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Brezis-Nirenberg Problem
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Brezis-Nirenberg Problem

[Brezis, Haim; Nirenberg, Louis Positive solutions of nonlinear elliptic
equations involving critical Sobolev exponents. Comm. Pure Appl. Math.

36 (1983), no. 4, 437-477|
Reviewer: Wei-Ming Ni

(1889 Citations)

the following problem is considered

Au+)\u+u%§ =0,u>0in €

u =0 on 9N
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Aqu)\u+u%3 =0,u>0in

u =0 on 9N

Theorem (Brezis-Nrenberg (1983)): If n > 4,0 < A < Ay;
n=3,0 < Ay <X < A, then the least energy solution exists.
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Aqu)\u+u%3 =0,u>0in

u =0 on 9N

Theorem (Brezis-Nrenberg (1983)): If n > 4,0 < A < Ay;
n=3,0 < Ay <X < A, then the least energy solution exists.

Dimension 3 is different!
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Analysis of bubbling solutions (Han (1989), Bahri-Li-Rey (1995), Druet,
Musso, Pistoia, Premoselli, Robert,, ...); Construction of bubbling
solutions (del Pino, Musso, Pistoia, Premoselli, Robert, Rey, Wei, ... )
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Analysis of bubbling solutions (Han (1989), Bahri-Li-Rey (1995), Druet,
Musso, Pistoia, Premoselli, Robert,, ...); Construction of bubbling
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Extensions to Yamabe problems, sign-changing solutions, p-Laplacian,
Hardy-Sobolev terms, Henon equations, nonlinear Schrodinger equations,
nonlinear Dirac, curl x curl, Moser-Trudinger equation, bi-harmonic,
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Analysis of bubbling solutions (Han (1989), Bahri-Li-Rey (1995), Druet,
Musso, Pistoia, Premoselli, Robert,, ...); Construction of bubbling
solutions (del Pino, Musso, Pistoia, Premoselli, Robert, Rey, Wei, ... )

Extensions to Yamabe problems, sign-changing solutions, p-Laplacian,
Hardy-Sobolev terms, Henon equations, nonlinear Schrodinger equations,
nonlinear Dirac, curl x curl, Moser-Trudinger equation, bi-harmonic,
nonlinear elliptic systems, fractional laplacians, Schrodinger-Poisson,
Kirchoff, Hartree-Choquard, ....

What about Parabolic Brezis-Nirenberg?
Au—uy + \u|%u =0in Q x (0,7)
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Parabolic Brezis-Nirenberg

Parabolic Brezis-Nirenberg

up = Au + ]u\ﬁu in Qx (0,7)
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@ The aims of my talk are two-folds: First we want to develop a
parabolic gluing methods for constructing bubbling solutions to
parabolic Brezis-Nirenberg problem
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Parabolic Brezis-Nirenberg

Parabolic Brezis-Nirenberg
up = Au+ ]u\ﬁu in Qx (0,7)

@ Variational method does not work for parabolic

@ The aims of my talk are two-folds: First we want to develop a
parabolic gluing methods for constructing bubbling solutions to
parabolic Brezis-Nirenberg problem

@ Second, we want to develop analytical tools to analyze possible Loss
of Compactness for parabolic blow-up problems.
Elliptic: R. Schoen,..., YY Li, Shafrir, L.Zhang, M.Zhu, Druet,
Premoselli, Robert, Hebey, ...
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Outline of Lecture Series

@ 1. An Overview of Blow-up for Fujita Equation

up = Au+ [ulP
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Outline of Lecture Series

@ 1. An Overview of Blow-up for Fujita Equation

up = Au+ [ulP

@ 2. Parabolic Gluing Method I—L? case

up = Au+ [ufP
n+2
n—2’

p= n=2>5,6

e 3. Parabolic Gluing Method ll—non-L? case

up = Au+ [ufP
n+ 2
n—2

p= ,n=23,4
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Outline of Lecture Series

@ 1. An Overview of Blow-up for Fujita Equation

up = Au+ [ulP
@ 2. Parabolic Gluing Method I—L? case
up = Au+ [ufP

n-+ 2
n—2’

p= n=2>5,6
e 3. Parabolic Gluing Method ll—non-L? case

up = Au+ [ufP

2
p= nt ,n=3,4
n—2
@ 4. Parabolic Gluing Method Ill—Distorted Fourier Transforms

u = Au+ e* in R?
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References for Parabolic Gluing Method

Three basic references for parabolic gluing method:

1. L2 case: Carmen Cortazar, Manuel del Pino and Monica Musso, Greens
function and infinite-time bubbling in the critical nonlinear heat equation,
Journal of the European Mathematical Society, 22(1):283344, 2020.

2. (L? and) Non-L? case: Manuel del Pino, Juan Davila and Juncheng
Wei, Singularity formation for the two-dimensional harmonic map flow into

52, Inventione Mathematicae 219 (2020), no.2, 345466.

