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Stability analysis of asymptotic profiles for
sign-changing solutions to fast diffusion
equations

Goro Akagi* and Ryuji Kajikiyal

Abstract

Every solution u = wu(x,t) of the Cauchy-Dirichlet problem for
the fast diffusion equation, 9;(|u|™ 2u) = Au in Q x (0,00) with a
smooth bounded domain © of RY and 2 < m < 2* := 2N/(N —2),
vanishes in finite time at a power rate. This paper is concerned with
asymptotic profiles of sign-changing solutions and a stability analysis
of the profiles. Our method of proof relies on a detailed analysis of a
dynamical system on some surface in the usual energy space as well
as energy method and variational method.
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1 Introduction

Let Q be a bounded domain of RY with smooth boundary 0. We are
concerned with the Cauchy-Dirichlet problem for fast diffusion equations of
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the form

O (Ju|™?u) = Au  in Qx (0,00), (1.1)
u=20 on 99 x (0,00), (1.2)
u(-,0) = up in Q, (1.3)

where 9; = 9/t and m > 2. By putting w = |u|™ 2u, equation (1.1) can be
rewritten in a usual form of fast diffusion equation,

dw = A (jw|"w) in Q x (0, 00) (1.4)

with the exponent r = m/(m — 1) € (1,2). Fast diffusion equations arise
in the studies of plasma physics, kinetic theory of gases, solid state physics
(see [4], [6] and also [36]), and moreover, there are a vast amount of contribu-
tions (see [25, 26, 28], [16], [15], [39], [44], [13], [35], [19], [20], [18], [17], [29]
and so on). Sabinina [37] studied the one-dimensional case and found that
classical solutions vanish at a finite time t,, which is called extinction time,
depending on initial data, and moreover, the existence of finite extinction
time was extended to more general cases (see [3], [14], [24]). Berryman and
Holland [5] established the optimal extinction rate of solutions u = u(x,t)
vanishing at a finite time ¢, under m < 2* := 2N/(N — 2),, more precisely,
it holds that

c1(te =)V < u(t) | gp gy < ea(te = )Y forall t € [0,1,]

with c¢1,co > 0, provided that ug £ 0. Moreover, they revealed asymptotic
profiles ¢(z) := limy », (t. —t)~Y ™ 2u(z,t) of smooth positive solutions and
proved the stability of ¢ only for nonnegative solutions. Kwong [27] extended
the results of [5] to nonnegative weak solutions. Furthermore, Savaré and
Vespri proved the convergence in L™(Q) of (t, —t)~Y (™ 2uy(x,t) ast S t, for
sign-changing solutions in [38], where a generalized equation is treated. We
also refer the reader to [41] as a survey of this field. However, there seems no
contribution to the stability analysis of asymptotic profiles for sign-changing
solutions. This paper addresses such an extinction property as well as a
stability analysis of asymptotic profiles for sign-changing energy solutions to
the fast diffusion equation (1.1)—(1.3).

In Section 2, we summarize preliminary facts on H ~!-solutions u = u(z, t)
for (1.1)-(1.3) as well as the extinction time ¢, = t.(ug) of u. In Section 3,
we revisit asymptotic profiles of sign-changing H ~!-solutions for (1.1)—(1.3)
which vanish at a finite time t, = t.(ug). To this end, we use the following
change of variables,

v(z,s) = (t, — )"V Dy(2,t)  with s =log(t./(t. — 1)), (1.5)



and investigate the convergence of v(z,s) as s — oo along a subsequence.
Then (1.1)—(1.3) will be rewritten as

s (Jv]"?v) — Av = Ay o™ 20 in © x (0, 00), (1.6)
v=0 on 0f) x (0, 00), (1.7)
v(-,0) = v in Q (1.8)

with A, := (m —1)/(m —2) > 0 and the initial data
Vo = t* (uo)fl/(m72)u0. (19)

Here it is noteworthy that the functional J : HJ(2) — R given below acts as
a Lyapunov functional for this system:

J(w) = %/Q|Vw(:v)|2dx—%/ﬂ|w(z)|md:p for w € Hy(Q).

By using a standard energy method, one can prove that v(s) converges in
H} () as s — oo along a subsequence to a stationary solution ¢ of (1.6)-
(1.8), which solves

—A¢=Anld" % (1.10)
»=0 on 0f2 (1.11)

and plays as a critical point of J, and therefore ¢ is an asymptotic profile of
u=u(z,t)ast Tt,.

In Section 4, we investigate the dynamical system generated by (1.6)—(1.8)
on the peculiar phase space

X = {t(uo) " Pug; ug € Hy() \ {03},

which is equivalently rewritten by X = {vy € H}(Q); t.(vg) = 1} (see Propo-
sition 4.2) to obtain several important facts to be used in our stability anal-
ysis of asymptotic profiles. Moreover, we also provide some representation
of extinction time for solutions of separable form as an independent interest.
Furthermore, a by-product of our analysis also completely classifies HJ ()
into the stable and unstable sets and their separatrix in terms of large-time
behaviors of solutions for the Cauchy-Dirichlet problem (1.6)—(1.8). Then
the set X acts as the separatrix and contacts the Nehari manifold associated
with the functional J only at the set of non-trivial solutions of (1.10), (1.11)
(see also Proposition 4.11 and Remark 4.12).

In Section 5, we perform a stability analysis of asymptotic profiles for
(1.1)—(1.3). We first give definitions for the (asymptotic) stability and insta-
bility of profiles, which coincide with those in Lyapunov’s sense of equilibria
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of the dynamical system generated by (1.6)—(1.8) in the phase space X. Our
analysis performed in Section 4 will be crucial here to investigate the restric-
tion by & on behaviors of solutions to (1.6)—(1.8). Due to these materials,
we prove that every least energy solution ¢ of (1.10), (1.11) is a stable (resp.,
asymptotically stable) profile, if ¢ is isolated in H}(Q2) from all the other
least energy (resp., sign-definite) solutions. In particular, if (1.10), (1.11)
has a unique positive solution, it is an asymptotically stable profile (see §5.3
for known results on the uniqueness of positive solutions of (1.10), (1.11)).
Moreover, we also prove that every sign-changing solution ¢ of (1.10), (1.11)
is not an asymptotically stable profile. In addition, if ¢ is isolated in HJ (£2)
from all the other nontrivial solutions of (1.10), (1.11) with lower energies
than J(¢), it is an unstable profile. Furthermore, we prove that sign-changing
least energy solutions of (1.10), (1.11) are always unstable profiles. In the
final subsection, we study the one dimensional case and give a representa-
tion of all stationary solutions of (1.6)—(1.8). By using it, we prove that any
solution v(s) of (1.6)—(1.8) with N = 1 converges to a stationary solution
as s — oo, and furthermore, a positive or negative stationary solution is
asymptotically stable and all the other solutions are unstable.

Here we emphasize that (isolated) positive and negative solutions of
(1.10), (1.11) are asymptotically stable equilibria of the dynamical system
generated by (1.6)—(1.8) on the phase space X'. In contrast, nontrivial so-
lutions (particularly, positive and negative solutions) of (1.10), (1.11) are
saddle points of J in H}(£2), and hence they could be unstable equilibria of
the dynamical system in the whole Hj (). One can say that the geometry
of X peculiarly affects the stability and instability of equilibria.

As for porous medium equations, i.e., the case of 1 < m < 2, solutions
decay at the optimal rate, t'/(™=2) as t — oo, and moreover, asymptotic
profiles of solutions have already been studied also for sign-changing data
(see [2], [40] and also [42] as a survey of this field). In this case, by applying
the change of variables, v(x, s) = (t + 1) 2y(x,t) and s = log(t + 1), one
also treats (1.6)—(1.8); then, vy coincides with wuy.

Notation. We write (s), := max{s,0} > 0 for s € R. Let H(Q) be
the closure of C§°(f2) in the usual Sobolev space H'(Q) = W2(Q). Let us
denote by || - ||, the usual norm of L™-spaces, and moreover, |lull12 = ||Vul|2
and || - ||-12 stand for the norms of H}(Q2) and of its dual space H (),
respectively. The value of a functional u € H~1(Q2) at v € H () is denoted
by (u,v>Hé. We put F := (—=A)~!, where A is the Laplace operator from
H}(Q) into H1(2), to be a duality mapping, i.e., {w, F(w))gy = w5 =
IF(w) 2, for w e H(2).



We set constants: A, := (m —1)/(m —2) > 0,
2N
2*::N_2 if N>3 and 2"=o00 if N=1,2,
where 2* is the so-called Sobolev critical exponent associated with the con-
tinuous embedding H'(Q) < L™(Q) for m € [1,2*]. Furthermore, define the
Rayleigh quotient,

R(w) := e for w e Hy(Q)\ {0},

[0

associated with the Sobolev-Poincaré inequality
1wl < Crllw|ie  for w € Hy(Q), (1.12)

provided that m € [1,2*], with the best possible constant C,, which is the
supremum of R(w)™" over w € H}(Q) \ {0}.

