally mention that
bounded weak solutions are continuous up to the boundary of the domain, [5, 18].
Therefore, due to the regularity of the solutions to uniformly parabolic equations,
weak solutions to problem (P) are classical in {u > 0} for all positive times.

THE CAUCHY PROBLEM. In the absence of holes, H = (), the mass M(t) =
Jg~ u(-,t) of asolution to (P) is conserved, no matter the spatial dimension, M (t) =
Jg~ ug for all £ > 0. Moreover, as proved in [9], the solution behaves for large times
as the instantaneous point-source solution of the equation with mass M = fR ~ UQ,
that we denote by U(z, t; M), in the following precise sense,

(11) tlirgotN(m 1HZHU‘( ) u('atvM)”Loo(RN) =0,

see also [15] and the references therein. This result does not require the initial
data to be compactly supported. The special solution U (x,t; M), which was dis-
covered by Zel’dovié and Kompaneets [17] in dimensions one and three, and by
Barenblatt [1] and Pattle [14] for arbitrary dimensions, has M¢ (where ¢ is the
Dirac distribution) as initial data. It has a selfsimilar form,

1

I - N
N(m_1)+2,andoz B,

(1.2) U(x,t; M) =t *Fp(§), where £ = t%’ B =

with a profile

1

Fyp(§) = ( o B)m §N17|§|2)ﬁ7 where

EM_( ( ml 1),8) )>(m 1)5(( 2m )6>mBM(m1)ﬂ.

4maN/2T (s m—1

(1.3)

Notice that U(-,#; M) has a compact support for all times, namely {z € RY :
|z| < &ytP}. This property, known as finite speed of propagation, is shared by all
solutions having an integrable initial data with compact support.

Let us remark that the scaled variable
w(é, ) = tu(&t?,t), where t = 7,
satisfies the non-linear Fokker-Planck type equation

(1.4) Orw(&,7) = Aw™ (&, 1)+ BV - (fw(f,T)),

whose stationary (integrable) states are precisely the profiles Fj;. When written in
terms of this scaled variable, the convergence result (1.1) just says that w converges
uniformly as t = 0o (7 — 00) towards a stationary state of (1.4), which one being
dictated by the conservation of mass.
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A CONSERVATION LAW. In the presence of holes, solutions of (P) do not conserve
mass. However, we still have an invariant of the evolution, namely

(1.5) My(t) := / u(-,t)p = / ug¢p for all £ > 0,
Q Q
M
where ¢ € C(Q) N C?(Q) satisfies
(1.6) Ap=0in Q and ¢ =0 on 09,

plus some prescribed behavior at infinity; see [13] for a first proof of this fact in
the radial case, and also [4] and [10]. In order to have a unique nontrivial solution
to problem (1.6), not all behaviors at infinity are allowed. Which ones are possible
depend on N. This will lead to different asymptotic behaviors for solutions to
problem (P) depending precisely on the dimension.

THE PROBLEM IN HIGH DIMENSIONS. When N > 3, in order to have a nontrivial
solution to (1.6) we have to ask ¢(z) to approach a constant as |x| — oo. This
constant is chosen to be equal to one for simplicity. With this choice for ¢, the
conservation law (1.5) yields that the mass M(t) := [,u(-,t) converges to the
nontrivial value Mj. Moreover, as proved in [4], the asymptotic behavior is given
by

tlggo t*[Ju(-,t) — ¢%U(',t; M) || oo rry = 0;

see also [11] for the linear case, m = 1. Thus, in the far-field scale, x = £t° with
& # 0, we have convergence towards the instantaneous point-source solution with
mass MJ. More precisely, the outer behavior is given by

to‘u(ftﬂ7t) — FM; (&) uniformly for 0 < & < |¢] < & < 0,

with o and 8 as in (1.2); see also [10]. On the other hand, the behavior in the inner
region, |x| = o(t?), is given in terms of the stationary solution,

t*u(z,t) — Fg (O)Qb%(:c) — 0 uniformly for |z| < g(t), if g(t) = o(t?).

This includes the particular case of compact sets, which corresponds to g(t) = C.
Observe that for z = g(t), with g(t) — oo and g(t) = o(t?), which corresponds

to { — 0 in the outer scale, we have t*u(x,t) — Fas; (0). This zone can be regarded

both as the outer limit of the inner region and as the inner limit of the outer region.

In fact, the coefficient multiplying ¢'/™ in the inner development is obtained from
the outer one by matching both expansions in this common zone.

Let us remark that the rate of decay coincides, both in the inner and in the
outer region, with that of the Cauchy problem. This is also true for the expansion
rate; see the outer behavior. This is more clearly seen when studying the long time
behavior of the support. Indeed, for compactly supported initial data, if we let

C+(t) = sup{|z| : x € Q and u(z,t) > 0},
C_(t) = inf{|z| : x € Q and u(z,t) = 0},

then, as proved in [4], C+(¢)/t? — §ary, where &y has the same meaning as in (1.3).
An analogous result holds for the Cauchy problem; see for instance [15]. This means
in particular that u(z,t) is identically zero for |z| > (1 + E)EM;tB for all e > 0 and

large times. This includes the very-far-field scale, |z| = t°g(t) with g(t) — oo.
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THE PROBLEM IN THE HALF-LINE. In dimension one, if there is a hole the mass
goes to zero, M(t) = O(t~Y/(2™)). Hence, we expect decay and expansion rates
different from those of the Cauchy problem.

