TYPE II BLOW-UP IN THE 5-DIMENSIONAL ENERGY
CRITICAL HEAT EQUATION

MANUEL DEL PINO, MONICA MUSSO, AND JUNCHENG WEI

ABSTRACT. We consider the Cauchy problem for the energy critical heat equa-
tion

{ ut:A+|u|ﬁu in R™ x (0,7, (0.1)
u(-,0) =ug in R"

in dimension n = 5. More precisely we find that for given points g1, q2, ..., gk
and any sufficiently small 7" > 0 there is an initial condition ug such that the
solution u(z,t) of (0.1) blows-up at exactly those k points with rates type II,
namely with absolute size ~ (T —t)~* for o > %. The blow-up profile around
each point is of bubbling type, in the form of sharply scaled Aubin-Talenti

bubbles.

Dedicated to Carlos Kenig on the occasion of his 65th birthday.

1. INTRODUCTION

Many studies have been devoted to the analysis of blow-up phenomena in a
semilinear heat equation of the form

g = Au+ |ulP"'u in Q x (0,7T),
u=0 ondQdx(0,T), (1.1)
u(-,0) =uo in Q.
where p > 1, and Q is a bounded smooth domain in R™ (or entire space), starting

with the seminal work by Fujita [11] in the 1960’s. A smooth solution of (1.1)
blows-up at time T if

li V)| o (rry = .
tg%”“(, M zoe (rny = +00

‘We observe that for functions independent of the space variable the equation reduces
to the ODE u; = |u|P~!u, which is solved for a suitable constant ¢, by the function
u(t) = cp(T — t)_r’%l and it blows-up at time 7. It is commonly said that the
blow-up of a solution u(x,t) is of type I if it happens at most at the ODE rate:

. 1
limsup(T" — ) 7= ||u(-, t)|| oo mn) < +00
t—=T

while the blow-up is said of type II if

. 1
limsup(T — )77 [lu(-, )| o ) = +00
t—T
Many results have predicted that type I is the “typical” or “generic” way in which
blows-up takes place for solutions of equation (1.1). For instance it is known after a
series of works, including [15, 16, 17], that type I is the only way possible if p < pg
1



TYPE II BLOW UP FOR THE 5-DIMENSIONAL CRITICAL HEAT EQUATION 2

where pg is the critical Sobolev exponent,

"—J_rg ifn>3
psi=q" .
400 ifn=1,2.

Stability and genericity of type blow-up have been considered for instance in [3, 22,

]. Solutions with type II blow-up are in fact much harder to detect. The first
example was discovered in [18, 19], for p > py;, where p;z, is the Joseph-Lundgreen
exponent [20],

4 .
- It o ifn21l
400, if n < 10.

See the book [23] for a survey of related results. In fact, no type II blow-up is
present for radial solutions if ps < p < pyr, while for radial positive solutions this
is not possible if p = Z—fg [10]. Examples of nonradial positive blow-up solutions
for p > pyr have been found in [1, 2]. Formally a sign-changing solution with type
IT blow-up was predicted for p = pg in [10] and a rigorous radial example in [24]
for n = 4. In this paper we shall exhibit a first example of type II blow-up for
dimension n = 5 and critical case p = ps and p = pg = % Our construction does
not depend on any symmetries, in fact it can be made in such a way that blow-up
takes place simultaneously at any prescribed points of space with a bubbling profile.
We recall that all positive entire solutions of the equation

Au+|uﬁu:0 in R"™

are given by the family of Aubin-Talenti bubbles

Um(x):A"EQUC:;&) (1.2)

where U(y) is the standard bubble
U =an (15 ) (nn —2)) 752
= ay, , Qp = (n(n-— n=2,
! 1+ [y[?

The solutions we construct do change sign, and look at main order near the blow-up
points as one of the bubbles (1.2) with time dependent parameters and p(t) — 0
as t — T. Thus we consider the equation

{ w=Dut =2 in 9x (0,7), (1.3)

u(-,0) =up inQ

In what follows we let n = 5. Let us fix arbitrary points q1,¢o2,...qx € . We
consider a smooth function Z§ € L*>°(§2) with the property that

Z3(gj) >0 forall j=1,... k.

