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1. Introduction

These are short lecture notes written as the author was invited to give a mini-
course in the University of Science at Technology of China, in Hefei, China, and he
is grateful to the math department for the invitation and the organisation of his stay.

There are merely no books on the detailed description of singularity formation
for evolution PDEs, especially concerning the construction and stability of blowup
solutions, despite the fascinating aspect of this topic. These notes aim at explaining
briefly some key concepts, with a level of difficulty accessible to graduate students/
students in Masters. The aim is to show how, despite the diversity of the PDE world,
there are universal features in singularity formation. In particular, we focus on the
appearance of self-similarity, and on the implication it has that stability problems in
singularity formation have a lot in common. To this aim we focus on two apparently
unrelated equations, the semilinear-heat equation

ur = Au+ |uPu,
ul=0 = ug

(1.1)

describing a scalar field u : [0,7] x R? — R subject to diffusion and nonlinear
growth, and the Prandtl’s system:

Ut + ULy + VUy — Uy = —pZ (t,z,y) € [0,T) x R x Ry,
Uz + vy =0, (1.2)
uly=o = v|y=0 = 0, limy_oo u(t,z,y) = uf(t, x),

describing the evolution of the velocity field (u, z) of a fluid in the upper half plane
R X [,00), in the vanishing viscosity limit of the Navier-Stokes equations near a
boundary. The first one is a semi-linear equation for which the solution might
become unbounded in finite time, creating a singularity, while the second one is
a quasilinear transport equation for which the spatial derivatives might become
unbounded in finite, creating also a singularity. We shall study in details the inviscid
version of the Prandtl’s system:

up + uty + vuy = —p (t,z,y) € [0,T) x R x Ry,
Uy + U’y — O, (13)
Vly—o = 0, limy_,oou(t,z,y) = uf(t,z).

The key issues we want to underline and explain in these notes are the following.

e Section 1 deals with the existence and properties of solutions (local well-
posedness). This issue is a classical one in PDEs, and it will allow us to
insist on the key properties of the dynamics. We will briefly encounter
the concept of weak solution, and show the existence of solution to (1.1)
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using an iterative scheme (fixed point). At the heart of this scheme will
lie the regularising effects of the heat equation, and we shall also present
the closely related parabolic energy estimates, and parabolic regularisation
techniques. To study the Prandtl’s system, we shall go over linear and
quasilinear transport dynamics, and study finite speed of propagation and
the existence of an underlying geometry encoded by the characteristics.
Section 2 deals with the notion of self-similarity. This key feature of many
singularity formations will be explained in details, and we shall see how and
why it applies to evolution PDEs. After reviewing basic examples, we will
construct self-similar solutions both for the semilinear heat equation and the
inviscid Prandtl’s system. For both PDEs, blow-up solutions are asymptot-
ically self-similar near the singularity, highlighting why the problem of the
stability of self-similar solutions is a universal problem. Asymptotic self-
similarity for the semilinear heat equation is mostly a consequence of the
existence of a scaling invariance, parabolic regularising effects, and local en-
ergy dissipation. Asymptotic self-similarity for the inviscid Prandtl’s system
is mostly a consequence of the existence of a scaling invariance, the finite
speed of propagation of the equation, and the asymptotic self-similarity for
the characteristics.

Section 3 presents a way to perform the stability analysis of a self-similar
blow-up. It focuses on the energy supercritical semilinear heat equation in
dimension 3. The linearised infinite dimensional dynamics are studied in
details. An idea to avoid exponentially growing instabilities using topology
is presented. For the full stability problem, we explain how to renormalise
the solution in order to zoom at the singularity location, giving rise to
modulation equations for the relevant scale and position parameters. We
present how to obtain the existence of a perturbation remaining small over
time by performing the analysis of solutions in a suitable bootstrap regime.

We focus on key aspects that we believe are relevant for persons that are not
familiar with singularity formation. We focus also on the brief explanation of key
techniques, which is of interest for graduate students. We thus cannot provide
precise bibliographical references (we mainly give references to textbooks). Impor-
tantly, there are certain types of blow-up that we do not mention (ODE, type II).
These notes were written in a short time interval and could present errors and ty-
pos. Despite the fact that these notes focus on particular examples, give sometimes
simplified results, and avoid certain proofs in particular when too technical, we hope
it can give a little glimpse of relevant issues in this research field.
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2. Local well-posedness and basic properties

2.1. Introduction. We give here some results concerning the existence and prop-
erties of solutions. Here is the list of the main concepts and ideas, those underlined
being examined here:

e Local well posedness (LWP) refers to the existence, uniqueness, and contin-
uous dependance of solutions u to a problem with respect to the input in
the model: here the initial datum ug. The very concept of solution is ques-
tionable, as the equations can be regarded with different angles. Classical
solutions are those u regular enough so that all terms of the equation make
sense and that it is satisfied everywhere. Relaxing this condition yields to
weak solutions. We give here the example of distributional solutions to the
heat equation. An exhausting list of the questions regarding the solution
map up — w on may want to answer is made by Terence Tao in [29], 3.2.
What is a Solution. Here: solutions of the semi-linear heat equation become
instantaneously classical solutions, and solutions of the Prandtl’s system are
also classical.

o [terative scheme and leading order description LWP involves suitable func-
tion spaces for the initial datum and the solution, and many proofs involve
an iterative scheme containing a description to leading order of the solution.
This is the case here for the semi-linear heat equation and the main point
is the following. In ordinary differential equations, writing u; = f(u), it
is enough to treat u as a perturbation of uy and f(u) as a perturbation of
f(ug). For the PDEs here, f(u) involves derivatives and this picture does
not hold. A fruitful idea is to write u; = fr(u) + fi(u) where f5(u) collects
the terms with higher order derivatives. The leading order part is then the
solution to u; = fp(u). Suitable function spaces can be found for LWP
issues relying on the understanding of the properties of this approximate
dynamics and its stability. The example here where u; = Au+ uP is treated
as a perturbation of u; = Aw is very similar to plenty of other semi-linear
equations.

e Criticality. The largest possible spaces of datum allowing for LWP can be
guessed by a rule of thumb explained here: that of criticality.

e Properties of the solutions. LWP results are usually linked with establishing
properties of the solution. Here we will examine smoothing properties for the
semilinear heat relying on parabolic bootstrap techniques and energy estimates.
The inviscid Prandtl’s equations enjoy rather a strong locality of the dynam-
ics with finite speed of propagation, and propagation of singularities.

e Blow-up criteria Properties of u allow to continue the solution (typically
boundedness of some norms). The nonexistence of a solution past the
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maximal time of existence is thus detected by blow-up criteria (typically un-
boundedness of these norms). A refined understanding of this phenomenon
is the purpose of the next section.

2.2. Low regularity existence theory for the semilinear heat equation. We
construct here solutions to (1.1) for initial data in Lebesgue spaces, and find the
best Lebesgue space in which this holds.

2.2.1. The linear heat equation u; = Au. We develop here a framework to make
sense of the heat equation when the initial datum is not twice differentiable. This
is an example of a weak solution. A key property is that we have a formula to
represent solutions.

Lemma 2.1 (Representation formula for the linear heat equation). Assume u €
C([0,T], LP(R%)) solves the weak version of the heat equation, that is:

(u(t), ¢(1)) = (u(0), $(0)) = /O (u(s), ¢s + Ag)ds

for all test functions ¢ € C°°(]0, <], S(R?)). Then:
1 x|?
u(t) = Ky xug, Ky = 7 e~ i (2.1)
(4mt)2

where *x is the convolution product:
(s w)(w) = [ wolee ~ ) Kulw)dy.
R

Proof. We use the adjoint problem. Fix t > 0. For ¢y € S(R?) we define for
s € 10,t]:

P(s) == K(s_s) * ¢
In particular, ¢ € C*([0,00], S(R?)) solves ¢s = —A¢. Hence from the weak
formulation of the heat equation:

(u(t), o(t)) = (u(0), ¢(0)),
or in other words:
(u(t), o) = (w(0), K¢ * ¢o)

so that u(t) = K; * up and the lemma is proved.
O
Lemma 2.2 (Estimates for the heat kernel). One has for any r € [1,00], s € N,
o € N? with chl o = S:
ol C
H@KtHLT(Rd) < )

Ty (2.2)
where 1 K /92 = 9l K, /0x (" ...0x5".

[N]ISW

Proof. This is left as an exercise. It is instructive as it enlighten the role of the
spatial scale v/t.
O

We could make sense of solutions to u; = Awu even if ug is not regular using Lemma
2.1. Thanks to the representation formula, such solutions are in fact instantaneously
classical solutions due to the following smoothing effects.
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Lemma 2.3 (Regularising effects ). For any ug € LP(R?), q € [p,o0] and o € N¢,
there holds:

Hlal C
||%(Kt*UO)HL<I(Rd) < WHUOHM(W) (2.3)

t§ P q 2
Proof. Recall that when differentiating of a convolution product derivatives can be
placed on either term so that:

gl olal
W(Kt * UO) = (axaKt * UQ-.

Recall Young inequality for convolution:
1 1
1f* gllLaray < Ifl omayllgll Lr ey, for —+—=1+-.
p r q
Apply these identities to (2.1) with f = ug, g = %Kt and 1/r=1+1/¢—1/p €
[0,1], and use the estimate (2.2):
ol olal C

olal
l5ma (Bexuo)llze = [I(5-5 Ke)xuollze < [luollzell 5= Kell Lo (mey < WHUOHLP(W)
t2 P q 2

O

Representation formulas as (2.1) give all necessary informations for the solution.
Energy estimates give weaker information, but which are extremely useful for sta-
bility issues. For the heat equation they also encode the smoothing effect. Below is
a local energy estimate.

Lemma 2.4 (Local solution, energy estimate). Given R > 0, ug € L?(B(0, R)) and
f € L*([0,T], H-Y(B(0, R))), there exists a unique weak solution to:

uw=Au+ f, (t,z)€[0,T] xQ,
u(t,z) =0, (t,x)€[0,T]x 09,

such that:

/ Vul + sup / () < C / LF N1y + / 2 (24)
0,7]x9 0<t<T JQ [0,T] Q

Moreover, if f € L2([0,T] x L?>(R%)) then for any 0 < R < R:

2
Z/ + |Oul? < C(R) (/ f2+/ u3>. (2.5)
(0,7]x B(0,R) [0,T]xB(0,R) B(0,R)

|ae|=2
Remark 2.5. The above Lemma is an example of the parabolic regularisation
effects whose rule of thumb is the following: solutions to the heat equation gain +2
derivatives in space and +1 in time with respect to the forcing term.

olely
oz

Proof. For the description of weak solution, the existence and uniqueness, we refer
to Ladyzhenskaya and Ural’tseva, Friedman or Lieberman’s books [16, 11, 18]. We
perform the following energy estimates whose derivations are valid only under reg-
ularity assumptions, but that can be showed to hold true for general weak solutions
using the framework developed in these books.



6 CHARLES COLLOT

Step 1 Assume f € L?H~!. First multiply by u and integrate by parts, then using
Young inequality |ab| < |a|/2¢ + €[b|/2 for any € > 0:

1 1
/U(t)2+/ Vul? = / |u0|2+/ fu
2 Jo [0,£]x 2 2 Jo [0,£]x2

1/ 9 1/ 9 6/

< = juol+ = I + = u

5 Q| U [MXQH 10 + 5 010 [ull (@)
1

)

1 Ce
< = U 2-1-/ fl?- +/ Vu
s ool e [ W+ 5 [ 19l

where we used the Poincare inequality ||uH§{1(Q) < C’HVUH%Q(Q) for the last line.
Choosing € < 1/C gives the desired result (2.4).