2 Preliminary facts on H!-solutions

In this paper we are concerned with H~!-solutions for (1.1)-(1.3) defined by
DEFINITION 2.1 (H~*-solutions). A function u : QX (0,00) — R is said to be
an H™'-solution (simply, solution) for (1.1)—(1.3) if the following conditions
are all satisfied:
e uec L*0,T; HY(Q))NL™(0,T; L™(Q)) and |u|™*u € W2(0,T; H1(Q))
for all T > 0.

o [t follows that

(™) (8), &)y + /Q Vu(e,t) Vo(@)dz =0 (21)
for a.a. t € (0,00) and for all ¢ € Hy (),

where (-, '>H(} denotes the duality pairing between Hi(QY) and its dual
space and I = d/dt.

o |ul™2u(t) = |ug|™uq strongly in H=*(Q)) as t — +0.

The existence and uniqueness of H~!-solutions have already been proved
for any |ug|™?uy € H~'(Q) by using the theory of evolution equations due
to Brézis [7]. As pointed out in [3], every solution u = u(x,t) vanishes at a
finite time ¢, and remains to be zero for ¢t > t,. Throughout this paper we
call t, the extinction time of u. From the uniqueness of a solution, one can
write ¢, = t.(up).

Furthermore, we can derive energy inequalities in a standard way.
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PROPOSITION 2.2 (Energy inequalities). Let u be an H'-solution for (1.1)-
(1.3) with ug € H3(Q)NL™(Q). Then u belongs to C([0,00); H ()N L™(Q))
such that u(0) = ug and the following energy inequalities hold for a.a. t €
(0, 00):

1 d .
QEHU(t)IIm + [|u®)]]f, =0, (2.2)
d 2 14
& (m=2)/2 L a 2 9
s dt!u\ u(t) 2 + 2dtHU(t)II1,2 <0, (2.3)

with the constant i, == 4/(mm’) >0 and m' :=m/(m — 1).

Identity (2.2) immediately follows from the multiplication of (1.1) and
u(t). To derive (2.3), we first establish a corresponding energy inequality by
testing suitable approximations of (1.1) on d,u, and then derive the conver-
gence of such approximations. Here, we also exploited the following elemen-
tary inequality:

tm ‘|a|(m_2)/2a — |b|(m_2)/2b|2 < (a=b) (Ja|™2a— |b|"?b)  for all a,b€ R,

provided that m € (1, 00).
As in [5] and [25] (see also [16], [38]), one can prove that

R(u(t)) is nonincreasing for ¢ > 0, (2.4)
as well as the following proposition.

PROPOSITION 2.3 (Estimates from above and below). For m > 2, let u be
an H™ -solution of (1.1)—(1.3) with an initial data ug € HE()NL™(2)\{0}.
Let t, be the extinction time of w. Then it follows that

1/(m~2)
() |lm < (R&UO)Z) (te — )2 forall t€[0,t.).  (25)

In addition, if m < 2*, then it holds that

_o~\ 1/(m—2)
w(t)]|m > ((i—m) (t, — )= for all t € 0,t,). (2.6)

Moreover, we have

O Ym=2) o
(L) (b = Y < [u(®)]1

Am
m\ 1/(m—2)
< (R(UO) > (t* N t)l/(m—2)‘ (27)

Am



This fact has already been proved (see, e.g., [38], where pointwise es-
timates are also established for nonnegative solutions and their gradients);
however, for the reader’s convenience, we briefly give a proof.

Proof. Since R(u(t)) is nonincreasing, we use (2.2) to get
0 = ——lu®l + Ru®)*lu®]:

1 m

< /() + Rlwy(t)”,

where we have put y(t) := ||u(t)||. Noting that y(t.) = 0, we get (2.5).
By (2.2) and (1.12), we have

y' (1) +m/ CLly(1)*™ < 0.
This shows (2.6). By the nonincrease of R(u(t)) and (1.12), we have
lu@l[12 < B(uo)[[w(@®)]lm;  [[u@®)]m < Conllu()]l1,2-
Then (2.5) and (2.6) imply (2.7). O

By putting t = 0 into (2.5) and (2.6), we can immediately obtain the
following corollary, which is also exhibited in [28].

COROLLARY 2.4 (Extinction rate and extinction time). Assume that 2 <
m < 2*. Let u be an H™'-solution of (1.1)—(1.3) with ug € H}(Q) \ {0}.
The optimal extinction rate of u is (t, — t)l/(m*Q) ast /t.. Moreover, the
extinction time t, = t.(ug) is estimated in terms of ug as follows:

l|uoll

luoll3 5

Am < te(uo) < AmCypluoll ™. (2.8)

We next show some scaling property of extinction times by using the fact
that equation (1.1) is invariant under the following transformation:

w i up(z,t) = A"V Dy (2, M) for X > 0.

PROPOSITION 2.5 (Scaling property of t.). For any u > 0 and |ug|™ 2ug €
HYQ), it follows that

te(pg) = "t (ug).

Let us discuss the continuous dependence of the extinction time ¢, on
initial data ug. To the best of our knowledge, the following result could be
new, and it will play a crucial role with the scaling property in our stability
analysis of asymptotic profiles.



PROPOSITION 2.6 (Continuity of t.). Assume that2 < m < 2*. Let ug, ug,, €
H}(Q) be such that (ugy) is bounded in HL(Q) and ug, — ug strongly in
L™(Q). Then t.(upn,) converges to t.(ug). In particular, if m < 2%, then
t.(-) 1s weakly sequentially continuous in H}(Q).

Proof. Set 7, := t.(up). By (2.8), we have

)\ HUO,nHm < < )\ 02 m—2
m 2 = Tn = m m||u07n||m .
HUO,nHLQ

If ug = 0, then the inequality above implies that 7, converges to 0. Let
up # 0. Since ||ugpll12 is bounded by some constant C' > 0 and wug, — ug
strongly in L™(£2), up to a subsequence, 7,, converges to a limit 7 > 0 such
that

To— 7 and 0 < A, O 2 |luel|™ < 7 < M2 |uol|™ 2. (2.9)

We are next concerned with the convergence of solutions u, of (1.1)—(1.3)
with initial data ug,. Let u be the solution of (1.1)—(1.3) with uy. Then
subtract (1.1) from that with u = u,, and multiply this by F(|u,|™ %u, (t) —
lu|™2u(t)) (see §1 for the definition of F) to get

1d
2dt

which leads us to

[oan| ™2 () = [ul™2u(t)|”, <0 for aa. t >0,

sup ||| ™ 2un(8) — Jul ™ 2u ()|,
t>0 ’

< 2 H ’u(),n|m72u0,n - |U0|m72uo}

, 0. (2.10)

2
m

The convergence of the last term follows from the fact that ug, — u strongly
in L™(€2). Furthermore, one can easily observe by (2.3) that

sup ||un(t)]12 < JJuonllie < C,
>0

and moreover, by Tartar’s inequality,

wllun(t) — u(®)m
< <|un|m_2un(t) — || ™2 u(t), un (t) — u(t)>Hé — 0
with a constant w > 0. Thus wu,, — u strongly in C([0, 00); L™(£2)).
Recall (2.5) and (2.6) with u = u,, uyp = ug, and t, = 7,. Then since

(ugn) is bounded in HJ () and wug,, — ug strongly in L™(2), by passing to
the limit as n — oo, one can derive that

e (1 — )Y < w(t) || < el — )V forall t € [0, 7]
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with some constants ¢1,c; > 0. Thus we conclude that 7 = ¢, (uo).
In addition, if m < 2*, then H} () is compactly embedded in L™((2), and
therefore, if ug,, — ug weakly in Hj(2), then t.(ug,) — t.(uo). O

3 Asymptotic profiles

This section is devoted to investigating asymptotic profiles of H~!-solutions
u = u(z,t) of (1.1)-(1.3), which vanish in finite time ¢, at the rate (¢, —
t)1/(m=2) (see Proposition 2.3). We are concerned with asymptotic profiles
defined as follows.

DEFINITION 3.1 (Asymptotic profiles). Let ug € Hy(2) \ {0} and let u =
u(z,t) be an H~'-solution for (1.1)—(1.3) vanishing at a finite time t, > 0.
A function ¢ € HL(Q)\ {0} is called an asymptotic profile of u if there exists
an increasing sequence t, — t, such that

. . —1/(m—2) _ —
Jim [/t = )7 Dult) = 0l =0,

Asymptotic profiles for positive solutions of (1.1)—(1.3) are already stud-
ied in [5] and [27]. Moreover, those for sign-changing solutions are studied
in [38], where the convergence of (t,—t,)~"/(™=2y(-, t,) is proved in the strong
topology of L™(Q2) as t, ' t.. The same conclusion can be also proved for
sign-changing solutions in the strong topology of H}(€2) by simply combin-
ing the both arguments; however, we shall give a proof, because its argument
may provide important hints for our stability analysis of asymptotic profiles.