3. Yannick Sire, J. Wei, Y. Zheng and Y. Zhou, Finite-time singularity
formation for the heat flow of the H-system, arXiv:2311.14336
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www.math.ubc.ca/ jcwei/teachings.html
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Lecture |. An overview of blow-up for nonlinear heat

equation

O — Au = [uP~lu,p > 1,2 € R? (0.1)
u(z,0) = up(x) € L*(R™). '

@ Local well-posedness: standard parabolic theory. (Optimal space
ug € L5 Mizoguchi-Souplet (Adv in Math. 2019))
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Lecture |. An overview of blow-up for nonlinear heat

equation

O — Au = [uP~lu,p > 1,2 € R? (0.1)
u(z,0) = up(x) € L*(R™). '

@ Local well-posedness: standard parabolic theory. (Optimal space
ug € L5 Mizoguchi-Souplet (Adv in Math. 2019))
@ Blow up in finite time 7"

lim lim sup ||u(+, t)||pee = +00
t—=T

Fujita (1966), Quittner-Souplet ...

n-+ 2

bPrJ =
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lim limsup [Ju(+, t)|| e = +00
t—=T

e u; = |ulP~1u blows up at finite time
w= AT — )57
o Type | if there exists a constant C' such that for any ¢t < T,
CNT — )77 < Jful, D) oo ny < C(T — £) 7771

(this is like u; = |ulP~1u,)

@ Otherwise it is called Type II:
1
limsup(T" — )71 ||u(:, ) || oo (rn) = +00.

t—T

)
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lim limsup [Ju(+, t)|| e = +00
t—=T

e u; = |ulP~1u blows up at finite time
w= AT — )57
o Type | if there exists a constant C' such that for any ¢t < T,
CNT — )77 < Jful, D) oo ny < C(T — £) 7771

(this is like u; = |ulP~1u,)

@ Otherwise it is called Type II:
1
limsup(T" — )71 ||u(:, ) || oo (rn) = +00.

t—T

o If T'= 400, blow-up at infinity.

)

24
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Classification of Blow-ups

Ou — Au = |uPtu,p > 1,2 € R"
@ When p < Z—f% (Sobolev subcritical), all blow ups are Type I.

(Giga-Kohn (CPAM 1987) (positive solutions),
Giga-Matsui-Sasayama (IUMJ 2014) (sign-changing solutions)...)
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Classification of Blow-ups

Ou — Au = |uPtu,p > 1,2 € R"

@ When p < Z—f% (Sobolev subcritical), all blow ups are Type I.
(Giga-Kohn (CPAM 1987) (positive solutions),
Giga-Matsui-Sasayama (IUMJ 2014) (sign-changing solutions)...)

o Merle-Zaag (CPAM 1998): Complete self-similar asymptotic behavior
of Type | blow-up solutions

T:_log(T_t)’y: -

T—1
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Classification of Blow-ups

Ou — Au = |uPtu,p > 1,2 € R"

@ When p < Z—f% (Sobolev subcritical), all blow ups are Type I.
(Giga-Kohn (CPAM 1987) (positive solutions),
Giga-Matsui-Sasayama (IUMJ 2014) (sign-changing solutions)...)

o Merle-Zaag (CPAM 1998): Complete self-similar asymptotic behavior
of Type | blow-up solutions

T:_log(T_t)’y: -

T—1

o p= ng energy-critical. More difficult.
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Classification of Blow-ups (Critical Case)

4
ou — Au = |u|"—2u,z € R"

e Filippas-Herrero-Velazquez [2000]: All blow-ups are of Type |, for
positive radially decreasing solutions, n > 3
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Classification of Blow-ups (Critical Case)

4
ou — Au = |u|"—2u,z € R"

e Filippas-Herrero-Velazquez [2000]: All blow-ups are of Type |, for
positive radially decreasing solutions, n > 3

o Collot-Merle-Raphaél [CMP 2017]: true for n > 7, provided that
|uo — Ul gn << 1,
U is the Aubin-Talenti bubble
AU+ U2 =0,U >0
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Classification of Blow-ups (Critical Case)

4
ou — Au = |u|"—2u,z € R"

e Filippas-Herrero-Velazquez [2000]: All blow-ups are of Type |, for
positive radially decreasing solutions, n > 3

o Collot-Merle-Raphaél [CMP 2017]: true for n > 7, provided that
||ZL0 — U||H1 << 1,
U is the Aubin-Talenti bubble
AU+ U2 =0,U >0
o (Wang-Wei 2021-2024 (200 pages)): If n > 7, p = 2£2 and g > 0,
orn >5,p= "2 uy = ug(|z|), then all (finite—time) blow ups are
Type I.
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Examples of
Type Il
for p > g—f%

0w — Au = |u|ﬁu,x eR"
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n+2

Type Il blow-up for n < 6,p =

e Filippas-Herrero-Velazquez [2000] (formal computations for n < 6,
radial case)
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Type Il blow-up for n < 6,p =

e Filippas-Herrero-Velazquez [2000] (formal computations for n < 6,

radial case)
@ Schweyer [JFA 2012] (the radial case): n =4,p =3
|log(T — t)|?
o ~ B

Raphael-Rodnianskii (Invent Math 2009) approach
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Type |l blow-up for n < 6,p =

e Filippas-Herrero-Velazquez [2000] (formal computations for n < 6,

radial case)
@ Schweyer [JFA 2012] (the radial case): n =4,p =3
|log(T — t)|?
o ~ B

Raphael-Rodnianskii (Invent Math 2009) approach

e del Pino-Musso-Wei-Zhou (DCDS-A 2019): n = 4,p = 3, nonradial
case, multiple bubbles

|log(T — )2

e ~ B

Inner-outer gluing approach
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n4-2
n—2

Type Il Blow-ups for n < 6,p =

@ del Pino-Musso-Wei (Science in China (Special Issue for C. Kenig's
Birthday) 2019): n = 5,p = 7/3, nonradial and multiple bubbles

lull oo ~ (T = £)7°
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Type Il Blow-ups for n < 6,p =

n4-2

n—2

@ del Pino-Musso-Wei (Science in China (Special Issue for C. Kenig's
Birthday) 2019): n = 5,p = 7/3, nonradial and multiple bubbles

lullpee ~ (T =)~
e Harada (2020): n = 6,p = 2, radial case

5 15
[ullzee ~ (T = 1) "2 [log(T — )|+
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n4-2
n—2