Step 2 Assume now f € L?L?. Let x be a smooth cut-off function with xy = 1 on
B(0,R) and x = 0 for |z| > R. Let v; = Jy,(xu). Then v solves:

Owv; = Avi + 0, (X f — 2Vx.Vu — Axu)

with boundary condition v|sq = 0, so we can apply the estimate of Step 1 and
obtain (2.5).
O

2.2.2. Weissler’s low regularity local well-posedness result. Prepared with the prop-
erties of the linear heat equation given in the previous subsubsection, we are now
able to give a local in time existence Theorem for the semilinear heat equation.
The main ingredients are the following: the leading order part of the solution is the
solution to the linear heat equation, the smoothing effects of the linear heat equa-
tion improve the regularity of the nonlinear terms and persist for the full equation,
the final solution is in fact a classical one via an improvement of regularity called
parabolic regularity bootstrap. We refer to |?] for a textbook where these issues are
detailed.

Theorem 2.6 (|31, 3|). Assume ¢ > d(p —1)/2 (resp. g =d(p—1)/2) and ¢ > 1
(resp. q > 1). Given any ug € LI(RY), there exists a time T = T(ug) > 0 and a
unique function u € C([0,T], L49(RY)) with u|i—g = uo such that

wis CYin t and C* in x in (0,T) x R? and satisfies (1.1) on (0,T) x R%.

Moreover, one has the following smoothing and continuity estimate:

d
[u(t) = v(®)l pa(ray + 29 [[u(t) = v(E)]| oo (ra) < Clluo = voll La(ra)

for 0 < ¢t < min(T'(up), T (vo)) where C = C(||uol|Le, ||vollze). Finally, for any

bounded set (resp. compact set) KC of L(R?) a uniform time T(K) exists such that

for any ug € K the solution of (1.1) exists on [0,T(K)].

Proof. Step 1 Construction of the solution, non-critical case. We first assume
g > d(p—1)/2. We look for a solution to (1.1) of the following form using Duhamel
formula:

u(t) = Ky xug + /0 K s(Ju(s)[P u(s))ds. (2.6)

Let M > 0 and T > 0 to be fixed below, and consider the following mapping ®
which to a function v : [0, 7] x R? associates:

O (v) = Ky x ug —1—/0 Ki_s(Jv(s)[P~ o(s))ds.
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We claim that ® is a contraction on the following set of functions u : [0, T x R%:

K= {u lu®)llx = sup ([ullpogray + t*{[w() ]| Loara)) < M}v
0<t<T

where o = d(p — 1)/2pq. Indeed, given v € K we compute using the estimates on
the heat kernel (2.3) that for each t € [0,T], ®(v)(t) € LI(R?) with:

t
90O zrusy < 1K= wolzagen + [ 1o (o) 0(6) oo
t
< Cllualuazs +C 1) oy
t
< Clfuolagen + Clolly [ 5~ds
0
Tl—ap
< Clluallyaguay + (M + 107 —
M
< =
- 2

if M > Clluol[ze(rey and T has been chosen small enough depending on M, since

ap < 1 from the assumption on ¢. Again, from (2.3) and the definition of «, for
t e (0,7T]:

A

t
) )| oo(ray < t“\Kt*UOHLm(Rd)Ha/O 1o ([0 ()P~ 0(8)) ] oa ey ds

IN

t
<Nwhmm+CWA@—$‘WMMmeMS

IN

t
Cllualuazs + Cllolfe [ = )7s~vds

t
< Clluollpaay + (M +1)PT1=07 / (1- o) o dy
0

1
< M+ -
= + 9
if similarly M > Cllug| fa(re), and T has been chosen small enough depending on
M, because 0 < a < pa < 1. This shows that ® maps the set K onto itself. To
proceed further, we claim that there exists C' > 0 such that for any a,b € R:

lalP~ta — [bP~10] < Cla — bl(JalP~" + [b[F~").
To show this, assume a,b # 0 and then let 7 = b/a. Then the above inequality is
equivalent to:
|1 - |T|p_17" <CI1=r|(1+|rP7h.
The above inequality can be checked via the Taylor expansion of 7+ |r|[P~1r at 1
for r — 1, via noticing that both sides have the same power for r — oo. So such

a constant C > 0 exists as both quantities are positive in between. This inequality
implies in particular via Holder inequality that:

— — —1 —1
ol = Jw? ol agay < Cllo = wllsacgay (1018mgey + 0l )
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Therefore, for v,w € K we can estimate the difference as before using (2.3):

t
90 - S Ol = | [ Kima (0P 006) = (o) () s
La
K 1 1
pP— pP—
< [ o=l (1070, + ol 4
1 1 t
< Cllo—uli (Wl + wll™) [ s7ovds
C2MPITop
< w2
ap

< v —wlix,

for T' small enough. Similarly, we show the same estimate for the LP? norm, im-
plying || ®(v)(t) — ®(w)(t)||x < ||[v — w||x. Hence, ® is a contraction on K. From
Banach fixed point Theorem, it possesses a unique fixed point that we call u(t): this
is the solution we are looking for.

Step 2 The critical case. In the case where ¢ = d(p—1)/2 and ¢ > 1, the argument
above has to be refined. It uses crucially the improvement || K;*ug||zr = o(t*||uol|a)
where r > ¢ and v = d(1/q — 1/7)/2, in comparison with (2.2).

Step 3 Improving the regularity. The solution found in Step 1 is in LP4(RY) imme-
diately after the initial time. This is a Lebesgue space with exponent greater than q.
Note that we obtained this improved regularity by using the smoothing of the heat
kernel (2.2) and the Duhamel formulation (2.6). This procedure can be iterated:
once the solution is in LP?, it can be shown to be in L” for later times for some
r > pq, and so on. A precise quantification of the gain for the exponents shows that
iterating this procedure a finite number of times allows to reach the L* regularity,
see [3] for the details. Such a procedure is called a parabolic bootstrap of regularity.
Analogously, differentiability can be showed with a similar reasoning by putting
derivatives in the estimate (2.2). This eventually gives that u is differentiable with
t and twice differentiable in space on (0,7] x R? as claimed in the Theorem.

Step 4 Uniqueness. The uniqueness assuming solely that u is continuous in time
with values in L9, and that u is a classical solution immediately after the initial
time, is beyond the scope of these notes. We refer the reader to [3] for the use of a
clever duality argument.

O

2.3. Classical solutions to quasilinear transport equations. The approach
for LWP of quasilinear transport equations like the inviscid Prandtl’s system (1.3)
is somewhat similar to that taken in the previous subsection for the semilinear heat
equation. One needs first to investigate the dynamics produced by the terms involv-
ing higher order derivatives: here this is linear transport. The general approach for
local in time existence at high regularity for quasilinear transport equations relies
on approximation schemes involving linear transport. Prandtl is an exception but
the study of linear transport will highlight the role played by the geometry and the
characteristics.
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2.3.1. Linear transport. The following Lemma gives a representation formula for
linear transport: the solution is conserved along the integral lines of the flow, called
characteristics.

Lemma 2.7. For Q a smooth domain, assume f € C1([0,T] x Q,RY) with floo

tangent to 09, and ug € C*(Q). Then there exists a unique C*([0,T) x Q) solution
to:

ug + f.Vu =0, (2.7)
given by the formula:
u(t, &) = uo(¢y ' () (2.8)

where (¢t)te[0,T} s the semi-group of diffeomorphism associated with the character-
istic ODEs:

Orpe(w) = f(t, de()), ¢o(x) = 2.

Remark 2.8. e From the formula (2.10) one sees that in contrast with the
linear heat equation, see (2.3), there are no smoothing effects: the solution
can initially fail to be C? and will never be C? for later times.

e This equation involves finite speed of propagation and is very local: if ini-
tially ug is supported in a compact set K C Q, then from (2.10) u(t) is
supported on the compact set ¢¢(K). If ug —vg = 0 on a set K C €, this

remains so on ¢¢(K). The local speed of the equation at x is | f(x)].

Proof. We perform a so-called analysis/synthesis reasoning. We first assume that
u is a O solution and show it has to be given by (2.10), and then show that this
indeed provides with a solution. So let’s assume u is a C* solution to (2.9). Given
each initial particle position X € 2 we solve the ode’s:

= f(z), x=(0)=X.

This is possible as f is of class C', and from Cauchy-Lipschitz theory we obtain
that given ¢ € [0,T], the mapping ¢;(-) which relates the initial position X to the
position at time t is a diffeomorphism. We compute that along a trajectory from
(2.9) and the identity above:

d

(1, 0u(X)) = e (1, X))+ 6(X) = (LT 31 X))H (T £) (6, 6u(X)) = 0.

Therefore, the function u (¢, ¢;(X)) is constant with time, so that for each X € Q:
u(t, ¢t(X)) = uO(X)

Setting X = ¢, 12, we obtain that u is necessary given by the formula (2.10).
Assume finally that u is given by the formula (2.10). Then, we have that the
identity above holds true for any ¢, X. Differentiating it with time one obtains:

0= wnlt, 6e(X)) + V. 5 00(8, X) = wa(t, (X)) + Vew f (8, 64(X).

Hence u; + f.Vu = 0: u solves (2.9).
O

2.3.2. Quasilinear transport equations and the Prandtl’s system. In quasilinear trans-
port equation, the velocity field depends on the solution itself yielding an equation
of the form u; + f(u).Vu = 0 where u can be vector valued.
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Lemma 2.9. For 2 a smooth domain, assume f,g € CY([0,T] x Q x R™, RY) with
flaa tangent to 0L, and ugy € C1(Q,R™) with both ug and Vug bounded. Then there

exists 0 < T < T and a unique C*([0,T] x Q) solution to:

given by the formula:
u(t,z) =U(t, X). (2.10)
Above, given X € Q, (¢¢(X),U(t, X)) is the unique solution to the ODE:

{ 8t¢t(X) = f(tv¢t(X)’ U)7
oUu :g(t, d)t(X)’U)a

and X = X(t,z) = (bt_l(x) denotes the inverse mapping of the diffeomorphism
qbt : ﬁ — ﬁ

Remark 2.10. The structure seen in Lemma 2.7 is preserved: one still has finite
speed of propagation and the existence of characteristics.

Proof. The proof is a generalisation of the ideas of the proof of Lemma 2.7; we safely

leave it to the reader.
O

One could wonder wether the regularity requirement for the initial datum as well
as for the solution can be lowered. As far as classical solutions are concerned, it is
of course not possible. However, weak solutions can be obtained either in L* in the
scalar case n =1 and d € N [?], or for (d,n) = (1,2), or for functions with bounded
variations in one dimension d = 1 and n € N. The techniques involved fail in the
general case d,n > 2, and solutions for quasilinear symmetric systems are obtained
in the L%-based Sobolev space H® with s > d/2+1 (which is embedded in C! hence
does not improve on Lemma 2.9). The aforementioned results and bibliography are
well-documented in the textbook [2, 27].

Hence, the general developments for LWP at low regularity involving quasilinear
transport do not handle the case of the inviscid Prandtl’s system (1.3). More-
over, an additional difficulty is that the vertical velocity "looses" a derivative:
v(t,z,y) = [ us(t, 2, §)dj. Therefore, assuming u to be C* does not give v € C! as
required by Lemma 2.7. The solution resides in the fact that the equation possesses
characteristics, as in Lemma 2.9, with an extra property: volume conservation.
Building on this idea, a local in time LWP result for classical solutions was ob-
tained in [13]. We refined it by computing exactly the maximal time of existence in
[5]. Wether weaker solutions can be obtained is an open problem, but which is not
the one we address here as our interest resides in the breakdown of classical solutions.

The idea is to first solve the characteristics equation, and then to construct a
solution. Assuming formally that we have a solution, the characteristics would be

defined as:
T =u(t,x,y),
y=v(t,z,y), (2(0),y(0),u(0)) = (X,Y,uo(X,Y)).
U= —pE(t,x)7

xT

One fundamental feature of the Prandtl’s system is that the pressure pZ (¢, ) does
not depend on the vertical variable y. As a consequence, given an initial particle
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position (X,Y) € R x [0,00) and an initial horizontal velocity uo(X,Y’), we can
decide to forget about the vertical dynamics and only solve the horizontal transport:

{ Y ey, (@(0)u0) = (Xw(X. V), (2.11)

Another feature of the Prandtl’s system is the following. Differentiating (1.3) with
y one finds that the "vorticity" u, solves:

Uyt + Ullgy + Viyy = 0.