In order to pursue our analysis, we exploit the change of variables (1.5)
and derive the Cauchy-Dirichlet problem (1.6)—(1.8) from (1.1)-(1.3). The
notion of H~!-solution is defined also for (1.6)—(1.8) as in Definition 2.1. Let
2 <m < 2% Then as in (1.1)—(1.3), the following energy inequalities hold
for a.a. s € (0, 00):

Lol + () = Al (3.1)
4oyl L) <o (3.2)
fom || 2=V v(s T v(s)) <0, .

where J(-) is a functional defined on H{(€2) by

1 Am o
Jw) = lhwly = 2wl for w e HA®).



It is well-defined because H}(Q) € L™(2) by m < 2*. Moreover, multiplying
(1.6) by F(9s(|v|™%v)), we also derive

d m—2 ? 1 d m
P IR O
d
= o (), S (ol 2000) )
ds ol
0
A, d . )
= S 1F (e )],
Thus it holds that
d, o P d
||+ ) =0 (3.3)

with the functional K : L™(2) — R given by
]- m /\m m— 2 m
K(w) := %Hme Y |7 (Jw] 2w)”1’2 for w e L™(Q).

Since m < 2*, the space L™ ™1(Q) is embedded in H~*(Q2). Hence for
w € L™(Q), |w|/™ 2w belongs to H () and F(|w|™?w) is well-defined.
Moreover, if w is in a bounded subset of L™((Q), then F(Jw|™ ?w) is bounded
in H}(Q) and so is K(w). By (2.4) we obtain

R(v(s)) = R(u(t)) is nonincreasing for s > 0. (3.4)

We also recall the Dirichlet problem (1.10), (1.11) as a stationary prob-
lem for (1.6)—(1.8). Equation (1.10) is called the Lane-Emden (or Emden-
Fowler) equation. Here we remark that (1.10), (1.11) can be regarded as
an Euler-Lagrange equation for the functional J(-). There are a number of
contributions to this elliptic problem, and particularly, it is well known (see,
e.g., [34]) that (1.10), (1.11) admits infinitely many nontrivial solutions and a
positive solution, provided that m < 2*. Moreover, any solution has a C?(Q)
regularity by the standard regularity theorem of elliptic equation.

Now, we are ready to state a theorem on asymptotic profiles of solutions
u = u(z,t) for (1.1)—(1.3) as t — t., equivalently, the convergence of solutions
v =wv(z,s) for (1.6)—(1.8) as s — oo (cf. [5], [27], [38]).

THEOREM 3.2 (Asymptotic profiles). Assume that 2 < m < 2*. Let u be an
H~'-solution of (1.1)—(1.3) with uy € H3(Q) \ {0}. Then for any increasing
sequence t, — t,, there exist a subsequence (n') of (n) and a solution ¢ €

H}(Q)\ {0} of (1.10), (1.11) such that
tli{ﬂ)t [(ts — tn) Y Du(t,) — ¢l1o = 0. (3.5)

n
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Proof. Let t,, /t. and put s, :=log(t./(t. —t,)) / co. By (2.5) and (2.6),
it follows that
0<cp <|v(s)|[m <ece foralls>0

with some constants ¢1,co > 0. Therefore once one proves (3.5), ¢ is non-
trivial. Since s +— J(v(s)) is nonincreasing by (3.2), we obtain

sup ||v(s)]l12 < o0. (3.6)
s€[0,00)

As stated before (3.4), K(v(s)) is bounded. Then (3.3) leads us to
I
Let 7 be a measurable subset of (0,00) such that (0,00) \ 7 has Lebesgue

measure zero and (1.6), (3.1)—(3.3) hold for all s € 7. For each n € N we
can take 0,, € [s,, S, + 1] NT such that

d 2

——[v["u(s)

P ds < 0.

-1,2

d
d—|v|m_20(9n) — 0 strongly in H ().
s

Hence by (1.6), it follows that
—Av(0,) — Am|v|"0(0,) — 0 strongly in H'(Q).

By (3.6), we can take a subsequence denoted by 6, — oo and ¢ € H}(Q)
such that

v(6,) = ¢ weakly in Hj(f2) and strongly in L™(2),
since Hg(Q) is compactly embedded in L™ () by assumption. Moreover,
0| 20(0,) — || 2¢  strongly in L™ ().

Therefore ¢ solves (1.10), (1.11).
To derive the strong convergence of v(6,) in H}(£2), we remark by (1.6)
that

d _
o = Al = (™o 0())  for s €T,
S Hé
Put s =6, € T to get
o815 = Aullolz = 612

11



Hence since H} () is uniformly convex, v(6,,) — ¢ strongly in H} ().

In particular, we observe that J(v(6,)) — J(¢). Since J(v(+)) is nonin-
creasing, J(v(s,)) also converges to J(¢).

We finally prove the strong convergence of v(s,) in Hg(2). Since s, <
0, < s, + 1, we deduce that

10120 (sn) = [0 20 (6n)|_,

; 1/2
" d
< (/ d—\v|m’2v(s) ds) \ 0, — s,
Sn S —1,2

ol ) 1/2
< (/Sn Elv\m’%(s) ds) — 0.

~1,2
Therefore by Tartar’s inequality, we find that
wllo(sn) = v(0a) I < (™ *0(0n) = 1™ v (sn), v(0n) = v(sn)) = 0,

which implies that v(s,) — ¢ strongly in L™(f2), and weakly in Hj(2) by
(3.6). Hence it holds that

2

]_ /\m m
Slosallia = J(u(sa)) +—llv(sa) I
(sl &
Ay 1
= J@)+ ol = 59l
Thus v(s,) converges to ¢ strongly in H}(Q). The proof is complete. O

REMARK 3.3. (i) Let ¢ be a nontrivial solution for (1.10), (1.11). Then
u(z,t) = (1 —t)i/(m_z)gb(x) solves (1.1)—(1.3) with uy = ¢ and vanishes
at t = 1 (hence t.(¢) = 1). Moreover, ¢(x) is the asymptotic profile of
u(z,t). On the other hand, by virtue of Theorem 3.2, every asymptotic
profile solves (1.10), (1.11). Hence the set of all asymptotic profiles
coincides with that of all nontrivial solutions for (1.10), (1.11).

(ii) This theorem does not say anything on the uniqueness of asymptotic
profiles for each solution. However, in the one-dimensional case, since
every nontrivial solution for (1.10), (1.11) is distinct from each other,
every solution has a unique profile (see §5.4 for more details).

4 Dynamical systems generated by (1.6)—(1.8)

In this section, we study a dynamical system generated by (1.6)—(1.8) in the
phase space X given by

X = {t.(w) VD w e HY(Q) )\ {0}}).

12



As we saw in §3, every asymptotic profile of solutions for (1.1)—(1.3) is charac-
terized as a stationary point of the dynamical system. Moreover, in the next
section, we shall introduce the notion of stability /instability for asymptotic
profiles, which is equivalently rewritten by that for stationary points of the
dynamical system on X (see Remark 5.2). Hence it is crucial to investigate
the dynamical system, in particular, the geometry of the phase space X.

On the other hand, we also provide some representation formula of ¢, and
classify asymptotic behaviors of solutions for (1.6)—(1.8) in terms of initial
data as an independent interest.

Throughout this section, we assume that

2 <m < 2%
Let us start with the well-definedness of the dynamical system on X'

PROPOSITION 4.1 (Dynamical system on X'). The solution operator T'(s) :

vo — v(s) associated with (1.6)—(1.8) generates a dynamical system on the
set X.

Proof. Let vy € X, i.e., vg = t.(ug) "™ 2wy with some uy € HL(Q) \ {0}.
From the definition of extinction time, it is obvious that ¢,(u(t)) = t.(ug) —t,
where u is the unique H~!-solution of (1.1)—(1.3) vanishing at t,(ug). Hence
we observe that

v(s) = (t(uo) — 1) V" Pu(t) = t.(u(t) " Du(t).
Thus v(s) lies on & for all s > 0. O
One can easily observe that
PROPOSITION 4.2 (Representation of X'). It follows that
X ={w e Hy(Q); t.(w)=1}.