Type Il Blow-ups for n < 6,p =

@ del Pino-Musso-Wei (Science in China (Special Issue for C. Kenig's
Birthday) 2019): n = 5,p = 7/3, nonradial and multiple bubbles

lullpee ~ (T =)~
e Harada (2020): n = 6,p = 2, radial case

5 _15
[ul[ee ~ (T —1)"2[log(T" — 1)
o del Pino-Musso-Wei-Zhou-Zhang (2020): n = 3,p = 5, nonradial case

lwl[gee ~ (T —t) 7% k=1,2,3,...
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n+2
n—2

Type Il Blow-up for p >

@ Herrero-Velazquez (1997), p > pyr(n), radial case; Mizoguchi, Seki,

e Collot (MAMS 2017), p > psr(n),p = 2m + 1, nonradial case;
Collot-Merle-Raphael (JAMS 2020), p > pyp(n—1),n > 13;

e Matano-Merle (JFA 2004, CPAM 2009), No Type Il blow-up for
u = u(r), ﬁ—fg <p<pjr(n);

@ del Pino-Musso-Wei (JFA 2020), Type Il blow-up for
12 < p =24 <pyr(n);

@ Lai-del Pino-Musso-Zhou-Wei (2021), Type Il blow-up for

p=3,5<n<8§
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n +2
-2

Classification of Blow-ups when p > *

Based on the examples of Type Il blow-ups, it is reasonable to

Conjecture 1: If p = ;‘—f% all positive blow-ups are Type |, for n > 3

Wang-Wei: True if n > 7; True if u=wu(r),n>5
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Classification of Blow-ups when p > 2+2

Based on the examples of Type Il blow-ups, it is reasonable to

Conjecture 1: If p = 242 3]l positive blow-ups are Type |, for n > 3

n—2"
Wang-Wei: True if n > 7; True if u=wu(r),n>5

Conjecture 2: If p = 2+2 4| solutions (sign-changing) blow-ups are Type
I] n—2

I, forn>7
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2

Classification of Blow-ups when p > 2+

Based on the examples of Type Il blow-ups, it is reasonable to
Conjecture 1: If p = ;‘—f% all positive blow-ups are Type I, for n > 3
Wang-Wei: True if n > 7; True if u=u(r),n >5

Conjecture 2: If p = ”—“

I, forn>7

all solutions (sign-changing) blow-ups are Type

Conjecture 3: If 22 < p < p;r(n) and p # 2£2 all solutions

(sign-changing) blow-ups are Type .

Collot-Raphael-Merle (JAMS 2020)
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Blow-up at infinity when p = pg =

o Galaktionov-King (JDE 2003): n > 3, unit ball, radial positive
solutions
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Blow-up at infinity when p = pg =

n+4
n

—2

o Galaktionov-King (JDE 2003): n > 3, unit ball, radial positive
solutions

e Cortazar-del Pino-Musso (JEMS 2020): general domain, n > 5,
non-radial positive solutions
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Blow-up at infinity when p = pg =

n+4
n

—2
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non-radial nodal solutions
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Blow-up at infinity when p = pg =

n+4
n

—2

o Galaktionov-King (JDE 2003): n > 3, unit ball, radial positive
solutions

e Cortazar-del Pino-Musso (JEMS 2020): general domain, n > 5,
non-radial positive solutions

o del Pino-Musso-Wei-Zheng (Pisa 2020): general domain, n > 5,
non-radial nodal solutions

@ bubble towers at forward and backward time infinity: del
Pino-Musso-Wei (Analysis PDE 2021) (¢t = +00), Wei-Sun-Zhang
(CVPDE 2022) (t = —o0)
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Blow-up at infinity when p = pg =

n+4
n

—2

o Galaktionov-King (JDE 2003): n > 3, unit ball, radial positive
solutions

e Cortazar-del Pino-Musso (JEMS 2020): general domain, n > 5,
non-radial positive solutions

o del Pino-Musso-Wei-Zheng (Pisa 2020): general domain, n > 5,
non-radial nodal solutions

@ bubble towers at forward and backward time infinity: del
Pino-Musso-Wei (Analysis PDE 2021) (¢t = +00), Wei-Sun-Zhang
(CVPDE 2022) (t = —o0)

@ Ageno-del Pino 2023: general domain, n = 3, non-radial positive
solutions
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Fila-King Program

Fila-King (2012) considered the Cauchy problem
4

u = Au+ |u[»2u in R" xRy,

u(-,0) =up in R™.
They first introduce the concept of the threshold solution. For any
nonnegative, smooth function ug(x) with ug # 0, let us define

a* = a*(ug) :=sup{a > 0: Thax(aug) = oo},

and u* := u(x, t; a*ugp) is called the threshold solution associated with wy.
Roughly speaking, the threshold solution lies on the borderline between
global solutions and those that blow up in finite time since for a > o,
the nonlinearity dominates the Laplacian and vice versa. At the threshold
level, the dynamics for u* in the pointwise sense might be global and

bounded, global and unbounded, or blow up in finite time. Any of these
might happen depending on the power nonlinearity and the domain.
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Fila-King program concerns the threshold solution to above equation:
Conjecture (Fila-King 2012) For radial initial value ug satisfying