This means that the quantity u, is transported along the characteristics, and that
if in particular it is initially 0, it should remain so. Differentiating (1.3) with x this
time one finds that the horizontal derivative u, solves:

2 E
Ut + Ulgy + Vigy = —Uy — Vply — oo (T, ).

Notice also that at the boundary v = 0 so that §y = 0 and the characteristics
remain at the boundary. If initially u, = 0 or ¥ = 0, which remain true along the
characteristics, one sees that u, would solve:

%ux(t,w(t),y(t)) = —ui(t,z(t), y(1)) — Pry(t, ).

Such an ODE is said to be a Ricatti-type equation because of the square nonlinearity
in the right hand side. Its solution might exist for all times. For example, if pfx =0
and uz(0,X,Y) = —1 then wuz(¢,2(t),y(t)) = —1/(1 — t) which tends to —oo as
t approaches 1! The solution wu(¢,z,y) would then encounter a problem and loose
regularity. To detect when the above Ricatti equation might explode, we consider
for each particle intially at the boundary or in the set of zero vorticity the ODEs:

1}; _’pa(j@(x)é - (2,1, 1)(0) = (X, ug(X, V), uge (X, Y)).  (2.12)
Uy = —(Ug)” — Pra\ X

Once the pressure field p¥ is given, one can solve the ODEs above and define T'(X,Y))
as their maximum time of existence. The infimum of these "problematic" times is:

T :=min(7,,Ty), Tp:=min{T(X,Y), uwy(X,Y)=0,Y >0}, T} :=min{7T(X,Y), Y =0}.
(2.13)

It turns out that we can construct solutions to the inviscid Prandtl’s system up to

the time 7" defined above. The following result is a refinement of [13].

Theorem 2.11 ([5]). Let ug € C*(Rx[0,00)) such that Vug € L™®(R x [0,00)). Let
(u?,pE) € C?([0,00) x R). Then there exists a unique solution u € C*([0,T) x R x
[0,00)) of (1.3) where T is defined by (2.13), which satisfies moreover HVUHLOO([O 7

0o for any T < T. If T is finite then the solution satisfies:

) <

xRx[0,00

lim [t o o o)) = 00

If in addition ug € C*(R x [0,00)) and (u”,pE) € C*([0,00) x R) for some k > 3,
then v € C¥=1([0,T) x R x [0,00)). The mapping which to ug assigns the solution
u is strongly continuous from C*(R x [0,00)) into C*~1([0, T"]R x [0,00)) for any
T <T.

Proof. The proof relies on the special structure of the characteristics and uses the
Crocco transformation. The existence follows from their nondegeneracy until time
T, while the regularity follows from standard regularity theory for level sets of func-
tions.
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Step 1 Euxistence. We first solve for the tangential displacement, which we denote
by:

2(t, X,Y) = ¢1[t](X,Y), (2.14)

where = above is the solution of (2.11). Notice that (2.11) can always be solved
globally in time and the above function x is well-defined at any time ¢ > 0. We
next study the level sets x = C'te in Lagrangian variables. Let us show first
that they are non-degenerate. In the first case, assume that (Xo,Yp) is such that
uoy (Xo, Yp) # 0. Then the Crocco transformation (X,Y) — (X, u) is a well defined
local diffeomorphism in a neighbourhood of (X, Y)). The ODE solved by (2.11) is
divergence free in the (x,u) phase space. Therefore, at any time ¢ > 0, the mapping
(x,u) — (x(t),u(t)) is volume preserving, and is in particular a diffeomorphism.
Hence, the mapping (X,Y) — (z(t),u(t)) is a local diffeomorphism near (Xy, Yp).
It follows that Vz(t, X, Yo) # 0 for any ¢ > 0 in this first case.

In the second case, we assume that ugy (Xo, Yg) = 0 or Yy = 0. Let us consider the
set Y =Y} in Lagrangian variables. At each X close to Xy, the couple (x,u) solves
(2.11), so that in particular:

Or(0xx) = Oxu, implying Oy (dxz) = Ox(—pE (t,x)) = —(Ixx)pZ,(t, ).

This shows that at each fixed X:

2
i (ataxx) _ (@8}(%) —pE (t,x), ataxx(o) = Oxug.

dt a)(.%' aX{L' e

In particular, at the point (Xp, Yp), the quantity 0,0xx/0xx is precisely the third
component of the ODE system (2.12). Because of the definition of T' (2.13), one
obtains that the solution to the above differential equation is well defined for
t < T. Hence dilog(Oxx) is well-defined for ¢ < T which after integration gives
that dxx(Xo,Yy) > 0. Hence, Vz(t, Xo,Yy) # 0 in this second case as well.

We just showed that Vx yx # 0 everywhere as long as ¢ < T'. Hence, in Lagrangian
variables, the level sets © = C'te are non-degenerate. At the boundary, the previous
discussion implies that dxxy—g # 0. Therefore, the upper half plane is foliated
by curves I'[z] corresponding to the level sets {z(X,Y) = x}. Since ug, u”, pZ are
C?, solving the ODE (2.11) produces a solution map that is also of class C?, and
z(t, X,Y) is a C? function. Hence the curves I'[z] are C'. This allows us to define
an arclength parametrisation s for each of these curves, where s = 0 corresponds to
the point at the boundary Y = 0.

The change of coordinates (¢, X,Y) + (t,z,s[t,z](X,Y)) is a C' diffeomorphism
from [0,7) x R x [0, 00) onto itself. At a point (X,Y"), considering the orthonormal

1
base (v1,v2) with v] = 7%?1%%3};3' and vo = 7&9{)?}}1&](%&};') where (21, 22)" = (=22, 21)

one sees that
ai = |V¢1[t](X,Y)’, Ou =0 Os =1.

81)2 ‘t/U2 ’ 8'1)2 ‘t,’UQ
This shows the following value for the determinant of the change of variables:

d(x,s) O(x,s)
‘Det< oxX oy

) = [Vau[(X, V).



DESCRIPTION OF SINGULAR SOLUTIONS TO THE PRANDTL’S EQUATIONS AND THE SEMI-LINEAR HEAT EQUATI

To find the second component of the characteristics, we look for a C' mapping
(x,8) — (z,y). It satisfies:
ox ox
Os T Oz ’
and hence its determinant is
O(z,y) 8(%‘ y)
Det =
et (2522 =11

Since the mapping (X,Y) — (z,y) has to preserve volume, from the two determi-
nants above we infer that:

O(z,y) O(r,y) O(z,y) O(z,y) O(x,y) O(x,y)
1 = |D — D D
| et( X |y’ Y |x | = IDet X |y’ Y |x [[Det oX |y 9y |x |

— [Vl I

This and the boundary condition forces the choice

oy 1

dsie  [VO(X(,5), Y (@,9)]
yielding the formula for y:

s[t,z](X,Y) ds
YEXY) =l ) = [ Vo[ 2E)]

Note that before T', the denominator in the above integral is uniformly away from
0. The function y above is of class C! because 7, s and V¢, are. The mapping
(t, X,Y) = (t,z,y) is thus a C! diffeomorphism from [0, T") x R x [0, c0) onto itself.
We finally define the solution as u(t, z,y) = ug(X,Y). Clearly,

(2.15)

Ox
— =uo(X,Y) =u(t,z,y).
ey WONY) =tz
Since the mapping (X,Y) — (z,%) is C' and preserves the measure, 9,22 atxy T
Ay N
Oy 5t Xy = = 0, yielding:

8t\XY /ﬁutxy

And since dyu(t, z(t),y(t)) = —pZ(z(t)) and u is C*, one deduces that u solves the
inviscid Prandtl’s equations. Note that the matching condition at infinity in (1.3)
are indeed satisfied for the following reason. Initially as y — oo, ug — uOE . uFf
solves the Bernouilli equation:

ug(t, ) + ult, )ug(t,2) = —pP(t, ).

that has a global solution, and whose characteristics correspond to the tangential
displacement (2.11) of the characteristics for u. This gives the desired compatibility.

Step 2 Regularity. Assume ug € C*. The formula (2.14) for z(t, X, Y) defines a C*
function since  is obtained as the solution of the ODE (2.11) with a C* vector field.
In the formula (2.15), V¢1[t] is C*~1, and s and v come from the parametrisation
of the level sets of a C* function, hence are also C*~1. Therefore, v is of class C*~1,
The continuity of the flow follows from similar arguments.

Step 3 Uniqueness. If u is a C? solution then uniqueness is straightforward as the
characteristics are well defined and have to produce the diffeomorphism constructed
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above. In the case where u € C! only, let us detail how the normal component
of the characteristics and the volume preservation can be obtained. Define the
characteristics (z(t),y(t)) through:

y(t)

o =t o0 =X, 2= [T, w0 =y

One can indeed solve the second equation because the function fdy ug(t,2,y)is Ctin
the third variable. One obtains characteristics (x, ) such that x is C! in (X,Y) and
y is only C! in ¢ and continuous in the other variables. u then solves @ = —pZ (z)
along the characteristics, implying that it is given by the formula (2.14). Moreover,
since z is a C! function, and y is a C'!' function in ¢, with d;y being C' in v, such
that 0,(0iy(t)) = —0:(0(x(t))), an approximation argument using a regularisa-
tion procedure gives that the characteristics must preserve volume. The mapping
(X,Y) + (x,y) is then a bijection preserving volume with # € C*, which can be
showed to be necessarily of the form described in Step 1.

Step 4 Blow-up. Assume that T' < co. Then by definition T' the solutions to the
ODEs (2.12) must blow up at time 7', which is only possible if u, — —occ ast — 7.
O

2.4. The viscous Prandtl’s system. We saw in the previous Subsection how
LWP for the inviscid Prandtl’s equations (1.3) may seem at first delicate due to the
loss of one derivative in the vertical transport v = — foy ;. The LWP was therefore
strongly relying on the characteristics of the equations whose volume preserving
property somehow counterbalance this loss of derivative. Including the transversal
viscosity to obtain the original Prandtl’s system (1.2) breaks such stability: the
LWP only holds in most cases for analytic data and ill-posedness in Sobolev spaces
can happen. We refer to the recent result 8] and its bibliography for LWP in the
general case, to [20] and references therein for the special case of monotonic flows,
and to [23] for a textbook unfortunately prior to recent developments.

2.5. Criticality. What are the largest spaces in which LWP can be established?
For the semilinear heat equation for example, if u(t,z) is a solution then so is
up(t,x) = X2/~ Dy (t/X2 x/)\) for any A > 0. The norm |woll pae (ray is invari-
ant under the transformation ug — A~2/®~Dyg(z/N) for q. = d(p — 1)/2 which
is precisely the exponent appearing in Theorem 2.6. L% (R%) in this case is the
so called critical space. The rule of thumb for LWP in general is the following:
given an equation, a scale invariance it possesses, and a scale of functional spaces
(H* spaces for example), one looks at the space invariant by the scaling (some H*%¢):
it should be the limiting regularity above which LWP holds and below which it fails.

For the semilinear heat equation, ill-posedness below L9 is easily proved. In-
deed, there exist solutions u(t,z) with a finite maximal time of existence T" as we
will see later. Take ¢ < ¢. and such a solution. Consider the solutions u) as
A — 0: their maximal time of existence AT converge to 0, while since ||u)(0)||z« =
A29e=0)/a(P=1)||yy0|| ¢ — O their initial datum converge to 0 in L9. As LWP in L4
would provide stability of the zero solution, the problem is ill posed in LY.