Theorem 1. Let n = 5. For each T > 0 sufficiently small there exists an initial
condition uy such that the solution of Problem (1.3) blows-up at time T exactly at
the k points q1,...,qx. It looks at main order as

k
u(z,t) = U, (@) — Z5(z) + 0(x, 1)
j=1
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where
/\j(t) — 0, fj(t) — q; as t—T,
and ||0||p= <T* for some a > 0. More precisely, for numbers B; > 0 we have
Aj(t) = Bi(T —1)* (1 +0(1)),

We observe that in particular, the solution predicted by the above result has
type II blow up since [Ju(-,t)|| oo rs) ~ (T'—t)~* and =3<3.

ps—1

Our result is connected with that in [24] for dimension n = 4 obtained by a
very different method and only in the radially symmetric case with one blow-up
point. The example in this paper is the first one where bubbling phenomenon is
obtained with arbitrary blow-up points. Moreover, the fact that pg = 3 for n = 4,
an odd integer, seems important in that approach. Our computations suggest that
no blow-up of this type should be present in dimensions 6 or higher.

We should point out that blow-up by bubbling (at main order time dependent,
energy invariant, asymptotically singular scalings of steady states) is a phenomenon
that arises in various problems of parabolic and dispersive nature. It has for been
in particular widely studied for the energy critical wave equation

Ut = Au—f— |U|$

Among other works, we refer the reader for instance to [9, 12, 13, 14]. The method of
this paper substantially differs from those in most of the above mentioned references
for the parabolic case. It is close in spirit to the analysis in the works [4, 5, &,

, 7], where the inner-outer gluing method is employed. That approach consists
of reducing the original problem to solving a basically uncoupled system, which
depends in subtle ways on the parameter choices (which are governed by relatively
simple ODE systems).

The rest of this paper will be devoted to the proof of Theorem 1.

2. BASICS IN THE CONSTRUCTION

For notational simplicity we shall only carry out the proof in the case £ = 1 and
at the end we will formulate the (relatively minor) changes needed for the general
case.

Thus we fix a point ¢ € €. Let us consider a function Zj smooth in Q with
Zg = 0 on 0N2. We assume in addition that

Z5(q) < 0. (2.1)
We let Z*(x,t) be the unique solution of the initial-boundary value problem
Z7 =AZ* in Qx(0,00),
Z*=0 on 9N x (0,00), (2.2)
Z*(-,0) = Z; in Q.
We consider functions £(t) — ¢, and parameters A(t) — 0 as t — T. We look for a

solution of the form

w(@,t) = Uy (@) + 27 (2, 1) + (2, 1) (2.3)
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with a remainder ¢ which we write in the form

o(x,t) = p T ¢ (y, 1) nr(y) +¥(z,t), y= (2.4)

nr(y) = o (g)

and 7o(s) is a smooth cut-off function with 7g(s) =1 for s < 1 and =0 for s > 1.

where

Let us set
S(u) = —up + Au+uP
and compute S(Ux ¢ + Z* + ¢). We have that

_nt2 y)
_815UH,5 + AUu)g =u 2 F- Ulhi

where
220 + i - VU y). (2.5)

E(y,t) = pply - VU(y) +
Then, setting

Nue(Z) = |Une+ 2P (Upe + 2) - UL . = UL Z,
we find
S(U)\’g + 7"+ QP)

— @+ Ao+ pUL o+ Z*) + p "5 E+ N(Z* + )

= nap T F [ = 12+ Dyd+pU WP o+ pT (25 + )] + E|
— P+ Apth +pu (L= nr)U ()P~ H(Z" + ) + Alg]
+Blg] +p~ T E(L—1qg) + N(Z* +¢)

_n+2
Alg] = = { Ay"ﬁ%‘l5 + QVyWRvab}
_n . n—2 : . :
Blg] = p~2 {u[y V¢ + —5—0]nr+ & Vydnr + [y Vynr + ¢ Vyne] ¢}
and we have used US_&I@ = u2U(y)P~Lp. Thus, we will have a solution of the

full problem if the pair (6(y,t),1(x,t)) solves the following system of equations
(which we call the outer-inner gluing system)

1o = Ayo+pU(y)P " o+ H(W, &)  in Bag(0) x (0,T) (2.6)

wt = Az¢ + G(‘f’,w,%f) in Q x (OaT)