-2
lim r7ug(r) = A for some A >0 and v > nT (0.3)

r—>00
The threshold solution u of (0.2) with initial value ug should satisfy
. [, D)l Lo (mny
m —F
tmoo p(t;m, )
for some positive constant C' depending on n and ug, where (t;n, ) is
given as:

=C
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12y <2 v=2 v>2
n=3 T t2(Int)~? t2
1 < vy < 2 partially [1] partially [1] partially [1]
n=4 t= 2" Int 1 Int
trichotomy dynamics [2] | trichotomy dynamics [2] | partially [3]
n=>5 -2 (Int)~3 1
partially [4] partially [4] partially [4]

Forn > 6 and v > nT—Q, W(tEnv'V) =1

[1] del Pino-Musso-Wei (Analysis PDE 2021)
[2] Wei-Zhang-Zhou (JDE 2024)

[3] Li-Wei-Zhang-Zhou (NA 2024)
[4] Wei-Zhang-Zhou (preprint, 2023)




Inner-Outer Parabolic Gluing Method

In the rest of the lectures, | shall introduce the Inner-Outer Parabolic
Gluing Method.

The main idea is to extend the inner-outer gluing scheme in infinite
dimensional reduction method which has been successfully used in many
nonlinear elliptic equations to parabolic equation.

The Inner-Outer Gluing Scheme was first developed by
del Pino-Kowalczyk-Wei (Annals of Mathematics 2011): Counterexample
to De Giorgi's Conjecture for the Allen-Cahn

Au+u—u®=0inR"?

for dimensions n > 9.
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Inner-Outer Gluing Scheme

Inner-Outer Gluing Scheme for elliptic problems: the idea is to " Zoom In"
the interface region and decouple the whole nonlinear PDE problem into
two problems: the inner problem, which is only solved near the interfaces,
captures the essential geometric information of the interfaces; the outer

problem, which is solved in the whole space, sums all global and external
effects.

Key elements in the gluing: Fredholm and modulli space theory for elliptic
operators
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Inner-Outer Gluing Scheme

Inner-Outer Gluing Scheme for elliptic problems: the idea is to " Zoom In"
the interface region and decouple the whole nonlinear PDE problem into
two problems: the inner problem, which is only solved near the interfaces,
captures the essential geometric information of the interfaces; the outer
problem, which is solved in the whole space, sums all global and external
effects.

Key elements in the gluing: Fredholm and modulli space theory for elliptic
operators

Inner-Outer Gluing Scheme for parabolic problems: the idea is to " Zoom
In" the singularity region and decouple the whole nonlinear parabolic
problem into two problems: the inner problem, which is only solved near
the singularities; the outer problem, which is solved in the whole
space-time, sums all global and external effects. The reduced dynamics
captures the local and nonlocal effects of the singularities.

Key elements in the gluing: linear theory for linearized parabolic operators.
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Applications of Inner-Outer Parabolic Gluing Methods
in Singularities Formations of
Geometric

and Physical Flows
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1. Harmonic Map Flows

Singularity formations in Harmonic Map Flows
ug = Au + |Vul*u
for a function u defined on a subset of the plane with values in S:
uw:Q— 8% jul=1
where Q C R? or two-dimensional Riemann surface.
Juan Davila, Manuel del Pino, Juncheng Wei, Singularity formation for the
two-dimensional harmonic map flow into S2. Inventione Mathematicae

219 (2020), no.2, 345466
Forward /backward blow-ups, spontaneous blow-ups.
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2. Half-Harmonic Maps

2.1. Harmonic Map Flows with Free Boundary
Vur — A uw L T,S?

Y. Sire, J. Wei and Y. Zheng. Singularity formation in the harmonic map
flow with free boundary American Journal of Mathematics 145 (2023), no.
4, 12731314.

Finite-time blowup
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2.2. Half Harmonic Map Flow

u +vV—Au L T,St

Y. Sire, J. Wei and Y. Zheng, Infinite time blow-up for half-harmonic map
flow from R into S! American Journal of Mathematics 143(2021), no.4,
1261-1335.

Infinite time blowup
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3.Yang-Mills Flows

Let E — M be a vector bundle with structure Lie group G over a four
dimensional Riemannian manifold, for a time dependent connection
A = A(t), the Yang-Mills heat flow (YMH) is:
0A
ot
@ Fy is the curvature and D7 denotes the adjoint of the covariant
differential on gg-valued forms.

@ (YMH) is the gradient of Yang-Mills functional
1
YM(A) = / |F4|?dV.
2J/m

= —D%Fy.
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Yang-Mills heat flow: Global well-posedness and infinite

time blowups

Dimension 4:

@ Schlatter (1996) proved the global existence of four dimensional
Yang-Mills heat flow for small data.

@ The global well-posedness for any initial data was established by
Waldron (Invent Math 2019).

@ Walderon's solutions may well have infinite time singularities:
Yannick Sire, J. Wei and Y. Zheng, Infinite time bubbling for the
SU(2) Yang-Mills heat flow on R*, arXiv: 2023
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4. Singularities in Nematic Liquid Crystal Flow (NLCF)

Nematic Liquid Crystal Flow (NLCF):
Ov+v-Vo+ VP =Av—¢V-(Vdo Vd)
V-v=0
od+v-Vd = Ad + |Vd|*d
|l =1

in
in
in

in

C. Lai, F. Lin, C. Wang, J. Wei and Y. Zhou, Finite time blow-up for the

nematic liquid crystal flow in dimension two. Comm. Pure Appl. Math

75(2022), no.1, 128-196.
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5. The heat flow of the H-system

We consider a geometric flow that describes the evolution of parametric
surfaces with constant mean curvature. It is the associated heat flow of
the H-system

up = Au—2ug, Aug, in R2x Ry, (0.4)
u(-,0) = ug in R2, '
where u(x,t) = u(x1, w2,t) : R? x Ry — R3, and ug : R? — R3 is a given
smooth map.