In general, the rule of thumb provides a lower bound for the regularity needed (the
function space has to be able to measure the transition to small scales as dictated
by the scaling invariance), but is sometimes not optimal as for the Prandtl’s system.
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We mentioned indeed that the viscous case requires analyticity. In the inviscid case,
the invariances u — Au(t, Az,y) and u — u(t, x, \y) predicts for example u, € L>
and v € L™ for the critical regularity, but one actually needs C? as seen in Theorem
2.11.

2.6. Blow-up. Theorems 2.6 and Lemma 2.9 give the existence of local in time
solutions. The maximal time of existence is thus defined as the time 7" € (0, oo for
which a solution exists on [0,7) but not on [0,7”) for any 7 > T. Theorem 2.6
gives the following blow-up criteria: T" < oo is finite if and only if:

for any g € (d(p—1)/2,00]. Indeed, it the above quantity bound remained bounded
along a subsequence t,, T T, applying Theorem 2.6 for n large enough with initial
datum wu(t,) would prove that a solution exist passed T', a contradiction. For the
inviscid Prandtl’s system, the LWP in Theorem 2.11 requires v € C2, but this The-
orem also proves the sharper blow-up criteria than just the divergence of the C?
norm: ||Vu(t)| r~ has to diverge as t — T". The next section gives "easy" examples
of blow-up solutions: truly backward self-similar blow-up.

For the viscous Prandtl’s equations however, no easy example of blow-up solutions
has yet been found. Assuming that the solution is odd in z: u(z) = —u(—=x), with
precise examples of compatible odd and even in x respectively Eulerian field and
pressure u” and p¥, [9, 15] found existence of blow-up solutions using a contradiction
argument. The key idea is that the trace of the solution £(t,y) = —ux(t,0,y) solves:

gt = fyy + 52 + (féJ 5)5@/7

. B (2.17)
g(t7 0) = 07 hmyﬁoo g(t’ y) = pajaj(t7 O)

This parabolic equation on the half line resembles the semi-linear heat equation

(1.1) and we were able in [6] to describe a stable singularity formation scenario.

Theorem 2.12 ([6]). Let p¥ = 0. There exists an open set in L' of initial data for
(2.17) for which solutions blow up in finite time T(ug) > 0 with:

2 Y

sin® [ —————

T (QM(TUQ
for some p(ug) > 0.

§(t,x) = >]1(0SySMQW(T_w_;)+0L°°((T_t)_1)-

A simplification appears asymptotically and & resembles a rescaling of the blow-
up profile sin?(y/2)1(0 < y < 27). This feature, called asymptotic self-similarity,
appears in many blow-up phenomena and is described in the next section in details.

3. Self-similarity

We are interested in these notes in the description of singular solutions, and
asymptotic self-similarity is one of its essential feature. The first subsections here
borrow mostly from [1].

We give here some concepts and results around self-similarity. Here is the list of
the main concepts and ideas, those underlined being examined here:

o Self-similarity A phenomenon is called self-similar if it properties at one loca-
tion can be deduced from those at another location by a similarity transfor-
mation. The easiest example of a similarity transformation is that of plane
geometry, from which the name "self-similar" comes from. What exactly
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the "similarity transformation" is is a problem-dependent notion. We shall
see simple examples from physics and PDEs. The common feature is that
self-similar phenomena are more rigid, and hence usually easier to study.

e Relation with invariances One key property permitting the appearance of
self-similar phenomena is the existence of invariances. In physics a funda-
mental example is that of dimensional analysis. In singularity formation
for PDEs, the analogue is the existence of a scaling invariance, that we will
study for both the semilinear heat equation and the Prandtl’s system.

o Backward self-similar profiles. These are solutions of a special form keeping
the same shape but concentrating to smaller scales as time evolve, lead-
ing to the formation of a singularity. They are constructed here for both
the semilinear heat equation and the inviscid Prandtl’s system. The con-
struction for the semi-linear heat equation provides an example of rigorous
matched asymptotics.

o Asymptotic self-similarity. Most problem enjoy asymptotic self-similarity
in various asymptotic configurations, which explains why this is a central
notion. We prove here asymptotic self-similarity for singularities of the
semi-linear heat equation for type I blow-up in the radial case, insisting on
the role of renormalisation, parabolic regularisation, and energy dissipation.
We prove asymptotic self-similarity for the inviscid Prandtl’s system for non-
degenerate initial data, but this time the main reasons are the finite speed
of propagation, the regularity of the initial datum, and the geometry of the
problem (the existence of characteristics).

3.1. The easiest example: differentiability. The easiest example of self-similar
functions are the power type functions f(x) = az¥. In this case, the value of the
function at x can be related to that at 1 via the power-type self-similar transfor-
mation: f(z) = x¥f(1). The meaning of asymptotic self-similarity in this case is
that of differentiability: when we study functions which are differentiable we make
the hypothesis of local self-similarity everywhere, f(x +t) = a + bt as t — 0. The
asymptotic self-similar form of the function is thus given by the leading order term
in its Taylor expansion.

3.2. An example from physics, dimensional analysis. Let us consider the fol-
lowing problem: given an ocean of infinite (very large) depth, with a gravity field
with gravitational constant g, we consider surface waves having small wave length
A. What is the speed ¢ of these waves as a function of g and A? To answer to this
problem, we look for a sort of Taylor expansion ¢ = ag®\?, where a, o and f are
coefficients.

Dimensional analysis provides a way to compute the exponents « and 3, so that
a only needs to be computed experimentally. The speed c is has meter per second
units: ms~!, the gravitational field has units ms~™2 and the wave length m. Hence
when writing ¢ = ag®\?, the left hand side has units ms~!, and the right hand side
m®*tPs=2%  The fundamental idea of dimensional analysis is that both sides must
have the same units, hence a = 8 = 1/2, and we find ¢ = a/gA.

Why should it be so? This is an easy but somewhat deep reasoning. The first
thing to notice is that physical phenomena are independent of the units chosen to
measure them. Consider Physical System 1, with a given value of cms™!, gms—2
and Am in the meter/second unit system, so that ¢ = ag®\?. Change now the
way you measure, say in meter’/second’ with m’ = Lym and s’ = Lgs where
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Li,Ls > 0 encode the change of units. In this new unit system, the new val-
ues are ¢ = cL'Lom/s' ', ¢/ = gL 'L3m's =2 and N = AL{'. The equality
¢ = ag®\? then yields that for Physical System 1 measured in units m’s’, we have
¢ =aL{tP Ly gleNs

= a4l 2 9 .

Consider Physical System 2, with given values of éms~!, gms—? and Am in the

meter/second unit system, so that ¢ = a?axﬂ. There exists a unique system of units
m/, s in which the values of the gravity coefficient and the wavelength of Physical
System 1 equal those of Physical system 2 in the m, s system of units: going from

m,s to m’,s’ is given by the above transformation with L; = A\/X and Ly = 1/\g/\g.

Let us know compare Physical System 1 in m’,s’ units, with values ¢'m’s =2 and
Nm! with ¢’ = g and M = X\, and Physical System 2, with values gms~2 and Am
in m,s units. These systems are indistinguishable! Let us quote Barrendblatt: "All
physical laws can be represented in a form equally valid for all observers (i.e. not
depending on the units chosen). All systems within a given class are equivalent, i.e.
there are no distinguished, somehow preferred, systems among them.". Hence we
get that the speed of Physical System 1 in units m’;s’, must equal that of Physical
System 2, in units m,s, so that: aL?JrB ‘1L§—2a§aXﬁ = aﬁaxﬁ, and necessarily
a+pf—-1=0and 1-2a=0.

3.3. Self-similarity in PDEs, group invariance. How to extend self-similarity
as described above to PDEs? The problem of the velocity of the wave described
above has a group invariance. Consider the group (0,00)? acting on functions
c:(g,\) + c(g,A) via the formula: (L1, Lo).c: (g,A\) = L1Lyte(Ly L3g, LyA). If
c: (0,00)% = (0,00) was a solution to the problem, dimensional analysis implied
that (L1, L2).c also was a solution. Since there is a unique solution, ¢ is invariant
under the action of the group (a fixed point of the action). This gave its particular
form.

Many PDEs also enjoy group invariances, and a solution will be called self-similar
if it is invariant by the action of the group. We have already encountered a self-
similar solution, the heat kernel in (2.1). Indeed, the heat equation is invariant
under the following action of the group (0, 0c) on functions u : (0,00) x R% — R:

ult,z) %u(% %) = ua(t,), (3.1)

as if u solves u; = Au then uy also solves uy; = Auy. Moreover, the Dirac delta is
invariant under the transformation

Hence, if u solves:
ur = Au, u(0) = do
then for all A > 0, u) also solves:

atU)\ = Au/\, u/\(()) = (5().

There is a unique solution to the above problem, and thus u = u) for every A > 0.
We obtain that the heat kernel K (¢, z) satisfies K = K. Note that this allows to
eliminate one variable and to find the formula for K;. Indeed, fixing ¢ and x and
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setting A\ = /t gives:

1 T 1 x
Kit,z)=—=K(,—) = —9¢(—).
(t, ) . ( \/i) t%wﬂ)
The equation K; = AK is transformed into the following equation for :
d y
—— —=Vy=A =1
5 ave=aw, [u-1,
2
whose solution, as 1) must be radial, is 1 (y) = ( l)d 67% by a direct check.
4m)2

3.4. Self-similar profiles for the heat and inviscid Prandtl’s equations.
The semilinear heat equation (1.1) and the Prandtl’s system (1.3) both possess self-
similar solutions which are blowing up in finite time, both related to the invariances
of these equations. The semilinear heat equation (1.1) admits the following scaling
invariance: if u(¢,z) is a solution, then:

L G
A2

is a solution for any A > 0. Assume u : (—00,0) x R? — R is a solution that is
invariant under the above transformation. Fixing ¢ and x and setting A = /—t
gives:

1 T 1 x
——u(—-1,—) = ——Y(—%). (3.2)
(—t)T

where 9 is called the self-similar profile. An example of such solution is the space-
independent solution:

u(t,x) = ﬁ» Y(y) =r= (p—l

u(t,z) =

There are also space dependent solutions, but we however don’t have any formula
most of the time. Note that such solutions are unbounded as t approaches 0: they are
blow-up solutions. Self-similarity diminishes the number of independent variables,
and simplifies the problem at hand. Indeed, u given by (3.2) is a solution of (1.1) if
and only if W solves the stationary self-similar equation:

1 2
AV + | TP~y = SAT, A= . +y.V (3.3)

The following Theorem gives the existence of solutions to this elliptic equation, and
hence of backward self-similar blowup solutions for the semilinear heat equation.
The result holds in any dimension for supercritical nonlinearities below the Joseph-
Lundgren exponent, but we restrict ourself to the dimension 3 for clarity.

Theorem 3.1 (|30, 17, 4, 7]). Assume d = 3 and p > 5. Then there exists a
countable family (Vr)ren of bounded radial solutions to (3.3)

Proof. We solely highlight the main points here, as the technical details are lengthy.
The key idea is that of matched asymptotics. In the radial setting ¥U(y) = ¥(r),
r = |y, (3.3) is equivalent to:

2 1
R e = — U+ ry’ (3.4)
T P —

which is an ODE of degree two. If two solutions ¥;, and W,,; are such that
Uin(ro) = Wout(ro) and ¥, (rg) = W, . (ro) at some point 7y then W, = W,y
and these solutions coincide everywhere. By constructing two bounded solutions
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U;,, on [0, 0] and W,y on [ro, 00) satisfying this matching condition at 7o, one then
ensures that a bounded solution on [0, 00) exists.