Proof. Tfv € X, then there exists w € H
By Proposition 2.5, we have t.(v) =
t.(v) = 1, then we can write v = t,(v)~

L()\{0} such that v = ¢, (w) V"2,
1. Conversely, if v € H}(Q) and
Vm=2)y ¢ X. n

Then by Proposition 2.6, one can immediately verify the following propo-
sition.

PROPOSITION 4.3 (Weak sequential closedness of X'). Suppose that m < 2*.
The set X is sequentially closed in the weak topology of Hy(Q), i.e., if w, € X
and w, — w weakly in H}(Q), then w € X.

13



Throughout this paper, we employ the following notation,

jw) = Apllwly —llwli, for w e Hy(€),
S = {¢ <€ Hy(Q); ¢ is anontrivial solution of (1.10), (1.11)},
N = {we Hy(2)\ {0} j(w) =0},
d = ul}lgjf\/](w), (4.1)
V = {we H)Q); J(w)<d and j(w) <0},
It = {we Hj(Q); j(w)>0}.

The set N is called Nehari manifoldand N' = {w € H}(Q)\{0}; (J'(w),w) =
0}, where J" denotes the Fréchet derivative of J. For any w € N, by (1.12
we have

)

[wll? o = Amllwlli < XnCo w7,
which shows

m— 2 m —
J(w):WHwH%Q_ o ()\ C™) =2 m=2) for any w € N.

Thus
m —

d=—— (A Ccmy 2 m=2) (4.2)

This value is attained by a certain solution of (1.10), (1.11) provided that
m < 2* (see, e.g., [43]).

Here let us recall some preliminary facts on the Dirichlet problem (1.10),
(1.11) to be used later. We call ¢ a least energy solution if it minimizes J(¢)
over the set of all nontrivial solutions of (1.10), (1.11). Least energy solutions
exist whenever m < 2.

LEMMA 4.4. Then the following (1)—(iii) are equivalent:
(1) ¢ is a least energy solution of (1.10), (1.11),
(i) ¢ is a minimizer of J over N,
(iii) ¢ is a minimizer of the Rayleigh quotient R over N .
Moreover, least energy solutions are sign-definite.

Proof. By the definition of N, we have the relation,

2
||w||i2 = m—gj(w) — )\T—nQ/(m—Q)R(w)Qm/(m—@ for w e N.

Since S C N, we have the equivalence among (i)—(iii).
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If ¢ is a least energy solution, so is |¢|. Hence |¢| is a critical point of J,
i.e., it is a weak solution of (1.10), (1.11). Then it belongs to C?(Q2) by the
elliptic regularity theorem. By the strong maximum principle, |¢(z)| > 0 in
Q. Thus ¢ is a positive or negative solution. O

REMARK 4.5. Coffman [10], Li [30] and Byeon [8] studied the case that Q is
the annulus domain Qg, R < |z| < R+ 1, and proved that a positive radial
solution ¢,4q of (1.10), (1.11) with Q = Qg is not a least energy solution
if R > 0 is large enough. Indeed, they obtained many non-radial positive
solutions /1, . .., ¥y, which are not rotationally equivalent, satisfying

J(¢1> < J(¢2) < < J(wk) < J<¢rad)7

provided that R > 0 is large enough, where ¢,,q is a unique positive radial
solution (the uniqueness of positive radial solutions in the annulus domain
was proved by Ni [32]). Therefore least energy solutions are not radially
symmetric.

Let ¢ be a least energy solution of (1.10), (1.11) and O(N) the orthogonal
group. Then the set {¢(gx); g € O(N)} is not a single point but a continuum
in H}(Q). Since ¢(gx) also minimizes J over N, least energy solutions are
not unique and ¢ is not isolated from all the other least energy solutions. We
shall also state known results on the uniqueness of the least energy solution
in Remark 5.11.

We next investigate the dynamical system generated by (1.6)—(1.8) in a
usual energy space, that is, Hj ().

LEMMA 4.6 (Large-time behavior of v). Let v be an H™'-solution of (1.6)—
(1.8) with an initial data vy € Hy(L2).

(i) Ifvg € V, then v vanishes in finite time.
(i) Ifvo € JT, then v is unbounded in L™ (L) as s — 0.
Proof. From the definition of d, one can say N NV = (), and hence,
V={¢ e Hj(Q); J(¢) <d and j(¢) <0} uU{0}.

If vy = 0, the assertion (i) is obvious. If vy € V' \ {0}, then v(s) € V for all
s > 0. Indeed, since J(v(s)) is nonincreasing, J(v(s)) < d for all s > 0, and
therefore v(s) ¢ N. Hence j(v(s)) < 0.

We have

o)y = TGl + - [5(e(s) + ()R

1 2
< Jwo) + —lv(s)lliz



which implies
m 1/2
loe)he < (225 7w)

Hence we derive from (3.1) with (1.12) that

) om, (m—2)/2 )
O+ @ < anC (2250 ) (o)

Since J(vg) < d, we find by (4.2) that

(m—2)/2
2m
Hence it follows that
d
d—Hv(s)Hm +m'5C 2lv(s)||?, <0 for a.a. s> 0,
S

which implies that ||v(s)||,, vanishes in finite time.
As to (ii), since R(v(s)) < R(vg) by (3.4), we derive from (3.1) that

— IG5+ R(wo)*[(s)l[7 = Amllv(s)17
Now the following ODE of Bernoulli-type,
Y —m Ay = —m/'R(ve)>y¥™  for s>0 and y(0) = ||lvo]™,

is explicitly solved by

y(s) = {(Hvo\mQ - %2)2) o R(;:)? }m/(m—2) |

Here we note by the fact that j(vg) > 0 that

R(v)*  j(vo)

A N )‘m”UOH?n

> 0.

lvoll ™ —

By the comparison principle, y(s)"/™ < ||v(s)|],, for all s > 0. O

From these observations, we can characterize the phase space X in the
following proposition, which will play a crucial role in our stability analysis
to be performed in §5.
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PROPOSITION 4.7 (Variational property of X'). It holds that
Xcld<J:={weH;); d< J(w)}.
Moreover, if w € X and J(w) = d, then J'(w) =0

Proof. For each vy € X, i.e., vg = t,(uo) /" 2uy with some ug € HE(),
the function v(s) := (t, — t)~(=2uy(t) uniquely solves (1.6)—(1.8), where u
is a solution of (1.1)—(1.3) with u(0) = g, and moreover, v(s) is uniformly
away from zero and bounded for all s > 0 by (2.5) and (2.6). Hence by
Lemma 4.6, we deduce that vy ¢ VU JT. Thus X C [d < J].

Suppose that vy € X and J(vy) = d but J'(vg) # 0. Let v(s) be the
unique solution of (1.6)—(1.8) with the initial data vo. Since J'(vg) # 0,
v(s) is not a stationary solution. Hence (d/ds)J(v(s)) < 0 by (3.2), and
J(v(s)) < J(vg) = d for s > 0. Moreover, by Proposition 4.1, v(s) € X.
These facts contradict X C [d < J|. It completes our proof. O

REMARK 4.8. (i) Only in the case of the subcritical, m < 2*, one can
obtain the conclusion of Proposition 4.7 in an easier way. Indeed, by
Theorem 3.2, for any vy € X, we can take a sequence s, — 00 such
that v(s,) converges to ¢ € S strongly in Hj(£2). Since ¢ solves (1.10),
(1.11), it holds that d < J(¢). Since J(v(+)) is nonincreasing, we can
conclude that d < J(vp). Thus vy € [d < J].

(ii) Lemma 4.6 also provides further information that j(w) < 0 for all
w € X. Hence by (3.1), ||v(-)|l: is nonincreasing for the solution v of
(1.6)—(1.9) with any vy € X. Moreover, since J(v(+)) is nonincreasing,
so is ||v(+)]|1.2-

The rest of this section is devoted to some results of independent interest.
The following lemma provides a representation of t,.

LEMMA 4.9. For ug € H}(Q) \ {0}, let u be an H'-solution of (1.1)—(1.3),
and let t, = t.(ug) be the extinction time for u. Then it holds that

1 1

te Anlluollz?

/000 R(v(s))%e *ds, (4.3)

where v(s) := (t, —t) "V 2Duy(t) with s = log(t./(t. —t)) > 0 fort € [0,t,).

Proof. By (2.2), we have
o)l + Rl =0 foraa 1€ (0.1.)
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Then it follows that

1 t 1/(m—2)
o)l = (Jooll* = 5 [ Reu(rPar) - ora ¢20
m JO

_l’_

Putting ¢ = ¢, and using the fact that R(u(t)) = R(v(s)), we can deduce

Nt ]|2 = 1, ./g R(v(s))2e~ds,

which implies (4.3). O

In the next proposition, solutions u = u(x,t) of separable type (equiva-
lently, solutions for initial data uy € R(S), i.e., ug = ¢ with some r € R
and ¢ € §) are characterized by an explicit formula of the extinction time.

