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Abstract

We consider u(z,t) a solution of us = Au + |u[P~1u that blows up at some time
T > 0, where u : RY x [0,7) - R, p > 1 and (N —2)p < N + 2. Under a non
degeneracy condition, we show that the mere hypothesis that the blow-up set S is
continuous and N — 1 dimensional implies that it is C?. In particular, we compute
the N — 1 principal curvatures and directions of S. Moreover, a much more refined
blow-up behavior is derived for the solution, in terms of the newly exhibited geometric
objects. Refined regularity for S and refined singular behavior of w near S are linked
through a mew mechanism of algebraic cancellations that we explain in details.
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1 Introduction

In this paper, we aim at computing the curvature of the blow-up set for the following
semilinear heat equation:

wp = Au+ |ulP
u(.,0) = wg € L®(RY), (1)

where u(t) : € RV — u(x,t) € R. We assume p > 1 and subcritical: if N > 3, then
1<p< (N+2)/(N—2). A solution u(t) to (1) blows up in finite time if its maximal
existence time T is finite. In this case,

Tt ()] g vy = i, (8 o vy = 0.
Let us consider such a solution. T is called the blow-up time of u. A point a € RY is
a blow-up point if u is not locally bounded near (a,7’). The blow-up set is the set of all
blow-up points and will be denoted by S.



Recently, Giga, Matsui and Sasayama [12] extended to all subcritical p the blow-up
rate estimate once proved by Giga and Kohn [10] for a smaller range of p or under a
positivity condition. Thus, for all subcritical p, it holds that,

Ve 0,T), [lut)|~ < CT —t) 7.

Let us remark that with this new result, the previous work of Giga and Kohn [9], [10] and
[11], Veldzquez (in particular [20] and [21]), and Merle and Zaag (in particular [16], [23]
and [24]) extend naturally to cover all the range of subcritical p.

Given a € S, the study of the blow-up behavior of u(z,t) near (a,T) is equivalent to
the study of the long-time behavior of W,(y, s) defined by
T—a

Wa(y,s) = (T — t)rTu(,t), y= —— 5= —log(T ~1). 2)

Using (1), we see that for all (y,s) € RY x [~1log T, c0),

oW,

1 W,
=AW, - -y VW, —
Os 2yV

p—1

+ W [P~ W,. (3)

Giga and Kohn proved in [9], [10] and [11] that

1

Wa(y,s) =tk =(p—1) 7T as s — o0,

in C(|y| < R) for any R > 0. In particular, (T—t)ﬁu(a, t) - £rkast — T. From Filippas
and Kohn [7] and Herrero and Veldzquez [13], we know that the speed of convergence is
either |log(T — t)|=! (slow) or (T — t)* (fast) for some p > 0. The dynamical system
analysis of solutions of equation (3) in Fermanian, Merle and Zaag [5] easily shows that
the slow speed is the only stable, with respect to perturbations of the blow-up point a.

We address in this paper the regularity of the blow-up set S, an issue that has been
poorly studied in the literature. Indeed, most contributions focus on single point blow-up,
where S is (locally) one isolated point (Weissler [22], Bricmont and Kupiainen [2], Herrero
and Velazquez [13] and [20],...). The only pertinent result before [23] is due to Veldzquez
who showed in [20] that the Hausdorff measure of S is less or equal to N — 1. In our
opinion, authors could not go further in the description of the blow-up set because of the
lack of uniform estimates of the solution near the blow-up time, with respect to (z,¢) and
to initial data.

In [14] and [16], we proved with Merle the following Liouville Theorem (or rigidity
theorem) for entire solutions of (1):

Consider U a solution of (1) defined for all (z,t) € RN x (—o0,T) such that for all

1
(z,t) € RN x (=00,T), |U(z,t)| < C(T —t)" # 1. Then, either U = 0 or U(x,t) =
1

tr(T* —t) P T for someT* > T.

This Liouville Theorem allowed us indeed to get uniform estimates in [14], [15], [16],

opening thus the door for a new approach in the study of blow-up for equation (1). As a
matter of fact, in the case of an isolated blow-up point, we proved with Fermanian and



Merle [6] and [5] the stability of the blow-up profile for equation (1) with respect to initial
data; in the case of a non isolated blow-up point, we obtained in [23] and [24] the first
regularity results for the blow-up set.