In this one-dimensional case, a hole disconnects the domain in several compo-
nents, two of them unbounded. After a translation and maybe a reflection, the
problem in these unbounded components can be transformed into the problem in
the half-line R . Nontrivial harmonic functions on the half-line with zero boundary
values are multiples of x. Therefore, the conservation law means —in this case— that
solutions have a constant first moment, and this fact indicates what is the right
scaling in order to study the large time behavior: the one that preserves moment.
Thus, solutions approach a so-called dipole solution D to the equation with the
same first moment as ug. More precisely, as proved in [12],

(1.7) tlim t#Hu(-,t) —D(,t; My)||Lom,) =0, where Mj z/ zug(x) de.
> 0

The special solution D, discovered by Barenblatt and Zel’dovi¢ [2], has a self-similar
structure,

—a o 1 1
D(x,t; M) =t~ Dp(€), where £ = e M= and 4 = Py

with a profile

Du(€) = (

m—1 > m—1 _ 1 m+1 m4l\ L
2m(m + 1)

1

m—1

2m(m+1) o
gd,M = < 1 mtl ml .1 m—l) M
(m—=1)([; s (1—s"m)mTds)

and, due to the choice of the similarity exponents g and 4, its first moment is
constant in time. Note that D has a compact support in space for all times.

Though the convergence result (1.7) is valid in the whole half-line, it only gives
the exact decay rate and a nontrivial asymptotic profile in the far-field scale, x =
€tPa with 0 < € < €a,nry, since t%9D(g(t), t; M) = 0/if g(t) = o(tP4). The behavior
in the very-far-field was also determined in [12], where the authors proved that
s(t) = sup{z : u(x,t) > 0} satisfies s(t)/tP+ — €a,nz-

As for the behavior in the near field, the dipole solution gives a hint of the
right scaling. Indeed, the decay rate of D for x = g(t) with g(t) = o(t’) is
O(t=@a=Ba/m(g(¢))1/™). Having this in mind, we proved in [8], by a careful match-
ing with the outer behavior, that

lim tad-f—i—? sup }U(Z,t) 7’D(x>1t; M;)| _ 07
t—ro0 TzERL (1 + ’JI)W

which settles the long time asymptotics in the near-field scale; see also [6] for the

linear case. It may seem at first glance that stationary solutions do not play a role

here. But they are still there, hidden in the dipole solution, since ¢(§) = £ and,
m—1 )ﬁ f#ﬂl) ¢ 1 for £ ~ 0

—_— m  for £ ~ 0.

2m(m + 1) d.M

Dar(§) ~ (
Thus, in particular,

ad+ﬁ7d m — ]. m—1 #4;11) 1 .
¥y (x, t) — Y D) dar A uniformly on compact sets.
m(m '

Note that the decay rate, which differs from that of the Cauchy problem, depends on
the scale, and is given by the ratio z'/™ / t@atBa/m This makes the matching quite
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involved, since the overlapping region between the inner and the outer behavior is
Very narrow.

THE CRITICAL CASE: OUTER BEHAVIOR. In the critical two-dimensional case, the

behavior at infinity leading to nontrivial stationary solutions is logarithmic. Thus,
we have to look for ¢ € C(Q2) N C?(Q) satisfying

(S) Ap=0inQCR?® ¢=00n0dQ, and |¢(z)—In|z|| < C for all z € Q.

There is a unique such function if, for instance, # € C*® is simply connected.
The conservation law (1.5) implies then, on the one hand, the global decay rate

(1.8) (-, 8)]| oo (r2y = O((tInt) =) as t — oo,
and, on the other hand, that the mass satisfies

(1.9) lim Int M(t) = 2mM;j.

t—o0

Using these two facts, Gilding and Goncerzewicz proved that,

(1.10) lim (tlnt)# sup |u(x,t) — U (z, t;2mM;(Int)"")| =0 for any § > 0,
t=oo 2€0;(t)

in outer sets
Os5(t) = {z e Q:|z| > 5tmi (Int)~" % } fort>1.
In addition, they also proved that
(1.11) t7 77 (Int) 57 Co () — Eamnrz  as t — oo,
where £3; has the same meaning as in (1.3) (see [10] for these results).
It is worth noticing that the appropriate scaled function in this setting,
w(&, ) = (tlnt)%u(ftﬁ(lnt)_%,t)7 where t = €7,

does not satisfy the non-linear Fokker-Planck type equation (1.4), but a perturba-
tion,

drw(,t) = Aw™ (€, t) + M( 1) _ & Vu(§T)

14 =
2m * T 2T

However, in the limit ¢ — oo (7 — 00) the extra terms become negligible, and we
have, also in this case, convergence towards a stationary solution to (1.4), which
one being given by the conservation law (1.5).

Note that, though the function giving the asymptotic behavior in outer sets is
not a solution of the equation, it still has a selfsimilar structure,

(112) U(x,t;2mM(Int) ") = (tInt) ™% Fypars (€), where € = xt™ 27 (Int) %5 .

In comparison with the case with no holes, we find logarithmic corrections both in
the decay and in the expansion rate.

THE CRITICAL CASE: INNER BEHAVIOR. The aim of the present paper is to
complement [10] by describing the behavior in inner sets of the form

(1.13) Ts(t) = {w € Q: |z| < 6t= (Int)”Zw } fort > 1.

This description is our main result.
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Theorem 1.1. Let H > 0 be a simply connected, bounded, open subset of R?
with C*® boundary. If u is a solution to (P), for all § € (0,6,), where 6, =

Eommrz/(m —1)/(2m), there holds that

‘u(m, t) — (2m¢(m) ) #Z/I(aj, t;2mMj(Int)~") ’

Int
=0.

(1.14) tlim (tln®t)= sup +
- T€Ls(t) (ln(|x\ + e)) m

Note that the rate of decay is given by the ratio (In|z|/( In? t)) L/m, Thus, there
is a continuum of possible decay rates, starting with the decay rate O((tInt)~*/™),
holding in the far field, all the way up to O((tIn*)~1/™), that takes place on com-
pact sets. Moreover, the scaled function (£1n”t/In(|z| + e))'/™u(z,t) converges in
the near-field scale, |x| < t1/2™g(t) with lim; s g(t)(Int)(™=1/™ = 0, to a multiple
of (¢p(x)/In(|x| + €))/™, where ¢ is the unique solution to (S). In particular,

(t1n? t)#u(ac,t) — Fomarg (0)(2m ¢(ac))$ ast — oo
uniformly on compact sets.