ProrosITION 4.10 (Extinction time for solutions of separable type). Let
ug € HY(Q) \ {0} be fized. Then uy € R(S) if and only if

(w0) = Al 2, (44)

Proof. The “only if part” follows from Proposition 2.5 and the fact that
t.(¢) = 1 and Ay, ||oll7 = [|9]17 5 for ¢ € S. As for the “if part”, by (4.3) and

assumption, we obtain
Al uo| 7~

/OOO R(v(s))%e *ds = F. (o)
Since R(v(0)) = R(up), we observe by (3.4) that

= R(up)® = /0 h R(ug)?e *ds.

R(u(t)) = R(v(s)) = R(up) for all s> 0,

which yields

ZSR( (t) =0 forallte[0,t,).
We note by (2.2) and (2.3) that
0= LRy = lu(@) I e, — Zlu®)? 5 1wl
dt lu()]I7+
o gy, IO () O~ ()
- lu()]l7+
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Since (d/dt)||u(t)||™ < 0 by (2.2), the inequality above implies

a1l (10 (ful™=272u) @), < =5 @) 15
Here it also follows that
lu®) = ([l ™= 2u(®)];
and
(m—2)/2 (m—2)/2 _ 1d m
(00 (ful™=272u) (0), Jul " =2"2u()) = S [u(®)]7 < 0.

Therefore we obtain
— (@ (jul=272) (0), [u] "2 2u(t))
Jor (™22 ()], - 2ute
Since ||u(t)]|m > 0 for all ¢ € [0,¢,), we can deduce that
O (|u| ™™ 272u) (2,1) = Mt)|u| "2 Pu(z,t)  for aa. z € Q and t € [0,t,)

-

with A(#) := — [0 (Jul"2/2u) (#) o/ |[u()|[72*. Thus

¢
|u|(m*2)/2u(x,t) = ]u0|(m*2)/2uo(x) exp (/ /\(T)dT)
0

for a.a. x € Qand t € [0,¢,). Therefore |u|™=2/2y is a function of separable
form, and therefore, so is u, i.e., ug € R(S). O

We finally show that X is a separatrix between the stable set and the
unstable set for (1.6)—(1.8), that is, two regions of initial data for which v(s)
vanishes in finite time and grows up at infinity, respectively.

PROPOSITION 4.11 (Stable set and unstable set). Assume that 2 < m < 2*.
The following (i)—(iil) are satisfied.

(i) The sets X and N are unbounded surfaces surrounding the origin and
homeomorphic to the unit sphere of H(Q2). The space HL(Q) is sepa-
rated by the surface X into the inside X~ := {w € H}(Q); t.(w) < 1}
and the outside X* = {w € Hj(Q); t.(w) > 1}. Furthermore,
NCcXUXt andNnX =S8.

(ii) The set X coincides with the set of initial data vy for which the solution
v(s) of (1.6)—(1.8) is bounded and uniformly away from the origin in
terms of the L™-norm for all s > 0. The same assertion also holds in
terms of the Hy-norm.
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(iii) Each solution v(s) of (1.6)—(1.8) vanishes in finite time if and only if
vo € X~, and v(s) grows up at infinity if and only if vg € X'T.

Proof. In order to show (i), we set

il )
z(w) ==t (w) Y™ Dy p(w) = (—) w
Amllwli:
for w € H}(Q) \ {0}. Moreover, define the ray from the origin through a
point w € Hg(Q2) \ {0} by R (w) := {A\w; A > 0}. Then by Proposition 4.2
and the definition of N, it follows that

X NRY(w) = {z(w)}, NNRY(w) = {n(w)}. (4.5)

Hence H} (1) is separated by X into two disjoint open sets X~, Xt given as
in the statement of (i). Moreover, one can show that the mappings = and n
are homeomorphic from the unit sphere S to X and N, respectively (further
details of proofs are left to the reader).

Combining the first inequality of (2.8) with (4.5), we deduce that N' C
XUXT. Let us show that NNX = S. Since t.(¢) = 1 for ¢ € S by Remark
3.3, it holds that S C N'NX. It remains to show the converse inclusion. For
any w € N NX (hence t,(w) =1 and j(w) = 0), thanks to Proposition 4.10,
one can write w = c¢ with some ¢ € R and ¢ € S, which together with the
fact that ¢,(w) = 1 implies ¢ = +1, i.e., w € S. Hence NN X = S. Since S
is unbounded in Hg () (see [34]), so are X and A/. Thus (i) is proved.

As to (ii) and (iii), let vo € H3(Q) \ {0} and let u(z,t) and v(z, s) be the
solutions of (1.1)—(1.3) and (1.6)—(1.8), respectively, with the common initial
data vg. Then the relation (1.5) holds with ¢, = 1. In case vy € X~ (i.e.,
te(vo) < 1), put s, =log(1/(1 —t.(vg))) < co. We have

(sl = (1 = t2(v0)) ™ fJults(v0)) | = 0,

since u(x,t) vanishes at ¢ = t,(vp). In case vy € XT (i.e., t.(vg) > 1), since
||w(1)]m is positive, we deduce that

[0()|lme = (1 — )Y D||w(t)||;n = 00 as s — oo (equivalently, t 7 1).

In case vy € X (i.e., t,(vo) = 1), Proposition 2.3 guarantees that ||v(s)||,, and
|v(s)|l1,2 are bounded and uniformly away from zero for all s > 0. Combining
all the facts above, we obtain (ii) and (iii). O

REMARK 4.12. It is noteworthy that the separatrix X of the stable set and
the unstable set of initial data for (1.6)—(1.8) is different from the so-called
Nehari manifold A associated with the functional J, and X is inside N.
Moreover, their intersection coincides with S, the set of nontrivial stationary
solutions.
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5 Stability analysis of profiles

In this section, we perform a stability analysis of asymptotic profiles of solu-
tions for (1.1)-(1.3). Throughout this section, we assume that

2 <m < 2%,

We start with explicitly giving a definition of the (asymptotic) stability and
instability of profiles.

DEFINITION 5.1 (Stability and instability of profiles). Let ¢ € Hy(Q) \ {0}
be an asymptotic profile of a nontrivial solution for (1.1)—(1.3), equivalently,
¢ is a nontrivial solution of (1.10), (1.11).

(1) ¢ is said to be stable, if for any € > 0 there exists 0 > 0 such that any
solution u of (1.1)—(1.3) and its extinction time t. satisfy

sup || (t. — )" Pu(t) = ol <,
te[0,t4)

whenever [|[u(0) — ¢|l12 < 0.

(ii) ¢ is said to be unstable, if ¢ is not stable.

(i) ¢ is said to be asymptotically stable, if ¢ is stable, and moreover, there
exists 69 > 0 such that any solution u of (1.1)—(1.3) and its extinction
time t, satisfy

) o\ —1/(m—2) _ =
lim [|(t. = 1) u(t) — ¢l =0,

whenever [|[u(0) — ¢||12 < dp.

REMARK 5.2. Recall (1.5) and (1.9). Then we can translate the notion of
stability /instability of asymptotic profiles for solutions of (1.1)—(1.3) into
that of stationary points of the dynamical systems generated by (1.6)—(1.8)
on X. Indeed, since t,(¢) =1 for all ¢ € S and t.(-) is continuous in HJ (£2)
by Proposition 2.6, one can equivalently replace ||u(0) — ¢||12 in (i) and (iii)
of Definition 5.1 by |[v(0) — ¢||12 with v(0) = #.(u(0))"YMm=2y(0) € X.
Hence (i) and (iii) stated above can be rewritten by the following (i)’ and
(iii)’, respectively:

(i)’ ¢ is said to be stable, if for any £ > 0 there exists § > 0 such that any
solution v of (1.6)—(1.8) satisfies

sup |[lv(s) — ¢ll12 <e,
$€[0,00)

whenever v(0) € X and |[v(0) — ¢||12 < 0.
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(iii)" ¢ is said to be asymptotically stable, if ¢ is stable, and moreover, there
exists g > 0 such that any solution v of (1.6)—(1.8) satisfies

sﬁ/I(T)lo |v(s) = ¢ll12 =0,

whenever v(0) € X and |[v(0) — ¢|]12 < do.
The next lemma is elementary but important for later arguments.

LEMMA 5.3. Let ¢,, and ¢ be solutions of (1.10), (1.11) such that ¢,, converges
to ¢ in HY(Q). If ¢ > 0 in Q, then ¢,(x) > 0 in Q for n large enough.

In particular, sign-definite solutions of (1.10), (1.11) are isolated in H}(2)
from all sign-changing solutions of (1.10), (1.11).