Yannick Sire, J. Wei, Y. Zheng and Y. Zhou, Finite-time singularity
formation for the heat flow of the H-system, preprint 2023.
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6. Keller-Segel system in R2.

Keller-Segel system:
ug =Au — V- (uVv)  in R? x (0, 00),

(KS) v=(—A)"tu: ! / log ! u(z,t)dz
R2 |z — 2|

T o

u(-,0) =ug >0 inR2

@ Infinite time blowup at critical mass
Juan Davila, Manuel del Pino, Jean Dolbeault, Monica Musso, J.
Wei, Existence and stability of infinite time blow-up in the
Keller-Segel system, to appear in Arch. Rational Mech. Analysis

@ Finite time blowup
Federico Buseghin, Juan Davila, Manuel del Pino, Monica Musso,
Existence of finite time blow-up in Keller-Segel system, arXiv 20023.
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Part |I- Parabolic Gluing Method—L? Case

| now introduce the parabolic gluing method applied to the critical Fujita
equation
4
up = Au + |u|"2u

This is an inner-outer gluing scheme applied to parabolic equation. This
method contains two approaches

e L? case: dimensions n > 5

@ Non-L? case: dimensions n = 2,3, 4
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Building Block

Building Block: Caffarelli,Gidas and Spruck (1989), all the positive
solutions to Euler-Lagrange equation

n+2
Au+un%2:0,u>0 in R™
n—2

. L n—2 A T2
are Talenti bubbles u = Ulz, A](z) := (n(n — 2)) 1 (m)

n—2

U = U[0.1] = (n(n — 2))" (1) =y

1+ |z|?
T —z
3 )

Ulz, N(z) = A~ "2 U(
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Spectral Information of U

Ap+pUP~top=pd,  |¢llre < +oo

e Principal eigenvalue 119 > 0, g = Zo(y) ~ e~V
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Spectral Information of U

Ap+pUP 1o = po, 4]l < +oo
e Principal eigenvalue 119 > 0, g = Zo(y) ~ e~V
® /i1 = ... = lin4+1 = 0, Eigenfunctions
ou ou
Zj = ) = 1, ey T, Zn+1 =

=950 )
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Spectral Information of U

Ap+pUP 1o = po, 4]l < +oo
e Principal eigenvalue 119 > 0, g = Zo(y) ~ e~V
® /i1 = ... = lin4+1 = 0, Eigenfunctions
ou ou
Zi="2 =10 Ty = =—
J azja] yeeey Ty Lin41 BN

o 3 <0

66 /206



Spectral Information of U

Ap+pUP 1o = po, 4]l < +oo
e Principal eigenvalue 119 > 0, g = Zo(y) ~ e~V
® /i1 = ... = lin4+1 = 0, Eigenfunctions
ou ou
Zi="2 =10 Ty = =—
J azja] yeeey Ty Lin41 BN
o 13 <0
Clearly
Zj~<y > Ne 2 j=1,....n

n—2)

i1 ~<y>"De[? — n>5

n > 5: L%-case
n = 3,4: non-L? case
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2.1-Finite time blow-up in R?

Theorem 1 del Pino-Musso-Wei (2019)

Assume n =5 and p = pg(b) = % For given points ¢1, ¢, ..., g and any
sufficiently small 7" > 0 there is an initial condition ug such that the
solution wu(x,t) blows-up at exactly those k points

. ’“ A (1) B
’““’”N‘)‘"Z<Aj<t>2+|x@(t)P) M) =0

j=1
with rates type Il, where
1 1
()| Lo ~ ()\(t))% ~ T =05 §(t) = qj, ast = T.
J

A() ~ (T = 1)?

Furthermore the blow-up is k co-dimensional stable.

68 /206



Proof of Theorem 1-an introduction to parabolic gluing

method

We consider energy-critical heat equation in R":

S(u) = —us + Au + \u|p’1u: 0, (x,t) e R" x (0,7
B n-+2
n-—2

We want to use the parabolic gluing method to construct the Type Il
blow-up of the type

u(x,t) =~ Z (—)\j(t) )nf

2 2
= AS+ o =&
To focus on the idea, we let k =1 and §; = 0.

Let us first do a formal computation.
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A formal computation

Let us recall what we do in the elliptic case:
—Au— Au = |u|ﬁu in Q;u =0 on 0N
For single bubble, our initial ansatz is the standard Aubin-Talenti bubble:

n—2
1% 2
P\ e — €2

But we have a linear term —Au and Dirichlet boundary condition

u =0 on 0f).
A convenient way is to project the bubble:

—APQU — APU = (Uy¢) "2 in Q; PolU = 0 on 2

and then write
PoU =U + ¢
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For parabolic Brezis-Nirenberg problem,
ur = Au + ]u\ﬁu
U([L‘, O) = UO(J:)

we do the same. We project

U, = ( A(t) )"22

A(t)? + |z|?
into

n+2
(PU)y=APU+U;"?
PU(x,0) = ug
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For parabolic Brezis-Nirenberg problem,
ur = Au + ]u\ﬁu
U([L‘, O) = UO(J:)

we do the same. We project

U, = ( A(t) )"22

A(t)? + |z|?
into

n+2
(PU)y=APU+U;"?
PU(x,0) = ug

ug is free
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If we write
PU=Uy+1v

then )
{ Ve =AY + 5;(Un)
Y(x,0) = up — Uy()