Since 2mo(z)(Int)~! converges to 1 as time goes to infinity in regions where
lz| = O@tY (™) (Int)=(m=1/2m) and taking also into account that the support
grows as O(tY/(2m)(Int)=(m=1)/2m) we can express the asymptotic behavior in all
scales in a unified way.

Corollary 1.1. Under the hypotheses of Theorem 1.1

. 1 Int
lim (tIn® )™ sup T =0.

t—o0 zEQ (ln(|x\ +e))ﬁ

‘u(x,t) — (M)’%L{(%t; 2mM;(lnt)*1)’

This result is still valid in the linear case m = 1, by taking U(z,t; M) =
Me~l=l*/ (4t) (47rt)~1. This was proved in [11] by means of a representation formula
for the solution of the problem in terms of the instantaneous point-source solution
(the case of high dimensions, N > 3, was also treated there). In our non-linear set-
ting, such a formula is not available, and we have to use an alternative approach,
based on comparison with carefully chosen sub and supersolutions combined with a
matching with the outer behavior. The matching is quite involved, since the rates
of decay in inner and outer regions are not the same. We already had this difficulty
in [7], where we dealt with a two-dimensional nonlocal linear heat equation.

Our main result holds even if H is not simply connected. But, for the sake of

brevity we only prove it in this case. For general holes H Theorem 1.1 follows from
a careful comparison with solutions of our problem with simply connected holes.

ORCANIZATION OF THE PAPER. We devote Section 2 to the analysis of the
stationary problem (S). Convenient super and subsolutions with the adequate
large time behavior are constructed in Sections 3 and 4, where we also get estimates
leading to Theorem 1.1.

Notations. In what follows B, = {z € R? : |z| < r}, F, = Famuy, & = Samnr,
and G(z,t) = Z/I(m,t;QmM;(lnt)fl).
2. THE STATIONARY PROBLEM

This section is devoted to studying the stationary problem (S). Existence and
uniqueness were already proved in [10].
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Proposition 2.1 ([10], Lemma 2.1, based on [3], Proposition 4.10). Let H be a
bounded, simply connected, open set with C*® boundary. There exists a unique
harmonic function ¢ € C%(Q) N C(Q) such that ¢ = 0 on OH and ¢(x) — In|z| =
o(ln|z|) as |z| = co.

Remark 2.1. The solution constructed in [10] actually satisfies that |¢(z)—In |z|| <
C in Q. In fact, for every € > 0 there is a radius R, that we may take larger than
g1, such that |¢(z) — In|z|| < eln|z| if |z| > R.. On the other hand, since H
is bounded, there exists C' > 0 such that ¢(z) < (14 ¢)Injz| + C for z € IH.
Therefore, ¢p(z) < (1 +¢)ln|z| + C for z € QN Bg,. Passing to the limit with
€ — 0 we obtain that ¢(z) < In|z| + C. The inequality ¢(z) > In|z| — C is proved
similarly.

In order to prove our main result, Theorem 1.1, we need |V¢| to be comparable
to 1/|x|. We start by checking that this is true “at infinity”.

Proposition 2.2. Assume the hypotheses of Proposition 2.1. There exists R > 0
such that the unique solution ¢ to (S) satisfies

1

(2.1) 5 <@ Vo) < bl|Vel@) <2 forfs] 2 R

Proof. Let r > 0 such that Ba, C H. For k € N, let ¢y (x) = ¢(kz) — In(k|z|/r).
Then, 9y, is harmonic in R? \ Hj, where Hy, = {x € R? : kxz € H}. Moreover, there
exists C' > 0 such that [y (z)] < C in R?\ Hj. Hence, for every sequence {k,}
with k,, — oo there is a subsequence {k,} and a harmonic and bounded function
such that ¢, — 1) as j — oo uniformly on compact subsets of R%\ {0}. Since v is
harmonic and bounded in R2\ {0}, it can be extended to a harmonic and bounded
function in R? that, by Liouville’s Theorem, is constant: 1 = Cj.

Let ¢j = ¢, —Co. Since (; — 0 uniformly on compact subsets of R2\ {0}, then

|V(;| — 0 uniformly in By \ B 1. Since the limit is independent of the subsequence,
convergence is not restricted to subsequences, and hence

1
EVo(kx) — uniformly for 3 <lz| <2as k— oo

x
||
Therefore, taking y = ka with |z| = 1, which means k = |y|, we conclude that

Y
(2.2) yIVély) — oo ly| = o0
Estimate (2.1) now follows easily by observing that

x x
o Vota) =1+ - (Il - ).
|z ||
since we know from (2.2) that |[z|Vé(z) — x|z|~!| < 1/2if |z| > R for some large
R. O

Since OH € C*<, then ¢ € C*(Q), and we deduce that |z||Vé(z)| < C in Q. In
order to proceed further , we still have to prove that |z||Vé(x)| > ¢ > 0 in bounded
sets. Since |[V¢| > ¢p > 0 in a neighborhood of OH, we only need to check that
V¢ # 0 in Q. This is indeed the case as we prove next.

Proposition 2.3. Let H > 0 be a bounded, simply connected, open subsel of R?
with C* boundary. Let ¢ be the unique solution to (S). Then, V¢ # 0 in .
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Proof. We will get a semi-explicit formula for the solution ¢, from where the result
follows immediately.

Let r > 0 be such that B, C ‘H. First, we perform an inversion with respect to
B,.. The “inverted” set

2
r’y
Q= {xz e :yEQ}U{O}
is a simply connected open set contained in B,. Moreover, since 0H is a Jordan

arc and 0 & OH, then
2

89’:{36:%: eaH}

is also a Jordan arc. The Kelvin transform (z) = ¢(r?z|z|=2) is well defined and
harmonic in Q' \ {0}, ¥» =0 on 9, and ¢ (x) — In(1/|z|) is bounded.