Proof. Since ¢, converges to ¢ in H(Q), it converges in C%(Q) also by the
elliptic regularity theorem. From the Hopf maximum principle, it follows
that d¢/0v < 0 on 0S2, where d¢/0v denotes the outward normal derivative.
Then the C?(Q)-convergence assures that ¢, > 0 for n large enough. O

In the rest of this section, we shall use the following notation:
[J<a] = {we Hy(Q); J(w) < al,
B(gir) = {w € Hy(Q); w—¢llz<r}

for a € R, r > 0 and ¢ € H}(R2). Moreover, [J < a] can be defined in a
similar way:.

5.1 Stable profiles

In this subsection, we show that isolated least energy solutions of (1.10),
(1.11) are (asymptotically) stable profiles of solutions for (1.1)-(1.3). Exam-
ples of isolated least energy solutions will be given in Remark 5.11. Recall
that every least energy solution of (1.10), (1.11) is sign-definite by Lemma
4.4.

THEOREM 5.4 (Stable profiles). Let ¢ be a least energy solution of (1.10),
(1.11).

(i) If ¢ is isolated in H(SY) from all the other least energy solutions of
(1.10), (1.11), then it is a stable profile.

(ii) If ¢ is isolated in HE(SY) from all the other sign-definite solutions of
(1.10), (1.11), then it is an asymptotically stable profile.
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Proof. Let ¢ satisfy the assumption of (i). We choose an r > 0 so small that
there is no least energy solution in B(¢;r) except for ¢. We claim that for
any € € (0,7),

c:=inf{J(w); we X, |[w—9¢|12=c}>d. (5.1)

By Proposition 4.7, we have already known that ¢ > d. Hence suppose on
the contrary that there is a sequence w,, € X’ such that ||w, — ¢||12 = € and
J(wy,) converges to d. Then up to a subsequence, w,, converges to a limit wy,
weakly in H}(Q) and strongly in L™(€2) by m < 2*. The limit w., belongs to
X because of the sequential closedness of X in the weak topology of HJ ()
(see Proposition 4.3), and so J(w) > d by Proposition 4.7. Therefore we
obtain

1 )\m m
slwallie = J(wa) +—=lwall
A A 1
— d+ = oo m<J oo — ) m=7z 00 i )
2 < () + 22 e = 2 el
which leads us to
limsup [[wn 12 < [[weoll1,2-
n—oo
This result together with the lower semicontinuity of || - ||;2 implies that

lwn|l12 = || weoll1.2. From the uniform convexity of H}(Q), we derive w,, —
Wso strongly in HJ(R). Then J(ws) = d, we € X and ||we — @12 = €.
Hence Proposition 4.7 asserts that J'(w.) = 0, i.e., wy is a least energy
solution. However, this contradicts the choice of . Thus we have (5.1).

Let € > 0 and choose 0 € (0, ¢) so small that J(w) < ¢ for all w € B(¢;9).
Let vg € X N B(¢;9) (hence, J(vy) < ¢). By Proposition 4.1, the solution
v(s) of (1.6)—(1.8) lies on X for all s > 0. We claim that v(s) remains in
B(¢;¢) for all s > 0. Indeed, if v(sg) € OB(¢; ) at some sy > 0, then we have
c < J(v(sp)) < J(vg), which contradicts the fact that J(vy) < ¢. Therefore
v(s) € B(¢;¢) for all s > 0. By Remark 5.2, this proves the stability of ¢.

We next show (ii). Let ¢ be a least energy solution which is isolated in
H} () from all the other sign-definite solutions of (1.10), (1.11). By Lemma
5.3, ¢ is also isolated in Hg () from all the other solutions, and hence, one
can choose an r > 0 so small that there is no solution of (1.10), (1.11) on
B(¢;r) except for ¢. By (i), the solution v(s) remains in B(¢;e) forever,
where we choose ¢ less than r. Then the w-limit set of v(s) consists of a
single point ¢ only. Thus by Theorem 3.2, v(s) converges to ¢, and therefore
¢ is asymptotically stable. O]
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5.2 Unstable profiles

We next discuss the instability of profiles for solutions of (1.1)-(1.3). It is
well known that (1.10), (1.11) has an unbounded sequence of solutions in
H} (), which is proved by Ambrosetti and Rabinowitz [1] (see [34] also),
and moreover, the set of all sign-definite solutions has an a priori bound in
L>=(£2), hence in HJ(Q) also by Gidas and Spruck [22]. Therefore (1.10),
(1.11) has an unbounded sequence of sign-changing solutions.

THEOREM 5.5 (Unstable profiles). Let ¢ be a sign-changing profile of a so-
lution of (1.1)=(1.3). Then v is not asymptotically stable. Moreover, if 1 is
isolated in Hg(Q) from all w € S satisfying J(w) < J(v), i.e., there exists
R > 0 such that

B(y;RyNSN[J < J()] =0, (5.2)

then 1 s unstable.

Proof. Let 1 be any sign-changing profile, i.e., it is a sign-changing solution of
(1.10), (1.11). Then ¢ has a C?(2)-regularity, and each connected component
of {x € Q; ¥(x) # 0} is called a nodal domain. By assumption, ¢ has at
least two nodal domains. Let D be one of them. Then D and Q\ D are
nonempty open sets. Define the functional Jp by

o) = [ (GIVe@P - 22 @) do

Since v satisfies (1.10) in D and vanishes on 0D, it holds that

/|V¢ )2dz = A /|¢ )" dz.

Then we have the relation,

JD(t¢):<———)/|w )*de for t > 0,

which attains its maximum only at ¢ = 1 over ¢t € [0, 00). The same assertion
holds for Jo\5(ty) also. We define

‘ Y(x) ifxeD,
V() = { /12(91:) ifxeQ\D

for 1 > 0. Clearly, ¢, belongs to H}(£2) because ¢ vanishes on 9D U 95.
Then we see easily that

J(chy) = Jplepp) + Jople) < Jp(¥) + Jo\p(¥) = J (V) (5-3)
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if u>0,pu#1andc>0.

We are now in a position to show that ¢ is not asymptotically stable.
It is obvious that v, converges to ¢ in Hj(Q) as p — 1. Put ug, = 1,
7, = ti(uo,) and vy, = T,fl/(mfz)uoyu € X. By Proposition 2.6, we have

7, — t.(¢) = 1, and therefore
vo, — 1 strongly in Hy(Q) as p— 1.

Let v,(s) be the solution of (1.6)-(1.8) with the initial data v,,. Since
J(v,(s)) is nonincreasing, by (5.3) we obtain

J(vu(s)) < J(vou) < J(¥) if p#1, (5.4)

which implies that v,(s) never converges to ¢ as s — oco. Consequently, by
Remark 5.2, ¥ is not asymptotically stable.

We next assume (5.2). Let ug,, vo, and v,(s) be as above. Then
vu(s) & B(y; R) for all s large enough. Indeed, if there exists a sequence
(sp) diverging to oo such that v,(s,) € B(¢;R), then by Theorem 3.2,
v, (sn) converges to an element ¢ € B(y; R) NS along a subsequence. More-
over, J(¢) < J(vo,) < J(¢). However, this contradicts (5.2). Therefore
vu(s) &€ B(¢; R) for all s large enough. This proves that 1 is an unstable
profile. O]

As stated at the beginning of this subsection, the set of all sign-changing
solutions for (1.10), (1.11) is nonempty. Denote it by SC.

DEFINITION 5.6 (Sign-changing least energy solution). We define the sign-
changing least energy dy by

dy = inf{J(¢); ¢ € SC}. (5.5)
We call 1) a sign-changing least energy solution if J(¢) = dy and ¢ € SC.

The existence of a sign-changing least energy solution has already been
proved by Castro, Cossio, and Neuberger [9]. However, for the reader’s con-
venience we give a proof, which is simpler than that of [9].

PROPOSITION 5.7. The Dirichlet problem (1.10), (1.11) always admits a sign-
changing least energy solution.

Proof. 1t is known (we refer the reader to [34]) that J satisfies the Palais-
Smale condition, i.e., any sequence (w,,) in Hg(£2) has a subsequence strongly
convergent in H}(€) whenever J(w,) is bounded and J'(w,) — 0 as n — oo.
Let 1, be a minimizing sequence for ds, i.e., ¥, € SC and J(¢,) converges
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to dy. Then the Palais-Smale condition assures that, up to a subsequence,
1, converges to a critical point ¢ of J. Then J'(¢p) = 0 and J(¢) = da. We
claim that v is sign-changing. Indeed, if ¢ is positive, then by Lemma 5.3,
Y, > 0 for n large enough. This contradicts ¢, € SC. In case ) < 0 also,
a similar contradiction occurs. Therefore ¢ is a sign-changing least energy
solution. O]

Now, we have a corollary of Theorem 5.5.