Our approach in [23] and [24] (see [25] for a review) is based on two ideas:

- the refinement of the asymptotic behavior of u near (a,T) (or W, as s — oo) uniformly
with respect to the blow-up point a. The Liouville theorem is crucial in getting uniform
estimates.

- the fact that a more refined (uniform) blow-up behavior yields geometrical constraints
on the blow-up set S, resulting in more regularity for 5.

In this paper, we follow these ideas, and do better! Indeed, we find here a new term
in the expansion of w near the blow-up set and exhibit a new mechanism of algebraic
cancellations which links the refined asymptotic behavior of the solution to the refined
regularity for its blow-up set. This mechanism is the heart of our argument and constitutes
the main novelty of this paper. As a consequence, we show that the blow-up set is C? and
that the refined asymptotic behavior of u is expressed in terms of the principal curvatures
and directions of its blow-up set.

Before stating our results, we would like to mention that the regularity of the blow-up
set is an issue that arises also for semilinear wave equations like

ug = Au+ |ulP . (4)

Due to the finite speed of propagation, a blow-up solution of this equation has a blow-up
time T'(z) for each z € R, and its blow-up set is the graph {t = T(x)}, a subset of
RM x R. By definition, the blow-up set is 1— Lipschitz (see Alinhac [1]). In [4] and [3],
Caffarelli and Friedman showed under restrictions on the dimension, the power and initial
data the C' regularity of the blow-up set. In [17], [19] and [18], we find with Merle the
blow-up rate near the blow-up set for (4) when 1 < p <1+ 4/(N — 1), which is the first
step towards the regularity of the blow-up set with no restrictions.

Let us now go back to the heat equation (1) and present our results. In [23], we showed
that if the blow-up set is continuous (in some precise sense), then it is a C'' manifold. In
[24], we showed that if in addition, the blow-up set is of codimension 1, then it is C'1 for
any a € (0,1).

In order to stress more the novelty of our present contribution, we assume that we

already know that locally near @, S is a C'! hypersurface, and that (T — t)P_ilu(&,t) — K
with the (slow) speed |log(T — t)|~!, which is a reasonable hypothesis since this speed
can be shown to be a stable behavior with the techniques of [5]. In [23] and [24], we have
shown then that for some tg < T and 6 > 0, for all Ky > 0 and t € [tg,T), we have:

For all x € B(a,§) such that dist(z,S) < Ko+/(T —t)|log(T — t)],

ol t) — dist(z, S) , log |log(T — t)]
(T~ )7 Tu(,1) f1(\/(T_tmog(T_t)O‘SCo(Ko)—|10g(T_t)| o)




where

12 N\ e
ﬁ@)=<p—b+@z£Lﬁ> (6)

and
(T — t)p%l |u(z,t) = Uy (py(z)) (dist(z, S), )| < C(T — t)%|log(T — t)\%JFCO (7)
where Pg(x) is the projection of z over S, o € C(S N B(a,0),R),
i (z1,t) = e 7 ia(e 321, T — e (T — t)) (8)

and u(x1,t) is a positive symmetric one dimensional solution of (1) that has the same
profile fi, and which decays on (0,00) and blows up at time 7" only at the origin. Note
that

in the self-similar variables (2), 4, becomes w(.,.+ o) 9)

where w(y1, s) is defined by

T

L
B(y,s) = (T =7 Tl 0), y =

, s=—log(T —1t) (10)

is a solution of (3).

In (7), the N-dimensional solution u(x,t) appears as a superposition of one dimensional
solutions of (1), @, functions of the normal variable dist(z, S). Note that @, for any o > 0
are all dilations of the same one dimensional solution of (1), &, and that they all blow up at
time T only at the origin. In other words, all the blow-up modalities in N dimensions are
already contained in the one dimensional case. Estimate (7) may appear less interesting
than (5) because the profile is explicit in (5), unlike (7). However, having a non explicit
profile in (7) is the price to pay in order to get a smaller error term, which yields better
regularity. In this paper, we are able to get to even smaller error terms and prove the C'?
regularity of the blow-up set. More precisely,

Theorem 1 (C? regularity of the blow-up set) Assume N > 2 and consider u a so-
lution of (1) that blows up at time T on a set S which is locally near some a, a C*

hypersurface. Assume in addition that (T — t)rilu(&,t) — K as t — T with the (slow)
speed |log(T —t)|~L. Then, S is a C? hypersurface, locally near a.