Let now f : By — € be a conformal mapping. This is, f is holomorphic in By,
continuous in By, f(0B;) = 0%, f is one to one between By and ', f'(x) # 0 for
x € By, f(0) =0 and a:= f/(0) € R;. The existence (and uniqueness) of such a
mapping is guaranteed by Riemann’s Mapping Theorem. Let

r?f (=)
x) =(f(z) = ¢

pla) = w7 (@) = ({775
Since f(0) = 0 and a = f’(0) > 0, there exists € > 0 such that 2a|z| > |f(z)| >
(a/2)|z| if || < e. Thus, since f is one to one, there exists 6 > 0 such that
§ < |f(z)| <rife<|z| <1. Hence,
(2.3) ‘m; _ n;’ _ ‘m |f ()]
[f ()] alzl alz|

On the other hand, for # € By \ {0} and y = 72 f(2)|f(z)| 2 € Q,

) for x € By \ {0}.

‘SC’ for 0 < |z| < 1.

(PN
@) Jo@) ~tn | = 1o () ~ 1o ] = 160) ~nll + 21nr)

and hence, from (2.3) and (2.4) we deduce that ¢(z) — In(1/|z|) is bounded in
B \ {0}. Therefore, since ¢ is harmonic in By \ {0} and ¢ = 0 on 0B, we deduce
that (z) — In(1/|z|) = 0 in By \ {0}. Thus, ¢(z) = —In|f~ (r?z/|z|?)]. In
particular, V¢ # 0 in (. O

Corollary 2.1. Under the hypotheses of Proposition 2.3, there exist constants
C,c > 0 such that

c < |z||Ve(z)| < C  in Q.

3. CONTROL FROM ABOVE

In this section we construct a suitable strict classical supersolution V of the
porous medium equation in the inner region
s ={(z,t) :x € Is(t), t > T} ={(z,t) 12z € Q, |z] < 5tﬁ(lnt)7%, t>T},
with § > 0 small enough and T big enough, and we use it to prove the “upper part”
of Theorem 1.1.

Definition 3.1. A strict classical supersolution (resp. subsolution) of the porous
medium equation in Isy is a function V' (resp. v) € C(ZsT) ﬂC’jtl (Int(Zs7)) that
satisfies Vi, — AV™ >0 (resp. v, — Av™ < 0) in Int(Zs 7).



NEAR-FIELD ASYMPTOTICS FOR THE PME IN 2-D EXTERIOR DOMAINS. 9

Remark 3.1. If u is the weak solution of (P), then u is continuous in Q x R and,
—due to (1.11)- if § > 0 is small enough and T is large enough, there holds that
u > 0 in Zs 7 and u is a classical solution in its interior.

We will construct V' so that, if § > 0 is small and T is large we have, V > u on
the parabolic boundary:

0y Isr = {(x,T) sz € Q, || <6T>= (InT) == }

_m—=1
2

(3.1) 1
U{(z,t) :2€Q, |x|=dt2m(Int)” 2m , t >TtU{z € OH, t > T}.

This is enough to get that V' > u in Zs 7, as we prove next.

Lemma 3.1. If u is the weak solution of (P), ¢ is small enough and T is large
enough, and if V. (resp. v) is a strict classical supersolution (resp. subsolution) in
s such that V > u (resp. v <u) on 0p L5, then V > u (resp. v <u) in Lsr.

Proof. Tt follows from a standard parabolic argument. We prove it in the case of
the supersolution. The case of the subsolution is proved similarly.

Suppose it is not so, then, as u and V are continuous, there is a first time t¢ and
a point xg such that (zo,t0) € Z5p, u <V for T' < t < to, u(wo,t0) = V(zo,t0),
and u(x,tg) < V(x,tp). At such point u; > V; and Au™ < AV™, which is a
contradiction. O

We want V' to be a good approximation of the asymptotic limit V(m,t) =
G(x,t)(2me(x)(Int)~1)Y/™. Thus, we define

Vi, t) = ne(t)G(z, W (x, 1),

where
T\ w
n>1, ct)=1+ lﬁo(?) for ko > 0 and p € (0,1), and
v(t)
(3:2) W(z,t) = (fﬁt) " (¢(2))"® + k) for k > 0, with
n
1
H=1-—.
v(?) Int

The values of  and &k will be chosen so that V' > u on the lateral boundary, c(t)
sothat V >won {(x,T) : 2 €Q, |z| < 6TV (AnT)~(m=1/m} and v(t) so that
oV > AV™ in I§ 1.

We note that 9,V — AV™ = A + B, where
A =nd Gw +ncWo,G — n™c™W™AG™ + ncGo,W,
B=—-n"c"GMAW™ =20 cmVIW™ - VG™.
We will see that both 4 and B are nonnegative in the outer part of the inner region
given by

(3.3)

10r = {(x,t) € Ty : |a| > t== (Int)~2}.
However, though B is still positive in the inner part of the inner region
Ty = {(at) € Tor : [a] < 75 (nt) "2},

this is not necessarily the case for .A. Hence, we will need to estimate carefully both
terms to check that, anyway, A+ B is positive in this set.

Remark 3.2. We can take any power larger than 2 for the logarithmic correction
in the definition of Z§ ;. and Z§ ;..
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Lemma 3.2. Let A be defined by (3.2)—(3.3) and 6, := &/ (m — 1)/(2m). There
are a constant v = y(m, Mg, k) >0 and a time Ty = T4(2,m, M3, k) such that

(3.4) Az, t) > —% in s for any 6 € (0,0,) and T > T4.
titm (Int)w

Moreover, there are values Ty = T5(n, Q% m, M3, k) and p. = p.(n,m, Mz) > 0
such that A >0 in TP for all § € (0,6,) and p 6 (0, p4) of T > TY.