Y =—Upe on 092 x (0,7, (2.7
¥(-,0) =0 in Q
where
H(, 1,8)(y,1) = p™F pU(y)P (27 (€ + py,t) + V(€ + py,1) + E(y, 1),
G(¢,9, 11, 6) (1) == pp2(1 = nr)U(y)" " (Z* +¢) + Al¢] + Bl¢] (2.8)
n+2 r—¢

+p T E(1=ngr)+ N(Z" + ), y=—

and E(y,t) is given by (2.5).
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3. FORMAL DERIVATION OF p AND ¢

Next we do a formal consideration that allows us to identify the parameters u(t)
and £(t) at main order. Leaving aside smaller order terms, what approximates the
inner problem (2.6) is an equation of the form

1o = Dyp+pU(y)P ¢+ h(y,t) inR" x (0,T) (3.1)
P(y,t) =0 as |y — o0 ’
with
. n=2 1k
h(y,t) = i (U(y) +y-VU(y) +pu = Uy~ Z5(q)
+ - VU(y) +ppf Uy VZ5(a) - y-
The condition of decay in y is natural in order to mitigate the effect of ¢ in the
outer problem (2.7), making at main order (2.6) and (2.7) decoupled.

(3.2)

At this point we recall that the elliptic equation
L[g) = Dyo+pU(y)' "¢ = g(y) mR"
P(y) =0 as [yl — oo,

with h(y) = O(Jy|=27%) with 0 < a < 1, is solvable if and only if ¢ = O(|y|=%)
provided that

/g(y)Zi(y)dy =0 foral i=1,...,n+1,

where
n—2
2

These are in fact all bounded solutions of the equation L[Z] = 0. It seems reasonable
to get an approximation to a solution of equation (3.1) (valid up to large |y|) by
solving the elliptic equation

Ayp+pUy)P 1o +h(y,t) =0 inR" x(0,7)
o(y,t) =0 as |y[ — oo,

Zi(y) =0U(y), i=1,....n, Znp(y) =

Uly) +y-VU(y)

which we can indeed do under the conditions
/ hy,t)Z;(y)dy = 0 forall i=1,....,n+1, t€][0,T). (3.3)

Let us check the meaning of (3.3) for h in (3.2). Integrating against Z,11(y) we
get

n — 2 n—2

W) Zna)dy = wi®) [ Ziady—"5200" % Zi) | Unay

R’n
This quantity is zero if and only if for a certain explicit constant 3,, > 0 we have

n—4

1(t) = =BnlZg(@)|u(t) =,  w(T) =0.

For n = 5 this equation leads to the solution

pat) = (T 17, o= 1817 (a) (3.4)
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In a similar way, the remaining n relations in (3.3) lead us to £(t) = u(t)anb for a
certain vector b. Hence £(t) = O(T — t)® and

€(t) = g+ O(T — 1)°.
We see then that if u(x,t) ~ Ug), u(t)(z) then

1 —2

u(,t)||poo(y ~ p(t)~ T ~(T—t)"% as t—T.

_3
4.

This rate is type II since type I corresponds to the order O(T — t)

To solve the actual parabolic problem (3.1), even assuming (3.3) further con-
straints are needed. Indeed, let us recall that the operator L has a positive radially
symmetric bounded eigenfunction Z, associated to the only positive eigenvalue Ag
to the problem

Lo[¢] = Ap, ¢ € L>(R").
It is known that \g is a simple eigenvalue and that Z; decays like
-1

Zo(y) ~ |yl =T eVl as [y — oo

Let us write

p(t) = . oy, 1) Zo(y) dy, q(t) = . h(y,t)Zo(y) dy.

Then we compute
p(t)*p(t) = Aop(t) = q(t).
Since u(t) ~ (T —t)~2, then p(t) will have exponential growth in time p(t) ~ eT—

unless
dr

t T s _dt
p(t) = b 75 / e I u(s) 2 g(s) ds
t

This relation imposes a linear constraint on the initial value ¢(y,0) to our desired
solution ¢(y,t) to (2.6).