Remark: From the sign invariance of the equation, the same conclusion holds if (T" —
D7 Tu(a, ) — —k.

This regularity result follows from the refinement of the blow-up behavior of u(x,t) near
(a,T) (or We(y, s) as s — o0), uniformly with respect to the blow-up point a in a neighbor-
hood of a. More precisely, when a is a blow-up point, we link in the following proposition
the blow-up behavior of u near (a,T’) to the geometrical description of the blow-up set at
a (normal vector, tangent space, principal curvatures and directions):

Proposition 2 (Link between the refined uniform blow-up behavior of the so-
lution and the principal curvatures of its blow-up set) Under the hypotheses of
Theorem 1, there exist § > 0 and so > —logT such that for all a € SN B(a,d):



(i) For all s > sg,

Wa(M(a)yv S) - w(yh s+ O'(CL)) -
Jj=2 L%

where v € (0, 3), W, is defined in (2), @ is the one dimensional solution defined in (10),
o(a) € R is continuous, (Ij(a))yc ;< and (M(a)e;)ye ;< are respectively the principal
curvatures and the unitary principal vectors of the blow-up set at a, and M(a)ey is a
unitary normal vector. Note that lj(a) for all 2 < j < N and M(a)er are continuous in

terms of a. The convergence takes place in L,%, the L? space with respect to the weight

ply) = e WA (4m)N/2 (11)

as well as in W2(|y| < R) for any R > 0.
(ii) For all Ry >0, t € [T —s7°°,T) and x € B(a, g) such that dist(z, S) < RovT —t,

<T—wﬁuuw—{m@mmaaﬁw—zﬁ%%¥mmwwm}
(T —1)*
= O iog(r— i

where Pg(x) is the projection of x on S, o : S — R is continuous, m : S — R is the mean
curvature and d(z,S) is the signed distance to the blow-up set.

(iii) It holds that for all j > 2,

.p _1 11
1i(a) = lim L log(T — )| (T — t)71 2

|z—al?
e 4T-0)

’ /RN u(e,t)(@ — a). M(a)er ((z - a).M(a)e;)* - 2) a7

Remark: Note that in (i) of the previous proposition, the direction y; is along the normal
vector M (a)eq, while the directions y; (along the principal vector M (a)e;) for j > 2 lay in
the tangent space to the blow-up set at a. Unfortunately, we are unable to decide whether
the principal vectors M (a)e; for 2 < j < N are continuous or not.

Remark: Estimate (ii) in Proposition 2 improves (7) proved in [24]. It is better because
it has a smaller error term and a further term in the expansion involving a geometric
feature of the blow-up set, the mean curvature. However, the price to pay is to reduce
the convergence domain in space from dist(x, S) < /(T —t)[log(T — t)| to dist(z,S) <

T—t.

Remark: Unlike what may be understood from (iii) of Proposition 2, it is not necessary
to know a principal direction in order to compute the corresponding principal curvature.
Indeed, if we just know a normal vector and any orthogonal basis of the tangent space, then
we can compute the second fundamental form in this basis, which gives by diagonalizing
the principal curvatures and directions at once. See Proposition 4.1.




In Theorem 1, we derive C? regularity assuming C' regularity. Since we have derived
in [23] and [24] C1* regularity assuming just continuity (in addition to a non-degeneracy
property), we actually have a stronger version of Theorem 1 which derives C? regularity
just assuming continuity. Stating this new version requires additional technical notation.