COROLLARY 5.8 (Instability of sign-changing least energy solutions). Ewvery
sign-changing least energy solution of (1.10), (1.11) is an unstable profile.

Proof. Let 1 be a sign-changing least energy solution of (1.10), (1.11). Then
we claim that 9 is isolated in H}(Q) from all w € S satisfying J(w) < J ().
Suppose on the contrary that there exists a sequence (w,) in S such that
J(w,) < J(¥) and w, — 1 strongly in H}(€2). Then w,, must be sign-definite
because of the definition of sign-changing least energy solutions. However,
since w, converges also in C?(Q) by the bootstrap argument, ¢ must be
sign-definite, which yields a contradiction. Thus v is isolated. Therefore
Theorem 5.5 leads us to our desired conclusion. O

REMARK 5.9. The sign-changing least energy d, is not necessarily the second
least energy of nontrivial solutions for (1.10), (1.11). However, if (1.10),
(1.11) has a unique positive solution, then ds is the second least energy, that
is, there is no critical value of J in the interval (d, ds).

5.3 Remarks on the uniqueness of positive profile

In this subsection, we give a couple of remarks on the uniqueness of positive
solutions for (1.10), (1.11), which together with the preceding results imply
the asymptotic stability of positive profiles.

A nontrivial solution ¢ of (1.10), (1.11) is said to be nondegenerate if
the linearized operator does not admit zero as an eigenvalue, i.e., the linear
problem,

—Az=(m—1D\,|¢|" %2 in Q,
{ z=10 on 01, (5.6)

admits only the trivial solution z = 0.

COROLLARY 5.10. (i) Ewery nondegenerate least energy solution of (1.10),
(1.11) is an asymptotically stable profile. Moreover, all nondegenerate
sign-changing solutions of (1.10), (1.11) are unstable profiles.
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(i) If (1.10), (1.11) has a unique positive solution, it is an asymptotically
stable profile.

Proof. Tt is well known that every nondegenerate solution is isolated in Hj ()
from all the other solutions, but for the reader’s convenience, we give a
proof. Assume that a sequence ¢,, of solutions of (1.10), (1.11) converges
to a nondegenerate solution ¢ in H(€2). By the bootstrap argument with
the elliptic regularity theorem, it converges in C%(Q) also. Put z, := (¢, —
®)/||bon — ¢l|eo and f(t) = |[t|™%t. Then z, satisfies

(ORI

Since the right hand side is bounded in L*(£2), the elliptic regularity theo-
rem guarantees that z, is bounded in W??(Q) for all p < co. Thus a subse-
quence of z, converges in C1(Q2) to a limit 2., which solves (5.6). Moreover,
|zso|lc = 1 because ||z,|loc = 1. Thus (5.6) has a nontrivial solution and
this fact contradicts the nondegeneracy of ¢. Therefore every nondegenerate
solution is isolated in HJ(f2) from all the other solutions. Then (i) follows
from Theorems 5.4 and 5.5.

Since least energy solutions are sign-definite, the uniqueness of positive
solutions assures that of positive least energy solutions. Then (ii) follows
from Theorem 5.4. [

—Az, = A\,

REMARK 5.11 (Uniqueness and nondegeneracy of positive solutions). The
uniqueness and the nondegeneracy of positive (or least energy) solutions of
(1.10), (1.11) rely on the shape of 2 and the growth order m of the nonlinear
term. In this remark, we state known sufficient conditions of 2 and m for
the uniqueness of positive solutions or the nondegeneracy of least energy
solutions of (1.10), (1.11). For such Q and m, Corollary 5.10 shows that
least energy solutions are asymptotically stable profiles.

(i) (Gidas, Ni and Nirenberg, [21]). Let €2 be a ball and 2 < m < 2*.
Then any positive solution must be radially symmetric, and moreover,
a positive radial solution is unique (see [21, Lemma 2.3]).

(ii) (Dancer [11, Theorem 5]). Let 2 < m < 2* and 2 be a bounded convex
domain in R?, which is symmetric with respect to the coordinate axes.
Then a positive solution is unique and nondegenerate (see Pacella [33]
also).

(iii) (Lin [31]). Let 2 < m < 2* and © be a bounded convex domain in R?.
Then a least energy solution is unique and nondegenerate.
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(iv) (Zou, [45]). Let 2 < m < 2+ ¢ with a small § > 0 and € be close to a
ball. Then a positive solution is unique.

(v) (Grossi, [23]). Let N > 3 and 2* — 6 < m < 2* with a small § > 0. Let
Q C RY be convex in x; and symmetric with respect to the hyperplane
x; = 0 for each 1 < 7 < N. Then a positive solution is unique and
nondegenerate.

(vi) (Dancer, [12, Lemma 1]). Let 2 < m < 2+ ¢ with a small 6 > 0 and
Q be any bounded smooth domain in RY. Then a positive solution is
unique and nondegenerate.

5.4 Stability analysis in the one dimensional case

The final subsection addresses the one-dimensional case, i.e.,
N=1, Q=(0,1).

Then we can give a representation of all nontrivial solutions of (1.10), (1.11),
equivalently, all profiles of solutions for (1.1)—(1.3), and we also reveal the
stability or the instability of each profile. Our analysis basically relies on a
full picture of solutions to the one-dimensional stationary problem for (1.6)—
(1.8), i.e.,

—¢"(2) = Anlg|" P(x)  forxz €(0,1),  $(0)=¢(1)=0.  (5.7)

Let us first show an explicit representation of solutions for (5.7). To do so,
we define

9 10
g(0) := —/ (sino) &™)/ do, 0<0<
m Jo

b

and put 6(z) := g~ '(x). Moreover, set

B(x) = { (sinb(z)f3" i 0w < T = g(n/2),

— (sinf(—z))*™ if —T<z<0.

One can further extend ® to be an anti-periodic function in R with the period
2T, that is, ®(x + 2T) = —®(x). Then P is of class C* and solves

—9"(z) = %]@]’”_2@(1’) for = € R. (5.8)
Since m > 2, the function ¥(z) = ¢, ®(x) with ¢,, = (2\,,/m)~Ym=2)
solves

—U"(z) = A\ | U2 (2)  for z € R. (5.9)

28



Moreover, we notice that equation (5.9) is invariant under the scaling ¥, (x) :=
p? (M= (ux) for > 0. In order to satisfy the boundary condition, ¥, (1) =
0, we specify the scaling parameter p = p, := 2nT with n € N. By virtue
of a standard argument for the uniqueness of solutions of the Cauchy prob-
lem for ODESs, one can ensure that every nontrivial solution of the Dirichlet
problem (5.7) is explicitly written as ¢ = ¥, or —V, . which has exactly
n — 1 zeros in (0, 1), with some n € N. In the rest of the present paper, we
write ¢, := ¥, forn € N.
Furthermore, we find that

T(£6,) = kpn?™/(m=2)
with some positive constant k,, independent of n. This means that
J(E£r) < J(E£¢o) < --- < J(£dy) < -+ N 0.

Thus each solution +¢, is isolated in H}(0,1) from all the other solutions.
For any solution v(s) of (1.6)—(1.8), J(v(s)) is nonincreasing and converges
as s — oo. Combining these facts, we obtain the uniqueness of the w-limit
point of v(s) and get the stability or the instability of each profile as below.

COROLLARY 5.12 (Asymptotic profiles for N = 1). For each solution u =
u(x,t) of (1.1)~(1.3) with ug € Hg(0,1) \ {0}, there exists a unique solution
¢ € HL(0,1)\ {0} of (5.7) such that

- —1/(m=2) B _
Jimn [} (£ — 1) u(t) = ¢ll2 = 0.
COROLLARY 5.13 (Stability /instability of profiles for N = 1). The sign-

definite profiles +¢1 are asymptotically stable and the other profiles £¢; (for
i # 1) are unstable.

References

[1] Ambrosetti, A. and Rabinowitz, P. H., Dual variational methods in
critical point theory and applications, J. Funct. Anal. 14 (1973), 349—
381.

[2] Aronson, D.G. and Peletier, L.A., Large time behaviour of solutions
of the porous medium equation in bounded domains, J. Differential
Equations, 39 (1981), 378-412.

[3] Bénilan, P. and Crandall, M.G., The continuous dependence on ¢ of
solutions of uy — Ap(u) = 0, Indiana Univ. Math. J., 30 (1981), 161
177.

29



[4]

[14]

[15]

Berryman, J.G. and Holland, C.J., Nonlinear diffusion problem arising
in plasma physics, Phys. Rev. Lett., 40 (1978), 1720-1722.

Berryman, J.G. and Holland, C.J., Stability of the separable solution
for fast diffusion, Arch. Rational Mech. Anal., 74 (1980), 379-388.