We will drop %(UA@)) for the moment (when n = 5).
We rewrite with the ansatz:

U~ Uy = (7)\@) >”g2+
R CER Ee
where 1) is a solution to the linear heat equation
o, = Aty
1Z)O(‘/B)O) = ZO

so the initial data is
up = Ux0) + Zo
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Error
S(u) = Au+ uf —uy

E = 5(u) = (U[X; 0] + 90)? = (U[X; 0))” = (U[A; 0]):
~ p(UA; 01)P~ Hpo — (U[A; 0))
Rescaling © = Ay:
E ~ pA72UP 1y (My) + A—%A’[%_QU +yVU|

The last term is 5
n —
Zn+1 = TU + yVU
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Orthogonal Condition

Now we need an orthogonal condition:

0= / EZyi1

/ By ~ / AU 0 (O0) + A EN Zo 1) Zoin

A" 240(0) ~ CATZN
/ 1 =
A~ Cz/jo(o)rAT“
If we look for finite time blow-up we set
At) ~ (T =1)P,8>0
We will need
n <6

1/)0(0) <0
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The above computation shows that there should be No positive Type
Il blow-ups. All finite time blow-ups are Type I.

The above computation breaks down if n = 3,4 since Z,,1 & L?
When n = 6, it is a borderline case. This suggests that we need to

adjust the outer solution y. (One can glue a Type-| blow-up outer
solution (Harada 2020).)

If n > 7, then ”54 > 1 and the above computations show that there

should be no finite time blow-up even for sign-changing solutions

When n =5, we formally get
B=2 XA~ (T —1t)?
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The above computation shows that there should be No positive Type
Il blow-ups. All finite time blow-ups are Type I.

The above computation breaks down if n = 3,4 since Z,,1 & L?

When n = 6, it is a borderline case. This suggests that we need to
adjust the outer solution y. (One can glue a Type-| blow-up outer
solution (Harada 2020).)

If n > 7, then ”54 > 1 and the above computations show that there
should be no finite time blow-up even for sign-changing solutions

When n =5, we formally get
B=2 XA~ (T —1t)?
Rigorous Proofs??7
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Parabolic Gluing Method

We can make the above computation rigorous by Parabolic Gluing Method.

The main idea is to extend the inner-outer gluing scheme in infinite
dimensional reduction method which has been successfully used in many
nonlinear elliptic equations to parabolic equation.

Key elements in the elliptic gluing: Fredholm and modulli space theory for
elliptic operators
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Parabolic Gluing Method

We can make the above computation rigorous by Parabolic Gluing Method.

The main idea is to extend the inner-outer gluing scheme in infinite
dimensional reduction method which has been successfully used in many
nonlinear elliptic equations to parabolic equation.

Key elements in the elliptic gluing: Fredholm and modulli space theory for
elliptic operators

Parabolic gluing: NO Fredholm theory for parabolic problems!
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Parabolic Gluing Method

We can make the above computation rigorous by Parabolic Gluing Method.

The main idea is to extend the inner-outer gluing scheme in infinite
dimensional reduction method which has been successfully used in many
nonlinear elliptic equations to parabolic equation.

Key elements in the elliptic gluing: Fredholm and modulli space theory for
elliptic operators

Parabolic gluing: NO Fredholm theory for parabolic problems!

Development of Parabolic Gluing Method: Singularity Formations for
harmonic map flows [Davila-del Pino-Wei, Invent. Math. 2020, 177 pages]

80 /206



Some key observations

ug = Ay + |ulPu

o If x| << /T —t, then uy << A, and the problem is in elliptic
region:
Ay + [ufPtu~ 0
o If |z| ~ /T —t, this is the parabolic region:
ug ~ Agu
o If [z| >> /T —t, then u; >> A, and the problem is in ODE region:

up = |ulPtu
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Parabolic Inner-Outer Gluing Scheme

We explain the scheme in the case of one point, k = 1, when

n-+ 2
= =5
p n—2’n

We mainly follow the idea in

Manuel del Pino, Monica Musso, J. Wei, Y. Zheng: Sign-changing
blowing-up solutions for the critical nonlinear heat equation Ann. Sc.
Norm. Super. Pisa Cl. Sci. (5) 21 (2020), 569641.

In the above paper, the building block is an nonradial sign-changing
solution to Yamabe problem

_4
AQ+|Q"2Q =0
We only use the nondegeneracy property of (). (Proved in Musso-Wei
(CMP2015).)
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We are looking for a solution u(z,t) of the equation
S(u) = —u + Au+uP =0

which at main order has the form
u~ ugp(x,t) = (

O(1): will be added later.

At) )ZZ*%
(A(#)? + [x — £(B)]?

+O(1)
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We are looking for a solution u(z,t) of the equation
S(u) = —u + Au+uP =0

which at main order has the form
u~ ugp(x,t) = (

O(1): will be added later.

At) )ZZ*%
(A(#)? + [x — £(B)]?

+O(1)

A(t), £(t) are smooth functions in [0,T") such that A(T') =0, {(T') = q.
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The general strategy: very simple

e Construct a good approximate solution ug(z,t) that depends on the
parameter functions A(t), &(t).
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The general strategy: very simple

e Construct a good approximate solution ug(z,t) that depends on the
parameter functions A(t), &(t).