Let us consider a non isolated blow-up point a where for all Ky > 0,

sup (T —t)r—1 1u<a+Q )2/ (T —t)|log(T —t)|,t)—f1(z)‘—>0ast—>T (12)
|2|<Ko

where Q(a) is an orthonormal N x N matrix and f; is defined in (6). We may take
Q(a) = Id. According to Theorem 2 in [20], for all € > 0, there is d(¢) > 0 such that

SﬂB(CAL,d) C Qd,ﬂ,s = {33‘ | |P7r($_d)’ > (1—6)|l‘—d‘},

where Pj is the orthogonal projection over m, the subspace spanned by es, ..., exy. Note
that Qg r ¢ is a cone with vertex a that shrinks to a + 7 as € — 0. In fact, a + 7 is the
candidate for the tangent plane to S at @. We assume there is a € C((—1,1)N~1 RY)
such that a(0) = @ and Ima C S where Ima is at least (N — 1)-dimensional in the sense
that

Vb € Ima, there are (N — 1) independent vectors vy, ...,vx_1 in RY and

ai,..,an—1 functions in C*([0,1],Im a) such that a;(0) = b and a}(0) = v;. (13)

This hypothesis means that b is actually non isolated in (N — 1) independent directions.
We also assume that @ is not an endpoint in Im a in the sense that

Ve > 0, the projection of a((—¢,¢)¥~1) on the plane é + 7

. . . 14
contains an open ball with center a. (14)

We claim the following:

Theorem 3 (C? regularity of the blow-up set) Assume that (T — t)ﬁu(d,t) — K
with the speed |log(T — t)|~'. Consider a € C((—1,1)N=1 RN) such that & = a(0) €
Ima C S and Ima is at least (N — 1)-dimensional in the sense (13). If a is not an
endpoint (in the sense (14)), then, the blow-up set is a C? hypersurface, locally near a.
The conclusion of Proposition 2 holds in this case too.

Remark: If (T — t)rilu(&,t) — —k, then the same conclusion holds with a sign change.

Our paper is organized in 3 sections:

- In Section 2, after introducing suitable local charts for the blow-up set and making a
dynamical system formulation for equation (3), we explain a mechanism of a geometric
constraint which links the blow-up behavior of the solution to the regularity of its blow-up
set.

- In Section 3, we use this mechanism to get algebraic cancellations and find the refined
blow-up behavior of the solution.

- In Section 4, we use again the geometric constraint mechanism and this refined behavior
to derive the C? regularity of the blow-up set (Theorem 1). We then conclude the proof of
Proposition 2. Finally, we briefly show how Theorem 3 follows from Theorem 1 and [23].

Throughout the paper, we work under the hypotheses of Theorem 1, which are also
the hypotheses of Proposition 2. At the very end of the paper, we assume the weaker
hypotheses stated in Theorem 3 and prove it using Theorem 1 and [23].



2 Setting of the problem and strategy of the proof

We find in this section a sharp estimate of the blow-up behavior, uniformly with respect
to the blow-up set. To this end, we introduce a crucial geometric constraint mechanism
on the blow-up set, which constitutes the heart of our argument and the main novelty of
the paper.

2.1 Local C%* charts of the blow-up set

Under the hypotheses of Theorem 1, we know from Veldzquez [21] and [20] (see also
Filippas and Liu [8] and Filippas and Kohn [7]) that the local behavior of u near the
blow-up point a is given by (12). Therefore, we can apply Proposition 3 of [24] and derive
the existence of § > 0 such that S5 = SN B(a,26) is a C1* manifold for any a € (0,1). In
the following, we fix such an «. For convenience, we will use a local chart at every point
a € Ss in the form of a graph {(¢a(£2,..,EN), &2, ., EN)} of a C1%([—n4, eV 1) function
¢q in a (direct) orthonormal basis (a,n(a),m2(a),...,7n(a)) for some 7, > 0 where n(a)
and 7;(a) are of norm 1 and respectively normal and tangent to Ss. It is possible to take
n(a) and 7;(a) of class C* in terms of a. By construction, we have for all ¢ > 2,

%wwﬁxﬂmzo. (15)

In other words, Ss is locally near a given by the set

N
{a+@a(&)n(a) + > &mi(a) | €] < na} where & = (&, ..., EN). (16)
=2

Theorem 1 will be proved if we prove that for all a € Ss, ¢, is C? at € = 0 and if we
0*¢q
0&,0¢;

©7(0), which is precisely the curvature.

compute (0) for all 4, j > 2. In dimension 2, there is only one number to compute,

Let Q(a) be the (direct) orthonormal matrix whose columns are n(a) and 7;(a), i > 2.
Hence,
n(a) = Q(a)er and 7;(a) = Q(a)e; and Q(a) is of class C°. (17)