Proof. Straightforward computations show that, for any § € (0,£,) and T > e,
tc(t) > —pc(t),

8tG(Jf,t) = AGm(x’t) — M(l |§| ) m—1 ,

(tnt)+a &
(3.5) 5\ ™ e -
AGm(l‘,t)Z—m(]g:> (1 |§2 ) (1_ m1|§|2 )

_ Wz, t) (6(2)"" Ing(z) In(3)  v(t)
RW(z,¢) = m (((¢(x))v(t>+k)t(lnt)2 t(nt)? tlnt)’
in IgﬁT.

Moreover, there is a time T, = T,,(Q2, m, k) such that w < 2 in Zsp if T > T,,.
Thus, there are positive constants y1 = y1(m, Mj, k) and 72 = ~y2(m, M) such
that

’y m ’y .
(36) at ( ) > 7% and 0 > AG (l’,t) > 7% m I&T,

for any 6 € (0,6,) and T > T,,. Since 0 < G(z,t) < F.(0)/(tInt)"/™, we easily
get (3.4) if T > Tyg > Ty, with Ty = Ta(Q2,m, M3, k) large enough.

In order to prove the positivity of A in I?,T we will show that the good term
—n" MW AG™ is not only positive there, but also big enough to compensate for
the negative leading order terms, if y is small. Indeed, since ¢(x) > In |z| — C and

Int
1 > " —2Inlnt in Z?
nlx| > S nint in Zy'7,

there exists a time 75, ,,, depending only on 7 and m such that

m—1 _
2

Hence, taking T' > max(T 4, T5),m ), since c(t) > 1 for every t > T', we get

n

(W (z, 1))t > 1+ for £ > Ty -

Afa.t) > PO (2 et 3y p(0) 4 0(1)) in Ty

Tt (Int)w N 2
The result follows just by taking p. = v2(n™ ' — 1)/(4F.(0)), and then 79 >
max (74, Ty,m) big enough. d

Lemma 3.3. Let B be defined by (3.2)-(3.3). There is a time Tg = T3(2,m)
such that B > 0 in I9r(s) for all T > Tg and § € (0,&x). Moreover, there are a

constant w = w(m, M) and a time T = Tli;(m,M;) such that for all § € (0,&)
and T > T,

(3.7) B(x,t) >




NEAR-FIELD ASYMPTOTICS FOR THE PME IN 2-D EXTERIOR DOMAINS. 11

Proof. Easy computations yield, for any ¢ € (0,&,) and (z,t) € Zs r,

Mg\ = €12\ iy
Ve 1) = 2mt1+m(1nt ( >(1 EL) >

)
(38) m — v(t)—1
YW (a,1) <>(1nt) (6())" 071V (). and
AW, 6) = ) (1) ~ D ()" (o) O 2w )
Moreover, given R as in estimate (2.1), there is a time T = Tg(2,m) such

that |z| > R in IgT for any T' > Tg, which immediately implies, by (2.1), that
VW™ .VG™ < 0 there. On the other hand, AW™ < 0, since v(t) < 1, and hence
B >0.

In order to estimate the behavior in the inner part of the inner region, we notice
that there is a time Ty, = T, (m, M) such that €] < &./2, ¢(z) < (Int)/m and
1/2 <w(t) < 1lin Zj if T > Ty. Hence, using also that |[V¢(z)| is comparable
to 1/|z[ in €2, we easily get that there are positive constants wy = w;(m, M) and
we = wa(m, M;) such that

w1 w2
G AW™)(z, 1) > and — 2(VG™ - VW™ (x, 1) > —— 2
(@ W) > 2 ( o) 2
in Z5 , if 6 € (0,&) and T > Ty. Since 1, ¢(t) > 1, we finally get (3.7) if T > Ty >
Ty, with T = Ti(m, M}) large enough. O

Combining the estimates in Lemmas 3.2 and 3.3, we immediately get that V is
a strict classical supersolution of the equation. Note that d, < &..

Corollary 3.1. Let V be defined by (3.2) and 0. and . as in Lemma 3.2. There
is a time Ty = Ti(n, 2, m, Mg, k) such that

OV —AV™>0 inZsy for all§ € (0,0,), p € (0,ps), and T > T.

In order to prove that u < V in Is 7, it is then just enough to show that this
inequality holds in the parabolic boundary of the set. The ordering in the outer
boundary will come from the far-field behavior. It is here where we are performing
the matching.

Proposition 3.1. Let u be a solution to (P), n > 1, V as in (3.2), and 6.
and p. as in Lemma 3.2. Given k > 0 and § € (0,8,), there is a time TT =
T%(n,6,Q,m, My, k) > 0 such that for any T > T there is a value ko > 0 so that,
for all p € (0, ), there holds that u <V in Zsp.

Proof. We first note that u = 0 < V on 9Q2xR,. As for the outer boundary, we have
from (1.10) that there exists T}, 5,, > 0 such that, if |z| = §t'/2™)(In¢)~(m-1/2m
with ¢t > T}, 5,m, then

(n —1)F.(d:) n—1
u(z,t) < G(x,t) + §(1+ )Gm,t.
(a:0) < Gat) + o )G
On the other hand, there is a time Tq , s > 0 such that

—1 m—1
nWi(x,t) > 1+ TIT for |x| = 5tﬁ(lnt)_ﬁ, with ¢ > Tq 5.

Since ¢(t)> 1, we conclude that

u(x,t) < V(x,t) for |x| = 5tﬁ(lnt)_%, with ¢ > max(T},.5m,Ta,n.s)-
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Finally, given T' > T := max(T%, T}, 5,m, Ta,n,5), where T} is the time given by
Corollary 3.1 we have,

(1+ ko)kw F.(6,)

V(va) > PPN > HUOHL‘>c 2 u(a:,T),
if kg > 0 is big enough. The result then follows from Lemma 3.1. O

The “upper part” of Theorem 1.1 now follows immediately.