. ¢(y,0)Zo(y)dy = (£, h) (3.5)

where

T s _dt
(¢,n) = / e o 5 M(S)_2/ h(y, $)Zy(y) dy ds
0 n

4. THE LINEAR INNER AND OUTER PROBLEMS

4.1. The linear inner problem. In order to deal with the inner problem (2.6)
we need to solve a linear problem like (3.1) restricted to a large ball Bog where
orthogonality conditions like (3.3) are assumed and the initial condition of the
solution depends on a scalar parameter which is part of the unknown, connected
with constraint (3.5). We construct a solution (¢, ¢) which defines a linear operator
of functions h(y,t) defined on

DQR = BQR X (O,T)
to the initial value problem
[2h = Dyd+pU(y)P ¢+ h(y,t) in Do

d(y,0) = (Zy(y) in Bag, (4.1)
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for some constant ¢, under the orthogonality conditions
/ h(y,t) Zi(y)dy =0 forall i=1,...,Z,41, t€[0,T). (4.2)
Bar

We impose on the parameter function p the following constraints, which are moti-
vated on the discussion in the previous section: let us write

po(t) = (T —t)°
For some positive constants « and S (to be fixed later) we impose
app(t) < u(t) < Buo(t) forall tel0,T).

Let us fix numbers 0 < ¢ < 1 and v > 0. We will consider functions h that behave
like

fo(t)”
h(y,t) ~ [EamEE

The formal analysis of the previous section would make us hope to find a solution
to (4.1) such that

in DQR

fo(t)”
14yl
We will find a solution so that a somewhat worse bound for ¢(y, t) in space variable
is found but coinciding with the expected behavior when |y| ~ R. Let us define the
following norms. We let ||||244,, be the least number K such that

d)(y? t) ~

in DQR.

po(t)” .
We also define ||¢||.q,, be the least number K with
Rn+1—a

|P(y, )] < Kpuo(t)” in Dag. (4.4)

14+ |y‘n+1
We observe that ||¢]l.a, < [|@]la,v-
The following is the key linear result associated to the inner problem.

Lemma 4.1. There is a C > 0 such For all sufficiently large R > 0 and any h
with ||h||24a,r < +00 that satisfies relations (4.2) there exist linear operators

¢="T,"[h], €=1([h]
which solve Problem (4.1) and define linear operators of h with
A+ + DVyollear + l19llar < CllAl2+4a-

Proof. Letting 7 = 19 + fot u(s)~2ds and expressing ¢ = ¢(y,7), Problem (4.1)
becomes

Ayd)"_pU(y)pil(ﬁ—’_ h(va) in BZR X (7—0700)
on(y) in BQR.

o
#(y,0)

The result then follows from Proposition 5.5 and the gradient estimates in the
proof of Proposition 7.2 in [4]. We remark that we also have the validity of a
Holder estimate in space time with the form [
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4.2. The linear outer problem. The outer problem (2.7) in linear version is
actually simpler than its counterpart (4.1), corresponding just to the standard
heat equation with nearly singular right hand sides and zero initial and boundary
conditions. Thus we consider the problem

Vi = Mg+ g(z,t) nQx (0,T)
P =0 onddx(0,T), (4.5)
P(-,0) =0 in Q.
The class of right hand sides g that we want to take are naturally controlled by the
following norms. Let 0 < a < 1, ¢ € Q and po(t) = (T — t)?. We define the norms

llgllox and ||2||o to be respectively the least numbers K; and Ky such that for all
(x,t) € Q x[0,T),

IN

1 1
et) < Ky |——e—— 41
l9(. ) 1[Mo(t)21+y|2+“ ] v q

5 y:
1 3 f1o(t)
P(x,t)| < K [+T2“]
W0l < K |jn

Then the following estimate holds.

Lemma 4.2. There exists a constant C' such that for all sufficiently small T > 0
and any g with ||gllo < +oo, the unique solution ) = T°“[g] of problem (}.5)
satisfies the estimate

[Vllox < Cllgllo- (4.6)
Proof. We will find a positive supersolution v to the problem
- - 1 1
—Ayp > ———F—+1 iInQx(0,T
L P S S A n @ (0.T)
G >0 ondQx (0,T), (4.7)

¥(-,0) >0 in Q.
with the property that

d(z,t) < C [H1|y+T] (4.8)

After this is done, estimate (4.6) follows from standard comparison.
Let us consider the function 91 (z,t) = 2p(y) where p(y) is a radial solution of
in R,