If w, is defined by

T—a
T-—t

walos) = (T = 07 Tula ), y= Q)" (S=5) o=t —0). (19

then we see from (2) that w,(y,s) = W,(Q(a)y,s) and that w, is also a solution of (3)
for all (y,s) € RN x [~logT,c0). We have proved in [24] (Proposition 2.1) the following
stronger version of (7) in self-similar variables!: for all a € S5 and s > —log T,

lwa(y, s) = @(y1,s + o(a))llz < Ce 25, (19)

T—a

'In [23] and [24], y was equal to —
and (20) come with wq(Q(a)y, s) instead of wq(y, s) in the cited papers.

in the definition analogous to (18). Therefore, estimates (19)



where @ is defined in (10) and o : Ss — R is a continuous function. Note that any other
value of o # o(a) in (19) gives an error of order s 2 (see [24]), which is bad. The choice of
o(a) gives the smallest error. It was made possible in [24] by means of modulation theory.

Recall that we already know from [23] (in particular in Proposition 3.1) that wq(y, s)

and w(y1, s) have the same profile f; (%) (6). In particular 2,

2
K A log s
We(y,s) — {ﬁ-l-— <1——>}H < COC—, (20)
2ps 27 M liwzee(yi<2) s

sup
a€Ss, s>—logT
2
. K log s
sup [t - {or 2 (1-2)} XS C
s>—logT ps W20 (|y1[<2) 5

the convergence takes place in L? in [23] and the W2 estimate follows by parabolic
p loc
regularity).

2.2 A dynamical system formulation

We need to refine estimate (19) on wq(y,s) — w(y1, s + o(a)), the difference between two
solutions of equation (3) which have the same profile f; (6).

The formulation is the same as we did with Fermanian in [6] for the difference of two
solutions with the radial profile

12 =
fN<z>:(p—1+%|z|2) . (22)

Therefore, we follow in extent the strategy of [6] and emphasize the novelties. However,
some technical details -most of them are straightforward and long- are omitted. The reader
can find them in [6]. Consider an arbitrary a € Ss. If we define

ga(yvs) :wa(yvs) _w(y173+g(a))7 (23)

then we see from (3) that for all (y, s) € RY x [~ log T+00, 00) where og = éx(lagc) < lo(a)l,
a€B(a,0)N

959a(y, s) = (L + @) Gas (24)

1
where £L = A — Ey.v + 1 and

‘ Weq, |p—1 wa(y7 S) B ’J)p(yhs + U(a)) p

if we(y,s) # w(y1,s + o), and in general,

_ _ p
aa(yas) =D ‘ wa(y7 5) ’p ! _1?1 (26)

for some wq(y,s) € (wa(y, s), w(y1,s + o(a))).

2See previous footnote.



According to (19) which was proved in [24] and (23), g, — 0 in Lg as s — o0o. More
precisely, for all s > —logT + oy,

l9a(s)ll < Ce3 5. (27)

In this paper, we refine this estimate and find an equivalent of g, in L%. In order to do
so, we need first to understand the dynamics of equation (24) satisfied by g,. In practice,
we need to know more about £ and «.

- The operator L: Operator L is self-adjoint on D(L) C LZ(RN) where p is defined in
(11). The spectrum of £ consists of eigenvalues

spec L = {1 — %, m € N}.

Note that except two positive eigenvalues (1 and %) and a null eigenvalue, all the spectrum
is negative. The eigenfunctions of £ are

h(y) = hp, (Y1)--hey (Yn), (28)

where 3 = (B1,...,0n) € N? and for each m € N, h,, is the rescaled Hermite polynomial

m! ; ; h
B (€) = ———(-1)7¢™% . We note kyn, — (29)
2 -3 " Tl
where L;271 (R) is the L? space with the measure
_&e N
(¢) = S that satisfies p(y) = [ p1(w) (30)
L1 I J )
The polynomials h,, and hg satisfy the following
Lho = (=05 [ By (Qpa(€)E = 2",
=N (31)
/ Ohg
HQ) = mhin1(0), - 5 2w) = Bihg-ei(v) = Bihaa ) [T oy (v
‘ J=1, j#i

where e; is the i-th vector of the canonical basis of RY and with the convention that
hp =0if m < —1.