@ Construct a genuine solution of the form u = ug + ¢ by linearization:
w is small compared to ug.
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The general strategy: very simple

e Construct a good approximate solution ug(z,t) that depends on the
parameter functions A(t), &(t).

@ Construct a genuine solution of the form u = ug + ¢ by linearization:
w is small compared to ug.

@ The equation is
pr = Ap +puf o+ Eo(x,t) + N(p)

where
Eo(z,t) = —0uo + Aug + uf)

is the error of approximation.
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Inner-Outer Gluing

A crucial part of the inner-outer gluing scheme is to decompose the
solution into the form

=&

Uo-i-ﬁ(ﬂ)q)(

r—&
A

)+
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Inner-Outer Gluing

A crucial part of the inner-outer gluing scheme is to decompose the

solution into the form

r—& _x—¢&

— ) ®(
RA A

ug + 7( )+

® solves the inner problem, which is solved only in

[z —&| < R()A(t)
and W solves the outer problem, and 7 is a suitable cut-off. Both
equations form a nonlinear parabolic system.
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Formulating the inner—outer gluing system

We fix a point ¢ € §2. Let us consider a smooth function Z with
Z5(q) <O0.

We let Z*(x,t) be the unique solution of the initial-boundary value
problem

ZF = AZ* R® x (0,00),
Z*(-,0) = Zzin R®.
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We consider functions £(t) — ¢, and parameters p(t) — 0 ast — T. We

look for a solution of the form
with a remainder ¢ consisting of inner and outer parts

pa,t) = X 6 (y. 1) na(y) + (@, 1), y="— §@)

where

(s =m ()

and 7 is a smooth cut-off function.
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Error
S(U)ﬁ + Z*+) =

— i+ Do+ pUL (o + Z7) + pTTE+N(Z + )

= RN [ N+ Ay + pU ()P o+ AT (2 + )] + E]
— P+ Aptp + pAT2 (L= nr)U ()P~ (Z* + ) + Alg]
+Bl¢] +u T E(L—nr) + N(Z* + )
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. n—2

E(y,t) == Ay - VU(y) + Uy)] + A VU(y)

N>\7§(Z) = |U)\7§ + Z|p_1(U)\7§ +7)— Uf,& - pU,]\D,EIZ7

Alg] == AT { Aynrd + 2V, 1rV 6}
Blg] :=
A3 {/'\[y Vo + nT_2¢]nR+S'Vy¢nR+ [y Vynr+E&- Vynr
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Thus, we will have a solution if the pair (¢(y,t), ¥ (x,t)) solves the
following inner—outer gluing system
Inner:

Mo = Ayo+pU(y)P o+ H(p, A, €) in Bar(0) x (0,7)
Outer:

e = D)+ G(¢, ¥, 1, €)in R? x (0,7)
¢(70) =0 in RQ

where

H(, M) (y,t) = N7 pU ()P (Z5(€ + My, t) + (€ + Ay, 1) + Ely, t)

G(9, ¥, A\ €)(w,t) = pA~*(1 = np)U )"~ (Z" + ) + Al¢] + Blg]
T —§
B

AT E(L—np) + N(Z5 +¢), y=
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Simplified Inner-Outer

Inner Problem: .
O = Ap+pUJ™ ¢+ nEy

+ pUL™ "4 + quadratic terms
| < 2RA(t)

Outer Problem:

e = A+ pUS (1 =)y
+ (1 =n)Eo+2VnVe + ¢An
+ quadratic terms

inR.0<t<T
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Simplified Inner-Outer

Inner Problem: .
O = Ap+pUJ™ ¢+ nEy

+ pUg_lw + quadratic terms
lz| < 2RA(t)

Outer Problem:

Yo =AY +pUL (1 — )
+ (1 =n)Eo+2VnVe + ¢An
+ quadratic terms
inR°,0<t<T
Question: choose suitable radius R so that the inner-outer problems

decouple
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Choice of R

o R(t)A(t) << /T —t (self-similar)
@ R larger, the outer problem gains more regularity; but the estimates
for the inner problem get worse and the nonlinear terms get worse. A

suitable balance.

@ This is very important in the non-L? case. In the L? case, any choice

of R(t)A(t) << /T —tis fine.
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Inner variables and linearized inner equation

Inner variables:

£ !
Y= , T:i=1T10+ ﬁ—>oo ast 1 1T.
0
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Inner variables and linearized inner equation

Inner variables:

x—¢& b1
Y = N T:_To+/0/\2—>00 aStTT.
In the inner variables the approximation ug is such that
I
uo(y,7) = Uly) = <7) as 7 — o0.
1+ [y[?
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Inner variables and linearized inner equation

Inner variables:

. tl
y::l/\g7 T:_To+/0/\2—>00 aStTT.

In the inner variables the approximation ug is such that

n—2

1
uo(y,7) = Uly) = <W) ° as T — o0.

The inner equation is
¢r = Ap +pUP~ 1o
+ error + pUP~ 14y + small linear terms
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The key observation is that in order that the inner and outer problem are

decoupled we only need to estimate
o Outer to Inner
pUP~ 1y

@ Inner to Outer
2VnrV¢ + ¢Ang

=" 8 = (L)

Only the boundary decaying of ¢ near OBp is required.

This is the key, as the inner solution we found may grow large in the

interior but decays near the boundary.
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The key observation is that in order that the inner and outer problem are
decoupled we only need to estimate

@ Outer to Inner
pUP™ )
@ Inner to Outer
2VnrV¢ + ¢Ang

NR = n(%) = n(ﬁ

Only the boundary decaying of ¢ near OBp is required.