Step 1 Inner and outer solutions. The construction of W, relies on the fol-
lowing bifurcation argument. W;, solves (3.4) on [0,7¢) if and only if ®;,(p) =

ul/(p_l)\lfm(\/ﬁp) solves:
" 2 / —1 1 /
'+ -+ PP =p | ——D+1rd (3.5)
T p—1
on [0,rg/ \/ﬁ) As p — 0, this equation converges to the equation
2
"+ 2 +|pP e =0 (3.6)
T
which is that of stationary states of the semilinear heat equation. This equation is
an even simpler ODE and is well understood (see [12] for example) for example: all

solutions are of the form A\=2/=1Q(p/\), where Q is the solution with Q(1) = 1.
Moreover, it behaves as p — oo as:

0 in(wl _1
Qlp) ~ -+ AL ) | o) a s e (3.7)
pp—l ,02

where coo = [(d =2 —2/(p — 1))2/(p — 1)]/®Y, and w,e; # 0 are two numbers
depending on p as well. To construct the solution ®;,,, one sees (3.5) as a bifurcation
of (3.6) with bifurcation parameter x — 0. We find for each p small enough a
solution ®;,,[u] close to @ using perturbation of ODEs techniques. This gives an
inner solution on [0, o] of the form:

1 r
Vol = —Q (ﬂ) T hot. (3.8)

The construction of W, relies on an easier perturbation argument. First, the
solution

is a solution to (3.4). The linearised equation around ¥* is:

pcé’glli,: 1

U+ r0.
2 b1 +r

- 2.
\1/”—}—7\1//4—
T

With a change of variables this linear second order differential equation can be
related to special functions: hypergeometric functions. One fundamental solution is
unbounded at infinity, while the second one is bounded and behaves near the origin
like

~ sin(wlogr + ¢

Uy~ w as r — 0. (3.9)

rz

For each |e| < 0 small enough, a solution W,,[¢] on [rg, 00) is constructed such that:

Uoutl€](r) = ¥*(r) + €Uy (r) + hot. (3.10)

Step 2 The matching. We take 1o to be fixed small, such that wlogrg +c3 = /2
to simplify the expression of the exterior term. The conditions W;,(r9) = Wout(ro)
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and V., (ro) = W, .(ro) are then equivalent, from (3.8), (3.10), (3.7) and (3.9) to:

L_Q (%) = U*(rg) + €Wy (ro) + hot,

L' (28) = W (r0) + e} (r0) + hot

1
'U‘pfl +3

i1
- — 2 P;l_cljm (%logu) = €+ hot,
—weppu? P=T cos (%logu) =0+ hot

j7%4

We now look, given each 0 < u < 1, for a suitable value of € so that the above system
is satisfied. What we see is that this is not always possible: the first equation fixes
the value of € and can always be solved, while the second equation is only satisfied for
a sequence of values py, with asymptotic geometric form py, ~ Ca¥, o = e?™/% The
rigorous proof of the existence of the sequence u; can be established with suitable
bounds for the hot in the system above, and the application of the intermediate

value theorem using the oscillations of the left hand side.
O

The inviscid Prandtl’s equations (1.3) with zero outer flow u” = 0 = p¥ admit
the following scaling invariance: if u(¢,z,y) is a solution, then:

po(ft xy
Bul<,2,2 11
AU<A’u’v> (3.11)

is a solution for any (\, u,v) € (0,00)3. The scaling group is a three dimensional

Lie group. Self-similar solutions are in this case solutions that are invariant under
the action of a one-dimensional subgroup. The following Proposition gives the
fundamental example. Note that the Jacobian of the solution is unbounded as t
approaches 0: it is a blow-up solution.

Proposition 3.2. The mapping (a,b) — (X,)) given by:

T db
®(a,b)=|a+b*"+a’, , (3.12)

—c0 1+ 302 (a+a3+b2—52)

where Wy is the inverse function of X — —X — X3, defines a volume preserving
diffeomorphism between R? and the subset of the upper half plane {0 < Y < 2V*(X)}

where . ~
db
yi(&X) —/ - (3.13)
—co 1+ 303 <a+a3—b2>

The opposite of the tangential component of its inverse:

—o7: {(X,Y) R % (0,00), 0 <Y <2V*(X)} — R?
(X,)) = —a,

is a self-similar profile, that is, the following function u : (—00,0) x R x (0,00) — R

is a solution of (1.3) with u” = p¥ = 0:

O := (3.14)

ult,z,y) = (—t)2e | ——, —Y . (3.15)
(~0F (-t
Proof. This is a consequence of the volume preserving property of ® and of the

formula for the characteristics. The fact that ® is volume preserving diffeomorphism,
i.e. that, writing ® = (®!, ®2):

Ox®10y®? — 0y D10y d? = 1,
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is a direct computation. We now study its image. Let us fix X € R and study the
curve of equation a + b*> + a® = X, that we parametrise with the variable b. The
vertical component of the image is:
b -
db
y = / - )
oo 14 39% (X - 1?)

which is an increasing function of b, hence, the set {®(a,b), ®; = X'} consists of
the interval (0 < Y < 2Y*(X)) with Y* given by (3.13). We now prove that O is a
self-similar profile. Let us denote by © the vertical component of the inverse:

o1 =(-0,0).

Let us solve the inviscid Prandtl’s system with initial datum ug(X,Y) = ©(X,Y).
We recall that Prandtl’s inviscid equations are solved via the characteristics, as
detailed in the proof of Theorem 2.11. These characteristics (X,Y) — (z(t),y(t))
define at each fixed time t > 0 a volume preserving diffeomorphism whose tangential
component is given by:

z =X +tO(X,Y).
because p” = 0. Let us perform the change of variables (a,b) — (X,Y), with

(a,b) = (—-O(X,Y),0(X,Y)), so that (X,Y) = ®(a, b) by definition. The definition
of ¢ gives:

X =a+b* +p*a® sothat x = a+b* 4 p*a® +tO(X,Y) = a(l — t) + b* + p*a.

Moreover the mapping (a, b) — (z,y) is volume preserving. This change of variables
is summarised below:

(X,Y)
vol.pres. vol.pres.
X—a+a:’V Y&'—ta
(a,b) (2,9).

Hence the mapping (a,b) — (z,y) is volume preserving and satisfies x = a(1 —t) +
a® + 2. One can then retrieve the formula for y(a,b) as we did in the proof of
Theorem 2.11. Indeed, the set {(a,b), z(a,b) = x(a,b)} is given by the equation

al—t)+0*+a®=a(l—t)+b*+a°

and corresponds to a curve which, parametrised by b, is given by:

{(_(1 _yty, <a(1 t)(1+ ai;; b252> 75) | BGR}.

As 0,7 = (1—t)+3a?, one deduces from (2.15) and performing a change of variables
that

sab) — /b db 1 /b db
’ —oo (1 - t) + 3&2(.%(&, b)) I-t/) 1+ 3\11% (a(l—t():-a3)—gb2—l~)2)
—t)2

~db /b 1
(1-— t)i —o0 1 4 3‘1J% (a(l—t)+a§+b2 B 132>
(1-t)2
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Therefore, the mapping (a,b) — (z,y) is given by:

1 b 1
@) = |att -0+ 4 at =
(1—=1)3 Joooy 302 (a(l—t)+a§+b2 B 132)
(1-t)2

A direct consequence of the formula (3.12) for ® and the fact that (—©,0) = &~!
is that the inverse of the above mapping is:

@< =, —2 Jxr4ﬂé( =, y1>)
(1-)3 (1—1) 1—0% (1-1-1

As a = —O(X,Y) = —u(X,Y), and as along the characteristics u(t,z,y) =
up(X,Y) because pP =0, one gets that:

N|=

mw=<4vw

_ — (1 _ )5 z Y
u(t,z,y) =0(X,Y)=(1-1) @<(1—t)37(1—t)411>‘

This gives the desired formula (3.15) by a time translation of 1.
O

3.5. Asymptotic self-similarity. We have seen in the previous section examples
of self-similar solutions for the heat equation, the semi-linear heat equation and
the inviscid Prandtl’s equations. These are special solutions, but what makes them
important is that they appear most of the time in asymptotic configurations, espe-
cially for singularity formation. What are the reasons for this appearance? The first
reason is the existence of group invariances as (3.1) and (3.11): as the solution blows
up it is escaping to infinity in the phase space, but the dynamics there is similar to
dynamics of order 1 thanks to this symmetry. To be put rigorously, this involves
renormalisation. The second reason is that the flow, up to such renormalisation, is
compact. This compactness comes from parabolic regularity and energy dissipation
for the semi-linear heat equation. This compactness has a different origin for the
inviscid Prandtl’s equations, it comes from the regularity of the solution and from
finite speed of propagation.

The following result comes from and shows asymptotic self-similarity for singu-
larities of the heat equation. It is a simplified version of what is obtained in [22]
and borrows from [21].

Proposition 3.3. Assume ug € L>(R?) is radially symmetric, nonnegative, attains
its mazimum at the origin and satisfies u(r) = o(r=2/®=Y) as r — co. Assume
the corresponding solution u to the semilinear heat equation (1.1) blows up at time
T > 0, with the upper bound:

[u(®)]|Lee € ————, C>0.

T —t)r1
Then there exists a nonzero C? function ¥ such that:
(T — )7 Tu(t, )T — 1) = W(y)

locally uniformly on compact sets of the variable y.
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Proof. Step 1 Lower bound on the blow-up rate. First let us prove that there exists

¢ > 0 such that:
c C
— < lu(t, z)||L= <

- 1 71.

(T - tyrs (T - tyrs
Take the function w(t,z) = 0. Then it solves the semilinear heat equation w; =
Aw + |wP~'w. Hence the weighted difference v’ = e=M*(u — w), for any M > 0,
solves:

(3.16)

e

O = Au' — M +u = Ad' +u/(f(t,x) — M).

v—w
For any fixed to € (0,T), the function f(t,z) is bounded on [0,%] x R% so that
f(t,x) — M < 0 for M large enough. We can then apply the maximum principle for
linear parabolic equations (see for example the textbook [10]): the negative part of
v’ attains its maximum at ¢ = 0. Since ug > 0, this maximum is actually 0 so that
u' > 0 on [0, %] implying v > 0 on [0,%]. As tp is arbitrary we obtain v > 0 on
[0,T) x R%.

Take now explicitly ¢ = (p — 1)~Y/®=1) and introduce the functions vy (t,z) =
(T — t)_l/ (P=1) Then vy solves the semilinear heat equation: dyvr = Avp + vl
Assume by contradiction that at some time ¢y € [0,T") one has ||u(to)|| e~ < v7(to).
Then this means that for some § > 0 small enough, for all z € R%:

u(to, r) < vris(to, ).

Define now u' = vy, s — u. It is the difference of solutions to the semilinear heat
equation, and satisfies u/(tp) > 0. By the same argument above used to compare u
with w, we obtain that u/(t) > 0 for ¢t > tg. This means that for to <t < T

c
S —
(T+6—t)r 1
In particular, ||u(t)||re~ does not diverge as ¢t — T, so that u does not blow up from
the blow-up criterion (2.16).

0 <u(t,z) <

Step 2 Renormalisation and local energy dissipation We now rescale the equation
introducing the so called parabolic self-similar variables:

y= e 5= —log(T—1), v(s,y) = (T~ )7 Tu(t,)
Then v solves:
1 2
v = Av + [v|P~ 1o + iAv, A= — +y.V. (3.17)
Let us define the following local energy functional:
1 1 1 1 lyl?
E(v :/ (Vv2+w2— vp+1>pdy, p(y) = e 1.

Then a direct computation shows:

d

BN == [ ooy (318)

(In fact, equation (3.17) is a gradient descent for the functional F). In particular,
E(v) is decreasing with time. We now claim that for all times s > —logT"

pt1

B0 =221 ([ut) | (3.19)
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Indeed, we compute that for any time s > s* > sq:

ld 2 o 2

gan oo = [ (o5
1
1

— —28(0)+ 2 [ ol oy

vt IU\”“) pdy

+
p+1

2B (v(s*)) + ili </\vl2pdy) 2

We above that E(v(s)) < E(v(s*)) and Jensen’s inequality. Assume by contradic-
tion now that (3.19) is violated at some time s*. Then for any s > s*:

4 foom 223 (20 - (f7) ),

For the quantity a(s) = [v?(s)p this is a convex differential inequality: dsa >
c(ad(s)—al(s*)) with c=2(p—1)/(p+1) and ¢ = (p+1)/2 > 1. As a consequence,
a must tend to infinity in finite time S. This is a contradiction as in time s, v is a
global solution. Reintegrating the energy dissipation (3.18), with the bound (3.19)
gives:

v

/oo /Rd lvs|?pdyds < E(v(s0)) — E(v(s)) < E(v(so)). (3.20)

Step 3 Euxistence of limit profiles. From the bound (3.16) we obtain that v
satisfies for any s > sq:

lv(s)llze < C, ¢ < w(s,0).