Theorem 3.1. Assume the hypotheses of Theorem 1.1. Given € > 0, there exists
a time T, such that, for all § € (0,4,),

_ (2m@)y e (
Mz, t) = t%(lnt)%(“(x’t) ( ) f( 1))
(In(jz| + €)™

<e wmisrt,.

Proof. We decompose M as

7 ((u(@,t) = W (@, )Gz, 1))
(3.9) +(e(t) = W (2, )G (x 1) + (W, t) — (

Int )m )G(%t)
2mo(x)\ L 2mo(x), w01
I F () T - )6tn),

Let n =1+¢, k=¢™, and ¢ € (0,d,). By Proposition 3.1, given any T > T+,
there are values kg > 0 and u € (0, 1) such that

u(z,t) — c(t)W(z,t)G(x,t) < ec(t)W(z,t)G(x,t) if (x,t) € Is 1.
On the other hand, since (a+b)'/™ —a'/™ < b*/™ for all a,b > 0 if m > 1, we have

2me(z) 4o

+(

W(z,t) — (2m¢($))% < (2—m) “f,f)E
Int Int
We finally observe that (Int)*®) =1/ _ 1 ast — oo so that, since ¢(x) < In|z|+C
and G(z,t) < (tInt)~/™F,(0),
tw (Int)m
= (In(|z] + e)m

w(z,t)G(z,t) < C for (x,t) € Is p,

)
Therefore, using also that c(t) — 1, we conclude that there is a time 7. > T'F such
that M(z,t) < Ke for all ¢ > T, for some constant K independent of ¢. O

4. CONTROL FROM BELOW

In this section we prove the “lower part” of Theorem 1.1. The construction of
the subsolution is a bit more involved than that of the supersolution. Comparison
will be performed in the intersection of the inner set Zsr with an approximation
of €. So, let us start by constructing this approximate set.

Let ro be small so that, on the one hand, the set Na,, = {z € Q : dist {z, H} <
27} can be parametrized by z = Z + sn(z), T € OH, 0 < s < 2ry, where n(Z) is
the exterior unit normal to OH at %, and on the other hand ¢(Z + sn(z)) > ks in
Na,, with £ > 0. Notice that

To:={z=Z+rm(z):z€H} ={z € Q:dist {z, H} = ro}

is a Ob* surface. Let ag = infr, ¢(x). Since ¢(z) — oo as |z| — oo and ¢ is
harmonic in €, then ¢(x) > ap if dist {z, H} > ro.
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Let now ag € (0,a9) and Da, = {z € Q: ¢(x) < ag} UH. Then, 9Dy, is a C*°
curve, since ¢ = ag and V¢ # 0 on it. Moreover, H C D,,.

We will construct a subsolution v in Zs o, = {(2,t) € Zsr : © € Qq, } where
Qo, = R?\ D,,. As we observed in Section 3, if u is the solution of (P), then w is

continuous and, if § > 0 is small enough and T is big enough, then w > 0 in the
interior of Zs 7,,. Actually, © > 0 also in the parabolic boundary of Zs 7 4, -

We will construct a strict classical subsolution v in Zs 7, such that, if § > 0
is small enough and 7" is large enough, there holds that v < w in 9,757 a,. Then,
comparison will follow from Lemma 3.1.

~ As in the case of the supersolution, we construct v as an approximation to
V(z,t) = G(z,t)(2meé(z)(Int)~1)/™. Indeed, we define

v(x,t) = né(t)G(x, t)w(x,t),
where

T\
0<n<1, &)= 1—&0(?) , with u, ko € (0,1), and

(4.1) w(z,t) = (1(2)%) ((qﬁ(x))ﬁ(t) _ ag(t))#’ with ag € (0, &) and
R 1

Notice that v vanishes on 0f1,,, and that ,, approaches £ as ap goes to 0. In
order to check that v is a subsolution, we will use the same kind of decomposition
as the one we used for the supersolution in Section 3, namely d,v — Av™ = A+ B,

where
42) A = né Gw + néwd, G — nmEmMwm AG™ + néGow,
(4 B=-n"c"GMAw™ — 2nmemVw™ - VG™.

The next two lemmas are devoted to obtaining estimates for A and B good enough
as to prove that v is a subsolution in adequate sets. As in Lemmas 3.2 and 3.3, we
have to consider separately two regions, the outer part of the inner region, which
in this case is given by

1 _
IgT,aU = {(az,t) €Ls T, ¢ |z > t27 (Int) 1},

and the inner part of the inner region,

T oy = {(@,8) € Ty : |z < t27 (Int) 1)

As we will see, A is negative both in the outer and in the inner parts of the inner
region. However, though B is negative in the inner part of the inner region, this is
not necessarily the case in the outer part, and hence we have to check that, anyway,
A+ B < 0 there.

Lemma 4.1. Let A be defined by (4.1)~(4.2) and 0. as in Lemma 3.2. There
are constants v = y(m, M, a0) > 0 and pr. = p(n,m, My, k9) > 0, and a time
Ty = TA(mm,M;,aO) such that, for any 6 € (0,04), p € (0, ux), and T > Ty,

yne(t)w(z,t .
(43) A(x,t) < _tl""(l)(ln(t)l) m Iﬁ,T,ag-

Proof. A straightforward computation shows that

w(z,t) <1n (BL) () nag (¢ )" (In p(z) — lnozo)).