- The function a,: We claim the following:

Lemma 2.1 (Estimates on o) For alla € S5, y € RN and s > —log T + 0y,

C C 1 C
Qaly:$) < = laa(y, )l < —(1+[yI*)and Jaa(y, s) + 7-ha(yn)] < 57 (1 + 1) (32)



Proof: See Lemmas 2.5 in [24] and [6]. |

From the first estimate, we see that «, doesn’t shift much the spectrum of the linear
operator in the positive direction. Therefore, it is convenient to project equation (24) on
the eigenfunctions of £ in order to understand its dynamics.

- Decomposition of g, with respect to the spectrum of L: Since the family {hs(y) |3 € N}
spans all the space L%(RN ), let us introduce the orthogonal projection of g,(.,s) on hg:

9a,5(8) = /R < F5(y)galy. s)p(y)dy where kg(y) =|| h H;§ ha(y). (33)

If P, is the orthogonal projector of Lf) over the eigenspace of L corresponding to 1 — 3
and Rpg, the sum of all P,g, for n > k, then

;

Paga(y:8) = Y gap(s)hpy
|B|=n
Z-Pnga = > 9ashs) = D 9ap()hs(y) + Riv19a(y.5)  (34)
neN BENN \ﬁ|<k
19012 = La(8)2 = 3 lan()? = 3 lan(9)? + i (9)%
neN n<k
where lq ,(s) = HPngaHL% and 74 x(s) = HngaHL%. In the following, we project equation

(24) on the different modes:

Lemma 2.2 (Projection of (24) on the different modes) There exist s1 > —logT
and s, > 0 such that for all a € S5, s > s1, n € N and 3 € NV, we have the following:

(i) W+ (3 = Dlan] < Cln) e,
(i) Tj(5) < (1= 242+ G) 1,(5) 4 D0 2 (0 1= Rl (o).

k=0
(i) | gt 5(5) + (=1 + B+ 22) o 5(s)| < C(8) 2L,
(i0) | 5(5) + (14 5+ 2) gup(s)| < O() (Fptliiesnld | L),

(
(U) rtlz,n g (1 - %)Ta,n + %Ia(s — S*).

Proof: The calculations are based on (24) and the definition of «, (25). They are straight-
forward. For (i) and (ii), see the proof of Lemma 2.7 in [6], where the same equation is
treated (with a function « derived from the radial profile (22) instead of fi (6)). Note
that (iii) follows immediately from (iv). For (iv), see Appendix V.1 in [24] for a similar
calculation. Thus, we only prove (v) in Appendix A. [ |

2.3 Strategy of the proof: a geometric constraint linked to the asymp-
totic behavior

Using the equations of Lemma 2.2, we will refine in the space Lf) the estimate (27) on g,
and get to the first significant term as s — oo, uniformly in ¢ € Ss. This term depends
continuously on a € Ss. Using parabolic regularity and the definition (23) of g,, this
yields an expansion for w, in W2>(|y| < 2), uniformly in a € S5. Using the definition

10



(18) of wg, we see that in the u(x,t) formulation, the domain of validity of this expansion
is B(a,2v/T —t), for each a € S5. These domains overlap, leading to as many expansions
for the same thing, namely u and its derivatives at a given point (z,t), as there are points
in SsNB(x,2y/T —t). Of course, the leading terms of these expansions must be the same.
This is how a geometric constraint (here, the overlapping and later, the regularity) is
related to algebraic relations in the coefficients of the asymptotic behavior of w,.

To illustrate this mechanism, we fix some a € Sy, |y| < 2 and s > —logT. In the
u(z,t) formulation, the point (y,s) from the domain of w, (18) becomes the point (z,t)
where

N
r=a+ e_%Q(a)y —a+e 2 yin(a) + Z y;7i(a) |, (35)
j=2

t=T—e* and wy(y,s) = (T — t)rilu(a:,t)

(see (17) and (18)). Now, take an arbitrary b € S5 and use again (18) (but in the other
way) to write

u(z,t) = (T — t)_ﬁwb(x s) where Y = Q(b)" ( Q:T__bt> ’

Therefore, we have
wa(y, s) = wy(Y, s) where Y = Q(b)T (Q(a)y +e3(a— b)) . (36)