Recall parabolic regularisation, Lemma 2.4. Applying this Lemma to v and itera-
tively to its derivatives, we obtain that v, as well as first order and second order
spatial derivatives of v are uniformly locally bounded in L?. To avoid technicalities
here, let us mention that parabolic regularity as in Lemma 2.4 also works in gen-
eral LP spaces, and that as a result, vy and spatial derivatives of v up to order 2
(and higher order derivatives!) are uniformly bounded. From this boundedness for
higher order derivatives and the integrability (3.20) of vs, we obtain that vs tends
to zero uniformly on compact sets as s — co. Let us now consider any sequence of
times s, — oo and the sequence of solutions v, (s,y) = v(s + sp,y). Then v, also
solves the renormalised heat equation (3.17). Moreover, d5v,(0) converges to zero
uniformly on compact sets as n — 0. Hence Av,(0) — |v,|P~1(0)v,(0) converges
to zero uniformly on compact sets. This implies that as n converges to oo, v,(0)
converges to a solution ¥ to AV — [¥[P~1¥ = 0. Moreovoer, since v,(0,0) > ¢ > 0,
¥ is not the zero solution.

Step 4 Conclusion. We obtained in Step 3 that for any s,, — o0, v(s,,) approaches
the set of self-similar profiles as n — oco. Let w denote the w-limit set of v:

w:={¥, Is,, — oo such that v(s,,:) — Y}
n—oo

Step 3 showed that w is a subset of the set of stationary solutions to (3.17). To con-
clude we need to show that w contains only one element. Assume by contradiction
it has at least two elements. Then from uniform boundedness of v and of its deriva-
tives we obtain that w must be connected and hence contain an infinite number of

lwe always gain a little bit more than one derivative in time and two in space, but it actually
depends on the value of p
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elements. Now the equation AW+ |¥[P~1¥ = %A\I/, in the radial setting, is a second
order ordinary differential equation. Moreover, at the origin 0,¥ = 0. Hence by
uniqueness, ¥ is determined uniquely by its value at the origin ¥(0). Therefore, w
contains at least three elements, ¥y, ¥y, W3 such that ¥1(0) < ¥3(0) < WU5(0). Aswv
must tend to U1 and W, along different subsequences, this implies that there exists
a sequence S, — 0o such that v(s,,0) — W3(0) = 0. Let us consider the intersection
number between v and W3 defined as:

Z(s) ={#r >0, v(s,r)—V3(r)=0}.

Then from [4] ¥3(r) ~ c¢r?/?P~D as r — oo. Hence Z(sg) is finite from the decay
assumption on ug. Next, from [24], Z is a decreasing function of time and each time
v(8p,0)—W3(0) = 0, Z must decrease strictly at s = s,,. We see a contradiction here:
an integer valued quantity cannot decrease strictly infinitely many times. Hence w
only contained one element.

O

The following result comes from and shows asymptotic self-similarity for singular-
ities of the Prandtl’s system equation. It is a simplified version of what is obtained
in [5].

Proposition 3.4. Assume u” = p¥ = 0, ug € C*(R x [0,00)) is such that on
the set where Oyug = 0, the function Oyug attains its minimum at (0,Yy) for some
Yo > 0, and has the following Taylor expansion:

up(X,Yo+Y) = =X + (Y = X)2 + a1 X3 + a9 XY + a3 XY?2 + a4 Y2 + hot, (3.21)
with
a1 +ao+az+ayg = 1.
Then u blows up at time T =1, and one has:
(T — )" 2u(t, X(T — 1)2), (T — )" 1) = O(X, )
locally uniformly on compact sets of {(X,Y) € R x [0,00), 0 <Y < 2Y*(X)}.

Remark 3.5. The hypotheses can be weakened, and © can be showed to be the
profile of the generic singularity formation, see [5]. The validity of the profile © also
holds further than compact sets of self-similar variables. The formulation above
however allows for easier computations.

Proof. We recall that the solution indeed blows up at time 1 from Theorem 2.11.

Step 1 Lagragian and Fulerian self-similar variables. Let us change variables
and write:

The variables (a,b) allow to zoom near (0,Yp). As p¥ = 0, we get from the ODEs
(2.11) z = X + tuog(X,Y). Hence, as T' = 1, from the Taylor expansion (3.21):
wo(t, X, Yo+ Y) = =X + (T — )26 + (a1 + as + a3 + ag) (T — t)2a® + O((T — ) 1).
As a1 + as + a3 + a4 = 1 this gives:
2(a,b) = (T — )2 (a + a® + b2) + O((T — t)
We define the Eulerian self-similar variables:
€ Y

X=——, V=——"7".
(T —1t)2 (T'—t)" 4

N
>

(X, Yy +Y) = <a(T—t)5 —%(T—t)%,YOJra(T—t) +g(T—t)

7
4

).
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From the equation above:
X(a,b) =a+d®+ b2+ 0T —1)3).

The changes of variables as summarised by the following diagram:

(a’ b) vol.pres (X, y)

(X, V) 2% (2, y)

Indeed, the determinant of (a,b) — (X,Y) is (T —t)%/* and that of (z,y) — (X,))
is (T —t)=%/4.

Step 2 Stability of self-similar characteristics. In Step 1 we obtained that (a,b) —
(X,)) is a volume preserving diffeomorphism such that X = a + a3 +b* + O((T —
t)1/4). Hence we expect it to be close to & given by Proposition 3.2. Let us show
this precisely. Let us introduce:

, 5
db

X®(a,b)=a+d®+1v%, Y°a,b —/ —

(@) (@?) —oo 1 +3V2(a+ a® + b2 — b?)

We have showed above (the same being true for derivatives as well):

X(a,b) = XO1O((T—1)7), 0uX(a,b) = JXO+O0((T—1)7), X (a,b) = HXO+O((T—1)7).

We recall the formula giving the y variable:

ds
r |Vl
where T is the curve {z(X,Y) = 2(X,Y)} and ds denotes the curve length. Con-
sider the box {|a| < 6Y/3(T —t)=Y2,|b] < 6(T —t)~3/*}. Then, as § — 0, in (X,Y)
variables this box is a small rectangle B of size §'/3 x § near (0,Yy). We split:

ds ds
y(X,Y :/ +/ .
( ) rnge IVx| - Jrag [V

In the exterior of the rectangle B, Vz is uniformly away from 0 as ¢t — 7', and
nothing singular happens:
/ ds
rnge |V

In the interior of the rectangle, we change variables and use the (a,b) variables.
The curve we are looking for can be shown to enter this rectangle via the b =
—0(T — t)~3/* side. After a computation one finds the following identity:

y(Xa Y) =

/ ds 1 / _db
rng |Vz| (T—t)i s(r—t)~1 aa.}\f(a(l;),l;)

where (a(b),b) is a parametrisation of the curve X (a,b) = X(a,b). Let us look
more carefully at this parametrisation. Fix |al, |b] < M for a large constant M > 0
and (a,b) € {|a|] < 83T —t)~'/2,|b] < 6(T —t)=3/*}. Fix |X| < K and r <
Y <2Y*(X) — k for some large enough constant K > 0 and small enough constant
k > 0. Then from the Taylor expansion of u at (0, Yp):

X(a,b) = a+aP+02+0((T—1)1), X(a,b) = (a+a®)(1+O0(T—t)1+6))+b2(1+O((T—t)

and
0o X (a,0) = (14 3a%)(1+ O((T — t)3 +6)).

ST

+0)).
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Therefore, for K fixed ¢ small enough and ¢ close enough to T, X(a,b) = X implies
that [b| < L(1 + |a|*/?) and |a] < L(1 4 [b]?/3) for some L = L(K). This allows to
go back once more in the Taylor expansion of v and to be able to write the refined
formulas:

X=X@Gb) = (a+a)1+0(T —)i +[b3(T—t)"5)+ b2+ O(T —t)

It

);
0aX (@, b) = (1 +3a%)(1+ O((T — 1)1 + [b|3(T — )~ 1)).
We recall that Wy (z) is the inverse of z — —z — 23 and satisfies ¥(z) ~ F|z|

as z — +oo and ¥(z) = —2z + 23 as z — 0. After basic estimates involving these
asymptotic expansions, we find that the solution of the above equation is:

G=—Ty (X — 42+ O(T — t)3)(1 + O((T — t)7 + [b|3 (T — )~ 1/4).

1/3

Replacing this in the expression for ~8aé‘( , and using the identity for X(a,b), we
finally obtain that on the curve X(a,b) = X there holds:

0o X(@,0) = (14 TXX — 402+ O(T — )1)(1 + O((T — )1 + [B|3 (T — £)~Y/4))
1 ~ 1 1
X(14+O(T —t)s + |b|3(T —t) 1))
= (1+U2(a+d®+ 0% —46%)(1+ O((T — ) + |b|3(T — £)~1)).
Going back to the integral we had to compute:
d 1 b db
[ o2 - s (1 OUT )
rns |V (T —t)1 J-sr—n~1 1+ 303 (a+ a® + b2 — b?)
©
(T'—t)a
Hence we have shown that:
y<a7b) :y@(a7b)+O(T_t) :
The same computation also shows that:
BV (a,b) = 8aY°(a,b) + O(T — )1, V(a,b) = BYO(a,b) + O(T — t)1.

We are now ready to invert the characteristics. We look for a solution of the form
(a,b) = (@+ h1,b+ hg) to (X,Y)(a,b) = (X,Y), where

(@,b) = (a® (X,¥),b° (X,D)).
Then (@,b) belongs also to a compact zone, included in [~M, M]? for M large
enough so that our previous computations apply. Consider then the mapping:
O : (hy,ho) — (X (@+h1,b+ho),Y (@+h1,b+ hs))
From the estimates on the derivatives done above, there holds for |hi|, |ha| = O((T—
t)1/12):
O+ 1 O+ 7
(s o) = (3o avetan) +our =
Also, again from the computations performed above:
®(0,0) — (X, ) = O((T — t)4).

Note that, as @ and b vary in the compact zone [—M, M]?, the leading order term
matrices in (3.22) belong to a compact set of invertible matrices. Hence we can
invert the above equation, uniformly as ¢ — 7" in the zone that we consider: there

=
N

+ (B (T — 1)~

)

Jun

NG

N

). (3.22)
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exists (hi, ha) = O((T — t)%) such that ®(hy, ha) = (X,)). Hence we inverted the
characteristics and:
1

a=a+0 ((T—t)i) , b=b+0((T —t)1).
Using the Taylor expansion of u and the fact that |al,|b] < 1:
uta,y) = uolt,X,Y) = ~a(T )2 +O((T ~)1)

_ 1-nie 2" y _
= (T'—1) ®<(T—t)g’(T—t)_}1)+O((T t)1).

This proves the proposition.