Gl 1) = i)~ et 00 4 )2((0()" — )
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Since ©(t) > 1, and ¢(z) > ap in Q4,, we conclude that there is a time T}, o,
depending only on m and «g such that
w(z,1)
2mtint

(‘3tw(x, t) < — in 157'1"7&0 it T > Tm,ag-

‘We next notice that

1 1 ]. -
té'(t) <pze(t) ift>T and p? € (O, KO).
Ko

Moreover, since ¢(z) < In|z| + C, there exists a time T}, ,,,, depending only on 7
and m, such that for all T > T, ,,,

. 1— nmfl )
(o, )" S 1=~ in Ty,

We finally observe that there is a constant v, = . (m, M ; ) > 0 such that
m Vs . . .
AG (I,t) < —m m I§7T if § € (0,5*),
see (3.5). Hence, since é(t) < 1 and 9,G < AG™, taking T' > max (i, aq: Lym) We

conclude that
1

12 G(z,t) N AG™(z,t)(1 — nm—l))
2

Az, t) < né(thw(z, t)(

A » 1— m—1
< 770(751)711($,t1) (M%F*(O) R ] )),
tHtw (Int)w 2
from where the result follows just taking
m—l)

L(1— 1— ko \2 L(1—
W =n ﬁo)) and v:7( U

) m—l)
“*:<mm( AF,(0) ' ko 4

]
Lemma 4.2. Let B be defined by (4.1)~(4.2). There are a constant w = w(m, M)
and a time Tg = Tg(2,m) such that for all § € (0,&,) and T > Tg,
wné(t)w(z, t)
(tlnt)+em
Moreover, there is a time T = Ti(Q,m, M) such that B < 0 in I§ 1, for all
T >Tg and 6 € (0,&).

- (e}
6, T a0

(4.4) B(x,t)

Proof. We perform computations similar to those in Lemma 3.3 that lead to (3.8),
with w is as in (471) Observe that Aw™ > 0, since P(t) > 1. Moreover, since
|z[|[Vé(z)| < C in €, there is a constant wy = w1 (m, M) such that

2mae(x)
Int

w1
45) —2(VG™ - Vw™)(z,t) < (
@5 - s
On the other hand, since ¢(z) > In|z[ — C, there is a time T} = T(Q2,m) such
that ¢(z) > (Int)/(4m) in I3 7, if T > T3. In particular, there is a large enough
time T3 = Tg(Q,m) > T3 such that

1\ 52 2me(z)\ 5 _ 1 /2me(x)\e®
wan) = (3) " () T 23(FR) BB T2

and (4.4) follows easily with © = 8mwoy, since ¢(t),n < 1.

o)
) in Zs1.aq-

As for the inner part of the inner region, we observe that there is a time Ty =
T(S2,m, M) such that ¢(z) < (Int)/m in Zs 7 4,, and hence this inequality also
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holds in Zj 1., , for T > T, and § € (0,&.). Therefore, since [V(x)| is comparable
to 1/|x| in €, there is a constant wwy such that

—(GmAwW™)(z,t) <

) (qub(m)
tHag(z) N Int
that combined with (4.5) yields B < 0if T' > T > Ty, for some Tg = T (Q2, m, M)
large enough. O

ZON
) m Iﬁ,T,aga

Combining the estimates in Lemmas 4.1 and 4.2, we immediately get that v is a
strict classical subsolution of the equation.

Corollary 4.1. Let v be defined by (4.1) and 6. and p. as in Lemma 4.3. There
is a time Ty, = T*(n,é,Q,M;,ozo) such that

Ow — AV <0 inZsr,a, for alld € (0,04), pe€ (0,p4), and T > T,.

In order to prove that w > v in Is57.q,, it is then just enough to prove that
this inequality holds on the parabolic boundary of this set. The ordering in the
outer boundary will come from the far-field behavior. It is here where we will be
performing the matching.

Proposition 4.1. Let u be a weak solution to (P), 0 <n <1, v as in (4.1), and
0. and p. as in Lemma 4.1. Given ag € (0,a0) and § € (0,d,), there is a time
T =T"(n,d, Qﬂn,M:;7 ag) > 0 such that for any T > T~ there is a value ko > 0
such that, for all i € (0, py), there holds that u > v in L5 1.q,-

Proof. We first note that v = 0 < u on 99,, x Ry. As for the outer bound-
ary, we have from (1.10) that there exists a time T}, 5., > 0 such that, for |z| =
5t1/(2m) (lnt)*(’rn,fl)(Q’rn)7 t Z TQ,W,(;a

(@, t) > Gla, 1) — W > (1- “T”)G(m,t).

On the other hand, there is a time Tq , s > 0 such that,
1-— n 1 _m=1 .
nw(z,t) <1-— 5 for |z| = 0tz= (Int)” 2, with t > T}, 5.m.-
Since ¢(t) < 1, we conclude that
u(z,t) > v(x,t) for |z| = 5tﬁ(ln t)f%, with t > max(T}, 5.m, Ta,n.5)-

Moreover, by (1.11), given ¢ € (0,&,), there is a time Te, = T¢, (9,9, m, ap) such
that for some ¢ > 0, there holds that u(z,T) > £ if (z,T) € Zs1,09, T > T, .
Thus, given T' > T~ := max(Ty, T} 5,m, Tans, It, ), where T, is the time given by
Corollary 4.1,

(1 = ro)(1 +n)F.(0)

v(z,T) < T
2T InT)w

</l <u(z,T) inZsp .,
if ko € (0,1) is close enough to 1. The result follows from Lemma 3.1. O

The “lower part” of Theorem 1.1 is now easy.

Theorem 4.1. Assume the hypotheses of Theorem 1.1 and let M be as in Theo-
rem 8.1. Given € > 0, there exists a time T, such that M > —e in Is ..



16 CORTAZAR, QUIROS AND WOLANSKI

Proof. Given e > 0 small, we take g = £™(2m) ™1 (F.(0))~™. Then,
to (Int)m (2m¢(x)

1
(1n(\x|—|—e))m Int

Hence, it is enough to prove that there exists a time 7. such that M > —¢ in
5.1, 00 To this aim, we use the decomposition (3.9), with ¢, W and v substituted
respectively by ¢, w and .