Berryman, J.G. and Holland, C.J., Asymptotic behavior of the nonlinear
diffusion equation n; = (n"'n,),, J. Math. Phys., 23 (1982), 983-987.

Brézis, H., Monotonicity methods in Hilbert spaces and some applica-
tions to non-linear partial differential equations, Contributions to Non-
linear Functional Analysis, ed. Zarantonello, E., Academic Press, New
York-London, 1971, pp.101-156.

Byeon, J., Existence of many nonequivalent nonradial positive solutions
of semilinear elliptic equations on three-dimensional annuli, J. Differen-
tial Equations, 136 (1997), 136-165.

Castro, A., Cossio, J. and Neuberger, J. M., A sign-changing solution for
a superlinear Dirichlet problem, Rocky Mountain J. Math., 27 (1997),
1041-1053.

Coffman, C.V., A nonlinear boundary value problem with many positive
solutions, J. Differential Equations, 54 (1984), 429-437.

Dancer, E.N., The effect of the domain shape on the number of positive
solutions of certain nonlinear equations, J. Differential Equations, 74
(1988), 120-156.

Dancer, E.N., Real analyticity and nondegeneracy, Math. Ann., 325
(2003), 369-392.

Daskalopoulos, P. and del Pino, M.A., On fast diffusion nonlin-
ear heat equations and a related singular elliptic problem, Indiana
Univ. Math. J., 43 (1994), 703-728.

Diaz, G. and Diaz, 1., Finite extinction time for a class of nonlinear
parabolic equations, Comm. Partial Differential Equations, 4 (1979),
1213-1231.

DiBenedetto, E. and Kwong, Y.C., Harnack estimates and extinc-
tion profile for weak solutions of certain singular parabolic equations,

Trans. Amer. Math. Soc., 330 (1992), 783-811.

30



[16]

[17]

[21]

[22]

23]

[24]

[25]

[26]

[27]

DiBenedetto, E., Kwong, Y.C. and Vespri, V., Local space-analyticity of
solutions of certain singular parabolic equations, Indiana Univ. Math. J.,
40 (1991), 741-765.

DiBenedetto, E., Urbano, J.M. and Vespri, V., Current issues on singu-
lar and degenerate evolution equations, Evolutionary equations. Vol. I,
pp.169-286, Handbook of Differential Equations, North-Holland, Ams-
terdam, 2004.

Galaktionov, V.A. and King, J.R., Fast diffusion equation with critical
Sobolev exponent in a ball, Nonlinearity, 15 (2002), 173-188.

Galaktionov, V.A. and Peletier, L.A., Asymptotic behaviour near
finite-time extinction for the fast diffusion equation, Arch. Rational

Mech. Anal., 139 (1997), 83-98.

Galaktionov, V.A., Peletier, L.A. and Vazquez, J.L., Asymptotics of the
fast-diffusion equation with critical exponent, STAM J. Math. Anal., 31
(2000), 1157-1174.

Gidas, B., Ni, W.-M. and Nirenberg, L., Symmetry and related prop-
erties via the maximum principle, Comm. Math. Phys., 68 (1979),
209-243.

Gidas, B. and Spruck, J., A priori bounds for positive solutions of
nonlinear elliptic equations, Comm. Partial Differential Equations, 6
(1981), 883-901.

Grossi, M., A uniqueness result for a semilinear elliptic equation in
symmetric domains, Adv. Differential Equations, 5 (2000), 193-212.

Herrero, M.A. and Vazquez, J.L., Asymptotic behaviour of the solutions
of a strongly nonlinear parabolic problem, Ann. Fac. Sci. Toulouse Math.
(5), 3 (1981), 113-127.

Kwong, Y.C., Asymptotic behavior of the plasma equation with ho-
mogeneous Dirichlet boundary condition and nonnegative initial data,
Appl. Anal., 28 (1988), 95-113.

Kwong, Y.C., Interior and boundary regularity of solutions to a plasma
type equation, Proc. Amer. Math. Soc., 104 (1988), 472-478.

Kwong, Y.C., Asymptotic behavior of a plasma type equation with finite
extinction, Arch. Rational Mech. Anal., 104 (1988), 277-294.

31



[28] Kwong, Y.C., Boundary behavior of the fast diffusion equation,
Trans. Amer. Math. Soc., 322 (1990), 263-283.

[29] Lee, K.-A. and Viazquez, J.L., Parabolic approach to nonlinear elliptic
eigenvalue problems, Adv. Math., 219 (2008), 2006-2028.

[30] Li, Y.Y., Existence of many positive solutions of semilinear elliptic
equations in annulus, J. Differential Equations, 83 (1990), 348-367.

[31] Lin, C.S., Uniqueness of least energy solutions to a semilinear elliptic
equation in R?, Manuscripta Math., 84 (1994), 13-19.

[32] Ni, W.-M., Uniqueness of solutions of nonlinear Dirichlet problems,
J. Differential Equations, 50 (1983), 289-304.

[33] Pacella, F., Uniqueness of positive solutions of semilinear elliptic equa-
tions and related eigenvalue problems, Milan J. Math., 73 (2005), 221—
236.

[34] Rabinowitz, P.H., Minimax methods in critical point theory with ap-
plications to differential equations, CBMS Regional Conference Series
in Mathematics, 65, Published for the Conference Board of the Mathe-
matical Sciences, Washington, DC, the American Mathematical Society,
Providence, RI, 1986.

[35] Rodriguez, A. and Vazquez, J.L., Non-uniqueness of solutions of non-
linear heat equations of fast diffusion type, Ann. Inst. H. Poincaré Anal.
Non Linéaire, 12 (1995), 173-200.

[36] Rosenau P., Fast and superfast diffusion processes, Phys. Rev. Lett.,
74 (1995), 1056-1059.

[37] Sabinina, E.S., On a class of non-linear degenerate parabolic equations,
Dokl. Akad. Nauk SSSR, 143 (1962), 794-797.

[38] Savaré, G. and Vespri, V., The asymptotic profile of solutions of a class
of doubly nonlinear equations, Nonlinear Anal., 22 (1994), 1553-1565.

[39] Vézquez, J.L., Nonexistence of solutions for nonlinear heat equations of
fast-diffusion type, J. Math. Pures Appl. (9), 71 (1992), 503-526.

[40] Vézquez, J.L., The Dirichlet problem for the porous medium equation in
bounded domains. Asymptotic behavior, Monatsh. Math., 142 (2004),
81-111.

32



[41]

Vazquez, J.L., Smoothing and decay estimates for nonlinear diffusion
equations. Equations of porous medium type, Oxford Lecture Series in
Mathematics and its Applications, 33. Oxford University Press, Oxford,
2006.

Vazquez, J.L., The porous medium equation. Mathematical theory, Ox-
ford Mathematical Monographs, The Clarendon Press, Oxford Univer-
sity Press, Oxford, 2007.

Willem, M., Minimaz Theorems, Progress in Nonlinear Differential
Equations and their applications, Vol.24, Birkh&auser, Berlin 1996.

Zhao, J.N. and Yuan, H.J., Uniqueness of the solutions of u; = Au™
and u; = Au™ — uP with initial datum a measures, the fast diffusion
case, J. Partial Differential Equations, 7 (1994), 143-159.

Zou, H.; On the effect of the domain geometry on the uniqueness of
positive solutions of Au + u? = 0, Ann. Sc. Norm. Sup., 21 (1995),
343-356.

We additionally refer the following papers:

References

1]

Blanchet, A., Bonforte, M., Dolbeault, J., Grillo, G. and Vazquez,
J.L., Asymptotics of the fast diffusion equation via entropy estimates,
Arch. Ration. Mech. Anal., 191 (2009), 347-385.

Bonforte, M., Dolbeault, J., Grillo, G. and Vazquez, J.L., Sharp rates of
decay of solutions to the nonlinear fast diffusion equation via functional
inequalities

Proc. Natl. Acad. Sci. USA, 107 (2010), 16459-16464.

Bonforte, M., Grillo, G. and Vazquez, J.L., Behaviour near extinction
for the Fast Diffusion Equation on bounded domains, J. Math. Pures
Appl., 97 (2012), 1-38.

Bonforte, M., Grillo, G. and Vazquez, J.L,. Fast diffusion flow on man-
ifolds of nonpositive curvature, J. Evol. Equ., 8 (2008), 99-128.

Bonforte, M. and Vazquez, J.L., Positivity, local smoothing, and Har-
nack inequalities for very fast diffusion equations, Adv. Math., 223
(2010), 529-578.

33



[6] Feiresl, E. and Simondon, F., Convergence for Semilinear Degenerate
Parabolic Equations in several Space Dimension, J. Dynam. Differential
Equations 12 (2000), 647-673.

34