4. Stability of (truly) self-similar blowup

We investigate here the following stability problem: given a backward self-similar
profile as presented in the previous section, what happens to the solution under small
perturbation? Here is the list of the main concepts and ideas, those underlined being
examined here:

o Linearised dynamics As long as the perturbation remains small, its evolution
is governed by the linearised dynamics. We give here a detailed description
of the semi-group generated by the self-adjoint linearised operator.

e Prevention of instabilities The linearised dynamics makes the instable eigen-
modes grow exponentially with time. Such instabilities can be prevented by
tuning suitably the initial datum. This is presented in details in the finite
dimensional case, and the proof uses fundamentally a topological argument
(an application of Brouwer’s degree theory).

e Decomposition of the solution. To capture the time of the blow-up, as well
as its spatial location, we use a dynamical renormalisation. This involves
the dynamical determination of key parameters such as the scale and the
position, resulting in so-called modulation equations.

e Bootstrap regime The existence of an initial datum such that the renor-
malised perturbation converges to 0 asymptotically relies on the study of a
bootstrap regime. If one assumes small a priori bounds on the perturbation
on a time interval [sg, s1], one can show that they in fact hold on [sg, s1 + §]
for some universal § > 0. This shows that the small a priori bounds are in
fact true for all times [sg, 00).

Theorem 4.1 (Finite codimensional stability of ¥y [7]). Assume d = 3 and
p € 2N+ 1 s such that p > 7. Let L € N large enough. There exists a Lips-
chitz codimension L manifold in H*(R?) of initial data such that the corresponding
solution to (1.1) blows up in finite time 0 < T < 400 with a decomposition

1 . x — x(t)
u(t,x) = 7)\(”731(\111;4- )<t, N >

where W is the self-similar profile given by Theorem 3.1 and:
1. Control of the geometrical parameters: the blow up speed is self similar

At)=VT —t(1+0(1)) as t =T
and the blow up point converges

z(t) = x(T) as t—T. (4.1)
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2. Behaviour of Sobolev norms: there holds the asymptotic stability of the self
similar profile above scaling

i b = < .
th_% lv(t)|| s =0 for s. <s<2, (4.2)

the boundedness of norms below scaling

limsup ||u(t)|| g < 400 for 1<s < s, (4.3)
=T

and the logarithmic growth of the critical norm

[ e = en(l 4 0pr (1) v/ |log(T = )], en # 0. (4.4)

4.1. The linear dynamics. The first intuition about the dynamics of a perturba-
tion of the self-similar profile ¥y is that it should be described to leading order by
the linear dynamics. We therefore first describe completely the linear dynamics in
this Subsection. We study solutions v to:

dsv+ Lv =0, vy € L2(p), (4.5)

where L is the linearised operator

_ 1
L:=—-A—pil 1—1—7—|—y.v
p—1

arising in the linearisation of (3.3) around Wy. The properties of £ are the following.
They are related to the Hilbert space

22 o= {u sttt Jully = [ oty <oo b, o) = e
2
and its corresponding Sobolev spaces:

8‘a|u

H? := { u, such that Z

: = Jlully < o0
la|<s

2
L3

Proposition 4.2 (Spectral gap for £,, [7]). The operator L is essentially self-adjoint
from H?(p) into L*(p), with compact resolvant. For L > 1 large enough one has
the following properties:

1. Eigenvalues. The spectrum of L is given by

1 N N
—ML+1<"'<—M3<—M2:—1<—M1:—§<0<M1<M2<-~ (4.6)

The eigenvalues (—pj)i1<j<r+1 are simple and associated to spherically symmetric
ergenvectors

lpillzz =1 L
B Lz = 4, 1= )
SDJ 90] Lp 30 ||A\I’L||p

and the eigenspace for —py is spanned by OV, /0y, . Moreover, there holds as r —
+00

Ok (M) S (L4 7) 7T 7% 1<j<L+1, k>0, (4.7)
2. Spectral gap. There holds for some constant p* > 0:

L+1 3

1

Ve & Hy, (Lozi2)y 2 iy — o | D0(e 0+ Do 0u W)} - (48)
j=1 k=1
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We do not give the proof of the above proposition here. We solely mention that £
is a perturbation of the well understood Schrédinger operator —A+1/(p—1)+y.V
by the radial potential p\Iﬂz_l. This operator can be studied on spherical harmonics,
and its eigenvalues are counted using Sturm oscillation principles.

Let us recall some basic facts for solving linear evolution equations as (4.5). We
can solve it using the abstract framework of either dissipative operators (Hille-
Yosida-Philipps Theorem, see [26]) or using the Spectral Theorem (see [25]) and
the associated diagonalisation of L directly. In any ways, one has the following
properties:

- For any vg € L?(p) there exists a unique solution v € C([0, 00), L?(p)).

- At any fixed s > 0 the solution map vy + v(s) is continuous from L?(p)
into itself.

- If v belongs to the domain of £, then v(s) belongs to the domain for all s
and the trajectory is continuous with respect to the natural topology on the
domain. Hence in particular v € C(L?(p)) and the equation dsv + Lv = 0
is satisfied in L?(p).

The following Lemma describes the linear dynamics generated by (4.5): instable
modes grow exponentially, while the remaining part of the perturbation € on the
stable spectrum of £ decreases and satisfy a global energy estimate.

Lemma 4.3. For any s > 0 there exists a unique decomposition:

L+1 d

v(s,y) = ar(s)ee(y) + Y bi(s)0y, Ui(y) +£(s,y),
k=1

i=1
where (e, o) =0 and (€0y,¥r) =0 for all1 <k < L+1 and1 < i <d. Moreover,
one has:

a(s) = ar(0)e"**, bi(s) = bi(0)e2*

and

* o0 * 1
| ety < [Epdy, [ [ ves)Podyds < 5 [ 20y,
R 0 R? 2p* Jga

Proof. The existence and uniqueness of the decomposition follows from the existence
and uniqueness of the orthogonal projection onto closed subspaces in Hilbert spaces.
We first assume vg belongs to the domain of £. Then v € C1([0,00), L?(p)). The
parameters a; and b; are then differentiable with time and ¢ € C([0, ), L?(p)) so
that one has:

L+1

d
05V = Z Osar(s)er(y) + Z Dsbi(8)0y, VL (y) + 0se(s,y) (4.9)
k=1 i=1

As said before the Lemma the equation (4.5) is truly satisfied, and v belongs to the
domain of £ so that:

L+1 d
1
Lv = kz_l 1 (s)er(y) + ; 50i(5)0,, WL (y) + Lz(s,y).
Therefore we write:
L+1 d 1
Ose + L= = (Dsar — prar)r — Y _(Dsbi — 50100y VL (4.10)

k=1 1
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We project the above equation onto ¢ which yields, the functions ¢ and 0, ¥,
being orthonormal:
(Ose, k) + (Le, i) = —(Osa, — prax).

As (g,p) = 0 for all s > 0 and ¢ € C1([0,00),L?(p)), we can differentiate this
relation and obtain:

<858’ Spk> =0.

Moreover, as L is self-adjoint: (Le, o) = (e, Lok) = pur(e, or) = 0. We therefore
obtain:

Osay, = piag,

implying a; = a;(0)e”*®. The same reasoning shows b; = e%sbi(O). We turn to the
control of . We take the scalar product of (4.10) with . This gives (the terms in
the right hand side vanishing by the same argument as above):

) (/Rd 82(S)pdy> = —2(¢, Le).

Using the coercivity (4.8) we obtain that:

s </ 62(8)pdy) < —2u*/ EQ(S)pdy—2u*/ [Vel?pdy.
R4 R4 R4

This implies:

0s <62“*5/ EQ(S)pdy> + 2/L*€2“*8/ |Vel?pdy < 0.
R4 R4

Integrating this inequality gives for any s > 0:

ezu*s/ 52(s)pdy+2,u*/ €2M*S/ \VE|2dedS§/ e*(0)pdy.
R 0 R4 R4

This proves the estimate on € claimed in the Lemma. We have therefore proved that
the Lemma is true if vg belongs to the domain of £. For a general initial datum
vo € L?(p), we let (vn)nen be a sequence of elements of the domain of £ converging
to vg in L?(p) (this is possible as the domain is dense). Then from the continuity of
the solution map, we deduce that the information on ay, by and [ £2p goes to the
limit. Notice that for each n:

o0 * ].
| [ vets)pays < oo [ 2o,
0 Rd 2p* Jra

Above, the right hand side converges to fRd €2(0)p as n — oo. Ve, is then uniformly
bounded in L?([0,00), L?(p)). There is therefore a weak limit in this space which
has to be Ve, and from lower semi-continuity we get:

/ 62“*5/ |Ve(s)|?pdyds < liminf s |Ven(s)|? pdyds
0 R 0 R4
1
< liminf o £2(0)pdy
! / £2(0)pd
- 2,[1,* Rd p y7

which ends the proof of the Lemma.



32 CHARLES COLLOT

4.2. Codimensional stability in finite dimension. We have seen in Lemma 4.3
that the linearised dynamics display a finite number of instabilities, while the infinite
dimensional remainder decreases over time. One fundamental question is: how can
one avoid the instabilities for the full nonlinear problem, and obtain a perturbation
that converges to 0 as s — co? The argument for the PDE uses an adaptation to
infinite dimension of the following finite dimensional result. The heart of the proof
is a topological argument (the nonexistence of a retractation of the closed ball B"
onto the sphere S"~1).

241
(0)
Osu = Au+ f(u), A= Hin i (4.11)
(0)
—HA
where u € R f € CH(R"? R"*") and such that f(0) = 0, Jf(0) = 0 so that
for some Cy > 0:

*

i = min(fig, ., fig) >0, p; >0 fori=1,..,n, |f(u)]<Cfu?

where |u| is the standard Euclidean norm on R"™". We write:

U1
u1 ’U U1 w1 -
U= =1 "], v=|[..] €R”, w= e R"”,
w1
Un+7 Un Wp,
e (B (Q)) B M1 (0) 7 Ao i (0)
wr (0) Hn (0) i
g1(u)
£ fi(u) gn(U) M) g1(u) - hy B
u) = = , h(u) = eR”, h=1|..] eR"
foalw)) [ gu(u) ha
hi (u)

Lemma 4.4. Assume n,n > 1. There exists K,§ > 0 such that the following holds.
For any wo € R™ satisfying |wo| < 6, there exists a unique vy € R™ satisfying
lvg| < K|wol|? such that the solution u(s) to (4.11) with initial datum ug = (vo, wo)
satisfies the bound:

lu(s)| < 2|wgle .

Proof. We first define the bootstrap regime and the exit time at which a solution
leaves the bootstrap regime. Fix K, > 0 and |wg| < §. For any vy € R" satisfying
lvg| < K|wp|? define the exit time of the bootstrap regime:

s*(vg) = sup{s > 0, such that |v(s")| < K|w(s')]* for all 0<s" < s}.
Step 1 We claim that if for some vy one has s* = oo, then this solution satisfies

the conclusion of the Lemma. We now prove this claim and assume s* = oo. For
all s > 0 one has:

[u(s)] < [o(s)] + |w(s)| < Jw(s)|(1 + Klw(s)]).
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In particular, if K0 < 1/8 then:

9
lu(0)] < glwol. (4.12)
One then computes, using the above identity, the definition of i* and the bound on
f:
1 2 ~
0, (Shw(s)?) = (w, Bu)+ (w,h(w)
< =it |w]? + fw]| f (u)]
< il + CplwP 1+ Klu(s)).
Let

S = sup{s >p, such that |u(s')| < 2lwple ™ for all 0<s" < s}.

By continuity and the above control on |ug|, S > 0. Then for any 0 < s < S, one
has from the identity above, if K§ < 1/8:

o (;lw@)l?) < — il 8l e 5 (14 K 2w e ) < —i* [+ wp[2e = *6C 10
We then obtain the differential inequality:

0Os ((32[‘*5|w(8)\2) < C’f205|w0|26_’2*3.
Reintegrating the above inequality between 0 and s < S gives:

2

C 206
I o

S
lw(s)]? < 6_2“*5|w0’2+€_2“*8/ Cf205\w0\26_“*3/d8/§6_2“*5|w0]2+6_2“*5
0
< 2’w0’26—2ﬁ*s

if 6 has been chosen small enough depending on C; and *. Coming back to the
inequality for |u| above, for 0 < s < S:

~ % 5 ok
Jul < [w($)|(1+ K|w(s)]) < V2|wole™” *7 S clwole™?

where ¢ = 5v/2/4 < 2. By a continuity argument, this implies that S = co. This
ends the proof of the claim.