)#G(x,t) <e in (Q\ Q) x Ry

Let n =1—¢ and ¢ € (0,0.). By Proposition 4.1, given any 7' > T~ there are
values ko > 0 and g € (0, ) such that

u(z, t) — é(t)w(x,t)G(z,t) > —eé(t)w(z, t)G(x,t) if (x,t) € Is 1 a0-

On the other hand, since (a — b)*/™ —a/™ > —b'/™ for all a > b > 0 if m > 1, we
have o
2mae(z)\ _aw e PO
oo (N F S (2 )y
wiw,?) ( Int ) 2 ~(nt) F(0)) = °°

for some constant K independent of €, assuming, without loss of generality, T > e
and € < 1.

We conclude as in the proof of Theorem 3.1. (|

REFERENCES

[1] Barenblatt, G.I. On some unsteady motions of a liquid and gas in a porous medium. (Rus-

sian) Akad. Nauk SSSR. Prikl. Mat. Meh. 16 (1952), no. 1, 67-78.

Barenblatt, G.1.; Zel’dovic, Ya. B. On dipole solutions in problems of non-stationary filtration

of gas under polytropic regime. (Russian) Prikl. Mat. Mekh. 21 (1957), no. 5, 718-720.

Bénilan, Ph. The Laplace operator. In: Dautray, R.; Lions, J.-L. (eds.) “Mathematical anal-

ysis and numerical methods for science and technology. Vol. 1. Physical origins and classical

methods.” pp.220-666. Springer-Verlag, Berlin, 1990. ISBN: 3-540-50207-6; 3-540-66097-6.

Brandle, C.; Quiréds, F.; Vazquez, J. L. Asymptotic behaviour of the porous media equation

in domains with holes. Interfaces Free Bound. 9 (2007), no. 2, 211-232.

Caffarelli, L. A.; Friedman, A. Continuity of the density of a gas flow in a porous medium.

Trans. Amer. Math. Soc. 252 (1979), 99-113.

[6] Cortédzar, C.; Elgueta, M.; Quirds, F.; Wolanski, N. Asymptotic behavior for a nonlocal

diffusion equation on the half line. Discrete Contin. Dyn. Syst. 35 (2015), no. 4, 1391-1407.

Cortézar, C.; Elgueta, M.; Quirds, F.; Wolanski, N. Asymptotic behavior for a monlocal

diffusion equation in exterior domains: The critical two-dimensional case. J. Math. Anal.

Appl. 436 (2016), no. 1, 586-610.

Cortéazar, C.; Quirés, F.; Wolanski, N. Near field asymptotic behavior for the porous medium

equation on the half-line. Adv. Nonlinear Stud. 17 (2017), no. 2, 245-254.

[9] Friedman, A.; Kamin, S. The asymptotic behavior of gas in an n-dimensional porous medium.
Trans. Amer. Math. Soc. 262 (1980), no. 2, 551-563.

[10] Gilding, B.H.; Goncerzewicz, J. Large-time behaviour of solutions of the exterior-domain
Cauchy-Dirichlet problem for the porous media equation with homogeneous boundary data.
Monatsh. Math. 150 (2007), no. 1, 11-39.

[11] Herraiz, L. Asymptotic behaviour of solutions of some semilinear parabolic problems. Ann.
Inst. H. Poincaré Anal. Non Linéaire 16 (1999), no. 1, 49-105.

[12] Kamin, S.; Vazquez, J. L. Asymptotic behaviour of solutions of the porous medium equation
with changing sign. STAM J. Math. Anal. 22 (1991), no. 1, 34-45.

[13] King, J. R. Integral results for nonlinear diffusion equations. J. Engrg. Math. 25 (1991), no. 2,
191-205.

[14] Pattle, R. E. Diffusion from an instantaneous point source with a concentration-dependent
coefficient. Quart. J. Mech. Appl. Math. 12 (1959), 407-409.

[15] Véazquez, J.L. Asymptotic beahviour for the porous medium equation posed in the whole
space. J. Evol. Equ. 3 (2003), no. 1, 67-118.

[16] Vazquez, J.L. “The porous medium equation. Mathematical theory”. Oxford Mathematical
Monographs. The Clarendon Press, Oxford University Press, Oxford, 2007. ISBN: 978-0-19-
856903-9.

2

(3

4

[5

[7

8



NEAR-FIELD ASYMPTOTICS FOR THE PME IN 2-D EXTERIOR DOMAINS. 17

[17] Zel’dovi¢, Ya.B.; Kompaneets, A.S. On the theory of propagation of heat with the heat
conductivity depending upon the temperature. Collection in honor of the seventieth birthday
of academician A.F.Ioffe, pp. 61-71. Izdat. Akad. Nauk SSSR, Moscow, 1950.

[18] Ziemer, W.P. Interior and boundary continuity of weak solutions of degenerate parabolic
equations. Trans. Amer. Math. Soc. 271 (1982), no. 2, 733-748.

CARMEN CORTAZAR
DEPARTAMENTO DE MATEMATICA, PONTIFICIA UNIVERSIDAD CATOLICA DE CHILE
SANTIAGO, CHILE.

E-mail address: ccortaza@mat.puc.cl

FERNANDO QUIROS
DEPARTAMENTO DE MATEMATICAS, UNIVERSIDAD AUTONOMA DE MADRID
28049-MADRID, SPAIN.

E-mail address: fernando.quiros@uam.es

NoeEM{ WOLANSKI

DEPARTAMENTO DE MATEMATICA, FCEYN, UNIVERSIDAD DE BUENOS AIRES,
AND IMAS, CONICET,

(1428) BUENOS AIRES, ARGENTINA.

E-mail address: wolanski@dm.uba.ar