)

This is the key, as the inner solution we found may grow large in the
interior but decays near the boundary.

For the gluing to work we need to find an inner solution which has fast
spatial decay, and fast time decay.
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Model Problem

br = Ap 4+ pUP L (y)p + h, 10 < T < 400, Jy| < 2R
P(y, 10) = ¢o(y)
he (14 Jy[) 7277
v,o >0

Solutions always exist. The problem is to find a fast-decaying solution in
both space and time. Eigenvalues of

Ayo + pUP"H(y)g = o
Ko >07¢:Z0N€_T
ow

) n—2
H1 = ... = lpt1 = O,Zj = T,] =1,..,5,Zp411 = ——U+yVU
Yj 2
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Model Problem

br = Ap 4+ pUP L (y)p + h, 10 < T < 400, Jy| < 2R

o(y,70) = ¢o(y)
h~ T V(14 [y) 27
v,o >0

Solutions always exist. The problem is to find a fast-decaying solution in
both space and time. Eigenvalues of
Ayd +pUP™H(y)¢ = n¢
Ko >07¢:Z0N€_T
ow | n—2
1= ... = piny1 =0,7Z; = 67,] =1,..,5,Zp411 = ——U+yVU
Yj 2

1o > 0 corresponds to the instability of the blow-up
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Or = A(Z)—FpUp*l(y)(ﬁ—i— h,79 < T < +00
b (Lt )20

Question: can we find a solution ¢ with fast decaying in both spatial and
time variable (inside the self-similar regime)?

dp~TV(AH )Tyl << VT

In elliptic theory, this can be achieved by Fredholm Theory (some
orthogonality conditions needed). But for parabolic problems, there are no
Fredholm Theory.
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Or = A(Z)—FpUp*l(y)(ﬁ—i— h,79 < T < +00
b (Lt )20

Question: can we find a solution ¢ with fast decaying in both spatial and
time variable (inside the self-similar regime)?

dp~TV(AH )Tyl << VT

In elliptic theory, this can be achieved by Fredholm Theory (some
orthogonality conditions needed). But for parabolic problems, there are no
Fredholm Theory.

In general, No!
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Instability

¢r = Ao+ pUP (y)p + h, 19 < 7 < +00

¢ = eMo(7=70) Z4 (1)) solves the equation with & = 0 and the initial condition
¢(y7 7—0) = ZO‘

We have to get rid of this type of initial conditions. This leads to
co-dimensional instability.
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Linear Theory

¢T = Ay¢ +pUp*1(y)¢ + h(y7 t)v |y’ < 2Ra T EC (7_0; +OO)
gb =0 on aBQR(To, +OO)

[hZ;=0,j=1,..n+1 T € (70, +0)
o(y, m0) = coZo, ly| < 2R.
Result: Let v,0 € (2,3). Assume that
7.71/

h~———
(1+ [y
Then for sufficiently large R there exists a solution (¢, cy) such that

1
St
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Linear Theory

¢T = Ay¢ +pUp*1(y)¢ + h(y7 t)a |y’ < 2Ra T C (7_0; +OO)
gb =0 on aBQR(To, +OO)

[hZ;=0,j=1,..n+1 T € (70, +0)
o(y, m0) = coZo, ly| < 2R.
Result: Let v,0 € (2,3). Assume that
7.71/

h~———
(1 +[y[)>+e
Then for sufficiently large R there exists a solution (¢, cy) such that

1
St

@ The initial condition is NOT arbitrary. It is the part of the solution.
o Notice that we need 2 < 0 < 3. We need to improve the first error
term (only UP~1 ~< gy >74).
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Estimates for inner-outer coupling

1
L+ [yl

[Go(y, T S 77

Near the boundary Bpg,|y| ~ R

¢ < lyl =7 Vol ~ [y~
The inner-outer coupling term

2VnrVe + ¢Ang
~ R*Q*O’

~ RE |
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Outer Problem:

Y= Ay + pub (1 =)y
+ (1 —n)Ey+2VnVe + ¢pAn
+ quadratic terms

In the rescaled variable, the operator

A+ puf (1= ng)Y
satisfies the Maximum Principle.

111 /206



Outer Problem:

Y= Ay + pub (1 =)y
+ (1 —n)Ey+2VnVe + ¢pAn
+ quadratic terms

In the rescaled variable, the operator
A+ puf (1 = nr)d
satisfies the Maximum Principle.

Reason: the kernel Z,, 11 has constant sign when |y| > R and hence

Zy . 1,€> 0 will be a perfect super-solution
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Outer Problem:

Y= Ay + pub (1 =)y
+ (1 —n)Ey+2VnVe + ¢pAn
+ quadratic terms

In the rescaled variable, the operator

A+ puf (1= ng)Y
satisfies the Maximum Principle.

Reason: the kernel Z,, 11 has constant sign when |y| > R and hence
Zy . 1,€> 0 will be a perfect super-solution

Using Maximum Principle, we obtain that the coupling effect is
W STVRTE <y >
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Linear Theory for Outer Problem

{wtzA 2+ (1= np)pul "W + g(a,t)
P(x,0) =

Assume that
1 1

< Kil———nu—
Then
1 1

3
A1+ |y|2te + 127

Y] < Kol

b =T [2VeVn + pAn + ..
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Going back to inner equation, we measure the effect of Outer-to-Inner
¢r = Ap +pUP~ 1o
+ error + pUP~14) 4 small linear terms

g

pUP M~ 7 VRTE <y >0

Recall the original error
h~r ™V <y>"27°

Our problem is reduced to the Inner Problem only.
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