—Ayp(y) = W

with p(y) ~ ﬁ as |y| = +oo (p corresponds to the Newtonian potential of the
right hand side). Then

1 1
Op1 — Ay = —w ———— + g(a,t 4.9
t'l/)1 1/)1 /,1/3 1 + |y|2+a g( ) ( )
where
~ 1 1 fto
r,t)=—5—"-——2—y-V .
g(z,t) ETT R 2a? p(y)
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We see that for some v > 0 independent of T we have

i t) < 0 if |x—gq| <AVT —t,
T (T —t)Eet i o —g| > T —t

Hence, if we set

Ua(a,t) = t +ca  (T® — (T — 1)), a= %a
we get
Qs — Dgthy = (T = 1)2° 7 1> —ji(,t) + 1. (4.10)

Adding inequalities (4.9) and (4.10) we get the validity of (4.8) for ¢ = ¢y +1y. O

We remark that since for arbitrary 7" < T,
9lloe < Cro(T")"llgllo,

standard parabolic estimates yield, for given 0 < a < 1, in addition a uniform
Holder bound in space-time of the form

[Wla,r < Cuo(T)"?|gllo (4.11)

where [¢)]o, 7 is the least number K such that

(21, t1) — (2, t2)| < K (o — @o|™ + [t — t2]?)
forallz,2’ € Q, 0<tt' <T'.

5. THE PROOF OF THEOREM 1

With the above preliminaries we are now ready to carry out the proof of Theorem
1 for the case k = 1. We want to find a tuple p = (¢,%, 1, §) so that the inner-
outer gluing system (2.6)-(2.7) is satisfied, so that w in (2.3) solves (1.3) and the
remainder (2.4) is small at all times ¢ € [0,7]. We will achieve this by formulating
the problem as a fixed point problem for p in a small region of a suitable Banach
space.

We start by setting up the inner problem. For a function h(y,t) defined in Dap

we write
() = Ja, MY:1) Zj(y) dy
Jisp 1 Zi (W) dy
so that the function
n+1
h(y,t) = h(y,t) — ) c;[h](t) Z;(y)
j=1

satisfies
/ h(y,t) Z;(y)dy = 0 forall j=1,....n+1, te€][0,7T)
Bar

which makes the result of Lemma 4.1 applicable to the equation

wror = Ayd+pUy)’ "o+ H(Y,p,6)  in Dag (5.1)
¢(-,0) =0Zy in Byg '
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where
n+1

H(p,p,8) = H(tp, 1,€) = Y ¢;[H(, 1, )] Z5
j=1
and H (¢, u, &) is defined in (2.8). Using Lemma 4.1, we find a solution to (5.1) if
the following equation is satisfied.

¢ = T H (b, 1, €)] = Fildv, 1, ). (5.2)
We will have the inner equation (2.6) satisfied if in addition we have
GHW, )] =0 forall j=1,...,n+1 (5.3)
In addition, we have that equation (2.7) is satisfied provided that
b =T G610, 1,€)] = Fald,th,1,€). (5.4)

where the operator G(¢, v, u,€) is defined in (2.8). We will solve System (5.1)-
(5.3)-(5.4) using a degree-theoretical argument.

For A € [0,1] we define the homotopy

Hy (b, 1,6 (y, ) = "7 pU )P 25 (q) + e Zon 11 (y)
+uY §Zi(y)
j=1

n

+ AT pU ()P U (25 (E + my,t) — Z5(q) + (€ + py,t)),

and consider the system of equations

n+1
¢ = Ti"[Ha($,1,6) = > e;[HA (0, 1, )] Z;]
7=1 (5.5)

¢lH (Y, 1, &) = 0 forall j=1,...,n+1,
Y = TNG(d, %, 1, 6)].

We observe that for A = 1 this problem precisely corresponds to that we want to
solve, (5.1)-(5.3)-(5.4).

It is convenient to write
p(t) = pa(t) + pM (@), £t)=q+ED() tel0,T]
where p,(t) was defined in (3.4),

pat) = 0 (T 17 o, = 1 B1Z5 ()P

and pM(T) =0, €D (t) = 0.

We assume that we have a solution (¢, 1, u(M, €M) of system (5.5) where we
assume the following constraints hold:

{m“)(tn +IED (@) < &
[6llap + ¢l < 01

where d0p,d; are small positive constants whose value we will later adjust (and
may depend on T') We will also assume that Z* is sufficiently small but fixed
independently of T, || Z*||o < 1.