Step 2 We claim that there exists |vg| < K|wg|? such that s* = co. We reason
by contradiction and assume that s* < oo for all |vg| < K|wg|?2. Then this allows
us to define the escape mapping from the unit ball to the unit sphere:

®: Bgn(0,1) — S
1 * 2 .
‘/0 —> W’U (S (K‘w[)| ‘/0))
This mapping is well defined. Indeed, by continuity, at time s* one must have
|v(s*)| = K|w(s*)[2. Also, again by a continuity argument for the ODE (4.11), the
function ® is continuous. We claim that it is surjective. Indeed, let Vj € S~ !, and
vo = K|wp|?Vp. We then compute that |v] is growing at the initial time from (4.12):
Os([v]*)js=0 = (vo, Buo) + (vo, g(uo))
> min(ge, ..., pin)oo]? = ool Crluol®

v

. 9>
winr e o K V62— Ko PV6(C (§) ol

1 .
3 min(ey, ..., in ) K2 wol*

Y
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if K has been chosen large enough depending on Cy. One computes similarly as in
Step 1 that if K§ <1/8:
105 (Jw(s)[?)js=0l <0

for some constant C' > 0 independent of K and §. Hence:

PR\ Bl — 20e20,(jwl?)
0 (K2ww<s>\4>so - K2 (s)]

Therefore, from the very definition of s* we obtain s* = 0, so that ®(V) = Vj.
The mapping ® is hence surjective. We have proved that & is a continuous and
surjective mapping from the unit ball onto the unit sphere. But such mappings do
not exist from Brouwer’s Theorem (classical Theorem that you can find in many
textbooks).

> 0.

Step 3 Uniqueness. We leave uniqueness as an exercise. Hint: you can employ
a similar strategy as in Steps 1 and 2 to study the difference of solutions. O

4.3. Full nonlinear stability. We perform now the full stability analysis of the
semilinear heat equation near the backward self-similar profile ¥, having in mind
the properties of the linearised dynamics described in Lemma 4.3, and the control of
instabilities by the tuning of the initial datum given in finite dimension in Lemma
4.4. The first step is to renormalise dynamically the equation using its symmetries,
in order to zoom appropriately at the singularity, as explained in the next two
Lemmas.

Lemma 4.5. There exist K,§ > 0 such that the following holds true. Given any
w € L*(p) with ||v]| 2, < 6, there exists a unique couple (X, zo) € (0,00) x Re with
IA—1| < K§ and |zo| < K6 such that:

1 T —T
(Vs + w)(z) = — (\I/L+v)< X 0)

o1
where (v, AVr) = (v,0,¥) = ... = (v,0,Vr) = 0. Moreover, the parameters
(A, z0), seen as a function from L% into R4, are differentiable.

Proof. The proof relies on a classical use of the implicit function theorem. Define
the mapping

D (v,\,z0) = ((0,AVL), (0,04, Y1), ..., (D,04,¥L))
where: ,
O(y) = A 1(¥r +v)(zo + Ay) — Vi (y).
® is a C? mapping on L% x (0, 00) x R?. Moreover, one computes that its differential
at (0,1,0) is, because AV}, and 0, ¥, are orthogonal:

J<I>(0, 0,1, 0)
(v AWp) ||A‘I’L||%g
RS 10,12, (0
<'7ayd\IlL> (O) ”ayd\IILH%%

Hence, the restriction of the differential to {0} x R!*9 is clearly invertible. By a
standard application of the implicit function Theorem, there exist §, K > 0 such
that for any ||UHL3 < 4, a unique couple |A — 1| + |zg| < K exists such that
®(v, A\, z9) = 0. These are the desired parameters A, z. Also, the application of the
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implicit Theorem also provides directly that the parameters A and x( obtained this
way are C! functions of v € L,%. O

Let us consider the set for some § > 0 the following neighbourhood of the family
of self-similar solutions:

1 _
0= {)\2 (U +v) <x )\x0> . (N o) € (0,00) x RY and |||z < 5}.
p—1
Lemma 4.6. There exist 6, K > 0 small enough, there exist unique C' functions
for the L™ topology A : O — (0,00) and xg : O — R such that any u € O can be

written under the form:

ule) = = (s +0) (152

with v satisfying:
||1)HLoo < Kb, v J—L/% A\I/L,ayl\I/L, ...,8yd\I/L.
Remark 4.7. Lemma 4.6 has to be understood as the orthogonal projection of a

function onto the manifold of self-similar solutions (12‘11 I (x_—/\xo)

Ap=T A\,zo

Proof. First note that L* embeds continuously in Lﬁ. Let K be fixed from Lemma
4.5.

Step 1 Closeness of two decompositions. We claim that there exists C' > 0 such
that for § small enough, if u € O can be written in two different ways:

/
ul@) = —— (V1 +) (:,: _A‘T”) =L (w) (“" ;f”0> , with [Jo]lze, [0 |z < K6
Ap—1
then [A/N —1|+|zo—x)|2/A\? < C4. Indeed, as ¥, attains its maximum at the origin,
for § small the maximum attained for the first decomposition is A\=2/(P=1) (W (0) +
O(K?¥)), while the maximum attained for the second decomposition is A~/ P=1) (W (0)+
O(K§)). The two being equal: A/N —1 = O(KJ§). We now rewrite the equality as:

A Pl

2
A\ 1 A Ty — T
(w0 = (53) e (ot 52
Again, as Uy, attains its maximum at the origin with AU (0) < 0, and |A/N —1| <
C¢, we obtain that (zg — z()/N = o(1) as § — 0. We can therefore Taylor expand
at 0, so that for some ¢ > 0:

U,(0) + O(0K) = <j,> (\I/L(O) - c""fo;fﬁpu +0(1))> +O(K).

which gives: Hence, one must have |zg — zj|/\" < Cv/3. This proves the claim.

Step 2 End of the proof. We define the following mapping: to any u € O we pick
any decomposition:

1
u=—5(®+uvp) <
APt
coming from the very definition of O. Next, we denote by (A2, x2) the functions

given by Lemma 4.5. We also change notations and use the notation ¢ instead of the

Xr — X

) ol <8
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constant 0 involved in Lemma 4.5. We then take: v = vo(®+v1), A = A Ao(P+v1)
and xg = 1 + A1x2. One indeed has this way that:

(+v1)(y) = Ag’% (¥ +v) (x ;:2)

and hence v satisfies the desired orthogonality conditions and size assumptions and:

1 x—x 1 L — 1
u = 2(<1>+111)< X 1>: 2((I)+v)<)\1)\>
AP 1 (A1A2)P—1 2

1 — . 1 —
— j(i)—i—v) <:c 9;1)\ :EZ) = L(q)—i-v) ($ )\930>7
(A Ag)?-1 1A2 Ap-1

so that (A, xzg,v) satisfies the conclusion of the Lemma. Pick now another decom-
position satisfying the conclusions of the Lemma:

1 T — x , ,
U = (@—{— ) ; , ||U ||Loo§K5, v LAY, VY.
= A
Then one has the following decomposition for ¥y + v:

25 o

(\I/L—i—U)( ) (i\,> (\IIL“FU’) (:\\/x+$0>\/£€0>7
where v and v’ both satisfies the orthogonality conditions. From step 1 we deduce
IN/N =1]+]|xo—z(|?/A* < C§. For § small enough depending on §, we can apply the
uniqueness part of Lemma 4.5: the decomposition is unique. Hence A = X, zg = zj,
and v = v/. Hence the way to construct A\, x and v given at the beginning of the Step
is well defined and does not depend on the first decomposition (A1, z1,v1) that is
picked. This also provides differentiability as As and xo are differentiable functions
from Lemma 4.5. This ends the proof of the Lemma.

O
Let us now consider a solution to u; = Au + v? with initial condition:
1 T — T
up = 5= (VL + wo)( )7 HwOHWQ,oo(Rd) < 6.

AT A
Then from parabolic regularity, see? Lemmas 2.3 and 2.4, one has u € C1([0, T), L™).

[
Hence, as long as v € O, Lemma 4.6 gives a C' in time parameters x(t) and A(t)
such that:

u(t,z) = %(\PL +v) (W) v, AU, 0,V ..., 0,, VL.
AP=L(t)
We thus define the renormalised flow by defining the renormalised variables:
x — x(t) Eodt
yz*)\(t) , §=80+ 0/\27(25),

and the renormalised unknown:

(s, y) = Ar1 (Dt z).

It is then an instructive exercise to show that v solves the renormalised flow equation:
5 . As . . X B
Osti = A + uP + TSAU + f.Vu.

2These Lemmas are easy examples of parabolic regularity, we need here stronger results which
nonetheless rely on the same ideas.
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Remark 4.8. The above transformation provides a suitable zoom at the singularity.
It also transforms the problem of stability of singularity formation, a finite-time
phenomenon, into a global in time stability problem.

Moreover, from the above decomposition of u:
u=WYr +wv.
The perturbation v then solves the renormalised perturbation equation:
A 1
Ogv + Lo = </\8 + 2) AL +v) + %.V(\DL +v)+NL

where VL designate the nonlinear terms:
NL := (U, +v)P — U2 — pub~ly,

Having Lemma 4.3 in mind, we solely need here to decompose v onto the L-th first
unstable eigenmodes:

L L
v(s,y) =D a(s)pr(y) +e=p+e, o= g
k=1 k=1

where ¢ is orthogonal to the negative eigenmodes:
e’;‘J_p A\I/L,V\IJL,QOQ,...,QDLJrl. (4.13)

One can then compute the equation for ¢, and it is instructive to put it into the
following form:

s+ Le = F — Mod
where F' carries higher order terms, a small linear term in € and nonlinear terms

(defined above):

As 1 T
F=1L NL Le=|=+=]A ==,
€+ , Le </\—|—2> 6—1—)\V5,

and where Mod are the so-called modulation terms:

L+1
As 1 T
Mod = 30— marl— (5 +5) (0 +)+ T 1+ )
Remark 4.9. Notice the difference between the ¢ above and the previous linear
evolution for € (4.9). There are mainly two differences. The first one is that the
nonlinear terms are now appearing in the equation. The second one is that € has
no more component along the directions AWy and VW . Instead, these have been
traded for the obtention of the parameters A(t) and x(¢). This is why these "instabil-
ity" directions are not true instabilities: we can kill these directions by renormalising
suitably the solution.

In view of the Toy model problems seen in Lemmas 4.3 and 4.6, you should have
an intuition about the fact that we can prove Theorem 4.1 by relying on the following
bootstrap Proposition. To state it, we introduce x a smooth cut-off function with
x(y) =1 for |y| <1 and x(y) =0 for |y| > 2, and its rescaling for A > 0:

xa(y) = x(%)-

Proposition 4.10 (Bootstrap). There exist universal constants 0 < p,n < 1,
K,C > 1 such that for all sy > so(K,C, u,n) > 1 large enough the following holds.
For any \o and ey satisfying Ao = e~*0/2, the orthogonality (4.13) and

I =X )¥L +eollgse + lleollzrz + 1 Ac0] 22 < e 20, (4.14)
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there exist (a2(0),...,a,+1(0)) satisfying:

n+1

>l < Kem2m
j=2

such that the solution starting from ug, written with the decomposition described
above satisfies for all s > sq:

(1]

2]
3l
(4]
]
(6]
(7]
18]
Bl

[10]
[11]

[12]

[13]

[14]

e control of the scaling:

1
ie*%S < A(s) < 2e72°; (4.15)

e control of the unstable modes:
n+1
S Jajf? < Ke (4.16)
§=2
e control of the exponentially weighted norm:
”EHH,% < Ce s, (4.17)
e control of a Sobolev norm above scaling:
[Av]|z < Ce™; (4.18)
e control of the critical norm:

lwl gse <n- (4.19)
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