(5.6)
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The function p.(t) solves the equation

. n—4 _. _
fu (2) / Ziady+ ()T Z5 () / pUP ™ Zyyady = 0. (5.7)
R

The equation
Cn+1(H>\(1/’7#* + uhf))(t) =0 te [OaT) (58>
which corresponds to
. n—4 _. _
0= w0( [ Z2ady) +u0 T Z@) [ 0 Zudy
Bar B

+ AT / pU ()P Z*(&(t) + n(t)y, t) — Zg (q) + »(E(E) + p(t)y, 1) ) Zny1 (y) dy

can be written as

n

. n—4 n—4

f1(t) + Bu(t) = = pu(t) = (Or + A(¥, &, p1))
for a suitable number 3 > 0, §g = O(R™2) and the operator 6 satisfies, for some
absolute constant C,

0(, &, )| < CIT + Y]]

can be written, using (5.7), in the “linearized” form, for a suitable vy > 0,

H1 = (T - t)g()(djvuvf)

. gl
1+ T 1
with

190(v, &1V, V(@) < C([@]loe + T + R7?).
The linear problem

it = (T = t)g(t), () =0

can be uniquely solved by the operator in g,

p(t) = TOlgl(t) == —(T — )" /tT(T — )" go(s) ds.
It defines a linear operator on g with estimates
1T = ) illoo + 1T = )2 ulloc < Cllgollo.
Equation (5.8) then becomes
uO() = TOgo(,6, 1D, N)](1) forall e [0,7)
and we get
T =) D oo + T =) 2p Ve < C([9lloc + T+ R™?) (5.9)
Similarly, equations
G HNY,p, &) = 0 forall j=1,...,n,

can be written in vector form as

D) = TW g (¥, 1, &)](t) forall te€[0,T). (5.10)
where

T
T[] ::/t (T — 5)g(s) ds.

and

1910, & 1PN @) < C (Wl +T).
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From equation (5.10) we thus find
T =)W oo + (T =) 2W e < C([¢0]lo0 +T) (5.11)
On the other hand, we have
n—2 .
p(t) = . A g
H(Y, u, | < C oo T 1 Z2%||0) + +
[H (¥, 1, ) (y, 1)] 1Jr|y|4(||¢|| 12" ]lo) T2 T Tr
hence for any 0 < a < 1 we have

n—2

po(t) 2
[ H (4, 1, §)(y, )] < CW

and from the first equation in (5.5) and Lemma 4.1 we find that

* n—2
16var < Cllloo +1127]l00)s v =7~

for the norm defined in (4.4). Next we consider the last equation in (5.5). We recall
that

G(9, %0, p, &) (x, 1)

(I1%lloe + 1127 [loo) -

(5.12)

pu 2(1—nR)U(y)P~H(Z* + ) + Al¢] + Blg)]
YR E(L - nR) + N(Z5 + p Togré + ZF + ),

pily - VU (y) + nT_QU(y)] +ué - VU(y),
Alg] = 1% { Aynro + 2V, 1RV, 0}

¢ =p % {ﬂ[y - Vyo+ nT_2¢]773 +&-Vydnr+ [ Vynr + £ Vynnr] ¢}

&
—~~
s

~
~—

Il

3

Let us consider for example the error terms

gi(@,t) = p 21— np)UP"NZ" +9),  ga(wt) = p~"F B(1—np).
We see that

1 ., C
t)] < - Z"| o 00)-
|gl(xa )| = Rg_au 1+|y|2+"(H || +H¢” )
and
1 1 n—2 . 1 C
) < —=[——=p % (| < -2 .
‘92(37’ )| = N2[|y|n,2/~}' (|MM|+|M£|) = Rg,(,:u 1+|y‘2+0

Let us now estimate the term A[¢]. Let us choose o = §, where @ is the number in
the definition of ||¢||+q,,. We have

1 1 n—2
Al@)(z,t)] < p 2= ~72  sup + |ly||Vo
A6 0] < 17 g e T s, 61+ IV

R %
2
<p WHWM,%

and similarly,
n+1l—a

0 R
|Blgl(z,t)| < CM’Q[W+M|€I]WII¢I\W¢H

2

L M%Rn—i-l—a
n—2.

< Cu W\Wﬂ*a, 5
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Now for some o > 0 we have

* _n=2 % — 7 n+l—a
IN(Z" +p= = nré + 2" +9)| < Cu ﬂjfw(\lqbllm,%l% T 1 Zuso + 1))

+ CUZlloo + 1]l )P

According to the above estimates, it follows that if T is sufficiently reduced depend-
ing on the large R we have fixed, we get using Lemma 4.2,

[loe < CT” | Zullow + R 6]l g 2. (5.13)
Combining (5.12) and (5.13) and then using (5.9)-(5.11), we finally get

[Ylloe < CT7 [|Z4]loo

[10llsq,252 < CllZilloo 5.1
T =)W + (T =)WVl < C(T7 (| Zelloe + 1) +R7?)

1T =) D oo + (T = )20V e < CT7 (|Z0]|oo + 1)

We write System (5.5) in the form

¢ = T, [HA(T [ AG(8, ¢, 1, €), 1, €)]
¥ =T AG(b, ¢, 1,6)]

p = TOGo(y, €M, uM N

¢ =TWg (¢, u™M, M N)]

(5.15)

Here, we can write,

Go(1b, €M, 1M \) =ck ; HA(T" [ AG(¢, %, 11, )], 1y €) Zn41 (y)dy

(0, €D p W Ny =ck [ HA(T'AG(¢, 9, 1, )], 1, ) VU (y)dy

Bar

for suitable positive constants c%, ¢ =0,1. We fix an arbitrarily small ¢ > 0 and
consider the problem defined only up to time t =T — ¢.

¢ = T HA(TO[AG (6,0, 11,€),1,6)],  (y,t) € Bag x [0,T — €]
b =TNG(b, %, 1,8)],  (2,8) €Qx[0,T —¢]

p® =T go(p, €M, M N, te[0,T -]

€W =TV [gi (v, x M, M. N)], te[0,T—¢].

(5.16)

where
Tllt) =~ 17 [ (T sy ge(s)ds, T[] = / (T = $)g(s) ds.

The key is that the operators in the right hand side of (5.16) are compact when we
regard them as defined in the space of functions

(d)aﬂja:u’(l)ag(l)) € X; x Xg X X3 x Xy
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defined as, with their respective norms,

X'={¢p /e C(Ber x[0,T ~¢)), Vyp € C(Ber x [0.T — €]}, Igllx, = [0l + [IVy0lloo
X2 ={p /9 CAx[0,T—ve])}, |[Wllx. = [¢ll

X2 ={uW /D e o, —el}, InWlxg = 15D oo + 114 1o

Xt ={eW /W ecoT e} 1€ x, = 16W oo + 1€V 1.

Compactness on bounded sets of all the operators involved in the above expression
is a direct consequence of the Holder estimate (4.11) for the operator 7°“ and
Arzela-Ascoli’s theorem. On the other hand, the a priori estimate we obtained for
¢ = 0 holds equally well, uniformly on arbitrary small € > 0, and for a solution of
(5.16).

Leray Schauder degree applies in a suitable ball B that contains the origin in this
space: essentially one slightly bigger than that defined by relations (5.14), which
amounts to a choice of the parameters dyp and ¢; in (5.6): in fact the homotopy con-
nects with the identity at A = 0, and hence the total degree in the region defined
by relations (5.14) is equal to 1. The existence of a solution to the approximate
problem satisfying bounds (5.14) then follows. Finally, a standard diagonal argu-
ment yields a solution to the original problem with the desired size. The proof of
the theorem for the case k = 1 is concluded.

The general case of k distinct points q1, ..., qr is actually identical: in that case
we have k inner problems and one outer problem with analogous properties. We
look for a solution of the form

k R _ .
(e, t) =Y Uy, (@) + Z7(2,t) + 15 F dlyz nrlyy) + (e, t), g5 == u,§J
=1 !

where Z* solves heat equation with initial condition Zj; which is chosen so that
(2.1) holds at all concentration points: Z(g;) < 0, and &;(T) = ¢;, u;(T) =0.

A string of fixed point problems (with essentially decoupled equations associated
at each point) then appears and it solved in the same way. We omit the details. O
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