Since n(a) and 7;(a) for i > 2 are the column vectors of Q(a) (see (17)), we can differentiate
(36) with respect to y;, i > 2, and write two formulations for the tangential derivative of
u with respect to 7;(a) at the point (x,t) defined in (35):

ou ow,

. 8’[01,
O7i(a) (2,7) =

N
—— (Y, 5) + Zn(czm(b)a—%(x s).
(37)

Now, if we use the equations of Lemma 2.2 to refine the smallness condition (27) on g, and

ow, owy .
and —— as s — 00, uniform for

oYk Yk
all points in Ss. Thus, we will obtain two expansions for the same object (the tangential

derivative of u) expressed in (37). These expansions have naturally to agree (up to error
terms), leading to constraints on their coefficients and then to more regularity for the
blow-up set.

(T — )71t

use parabolic regularity, we obtain an expansion on

Given a € Ss, |y| < 2 and s > —logT, b is still free in Ss for the moment. However,
there is one choice that makes the comparison of the two expansions particularly simple:
we fix b as the (non orthogonal!) projection on the blow-up set of x = a + e_%Q(a)y
defined in (35), in the orthogonal direction to the tangent space to the blow-up set at a.
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the tangent space at a
x=atexp(-s/2)Q(a)y

S : the blow-up set

Thus, in the local chart (16), b has the same components on the tangent space spanned
by {7j(a), j > 2} as x and has the following particularly simple expression:

b="b(a,y,s) = a+pale 2§)n(a) + e QZ%% ) where § = (y2,..,yn). (38

We claim the following:

Proposition 2.3 (A geometric constraint on the expansion of w,)
There ezists so > —logT such that for all a € Ss, |y| <1, s > s9 and i = 2,..., N, it holds
that

‘ Ow,

owy Jpq Sy K
ayz (yvs) - {8—%(3/1707 ...,0,8) + (e y)yl—}‘ (39)

0&; 2ps
0pq —s logs e

< =2
C' 8&( y)' [Iyll S

_ag

1+
—=T%s Co
4+ Ce™ 2 %570,

where b and § are defined in (38).
Proof: We transform here some terms appearing in (37) in order to get (39).
(a) Term 7;(a).n(b). Since @, is C* and 4 (0) = Vi, (0) = 0, we have for all |£] < 7q,
|p(€)] < Cle['™ and [Vip(€)] < Cl¢|*. (40)
Using the local coordinates (38) and (40), we have

n(b) Z G | W1 Veder @y

and

aSOa —5= aSOa -3~
layn(t) + S22 < | 922 ()

where 7 is defined in (38).

(b) Term 7;(a).7;(b). Using (38) and (40), we see that |a —b| < |pq(Fe"2)|+|e" 27| <
Ce™2. Since n(a) and 7;(a) are C®, it holds then that |n(a) — n(b)| + |7j(a) — 75(b)| <
Cla — b|* < Ce™2°. Therefore,

In(a).n(b) — 1] < Ce™ 2%, In(a).7j(b)| < Ce™2°, (42)

|7i(a).7j(b) — ;4] < C’e_%s, |7i(a).n(b)] < Ce™ 2%

12



(c) The point Y (a,y,s). Using the expressions (17), (36) and (38) of 7;(a), Y and b,
we write Y; = Y.e; = <y1 - e%goa(e_%g])) n(a).Q(b)e;. Using (17), (40) and (42), we get

Vi — g1 < Ce5 and ¥j > 2, || < Ce 5", (43)

0
(d) Term a—wb(Y, s). Using parabolic regularity, we get by differentiation from (27)
Y1

and (23) the following estimate:

N
owy, ow ‘ 8wb 0wy '
—(Y,s Yi,s+o(b sup Z,8 44
T %) " kz oy | 1<2,(6,))#(1,1) 3%8%( |
SCe_%SCO.
0w, K log s’ , .
From (21), we have | ——(z,s') T <C—35,forall s > —logT and |z| < 2. Since
i Y3 DS s
%(0, s') =0 (@ and W are symmetric), we interpolate to get
1
0w log S
o (Y1,s + (b)) +Y1— < C|y4| (45)
Using (44), (45) and (43), we get
Owy, K s e 28
8—y1(Y’s)+y1% < +C (46)

0

(e) Term %(Y7 s) where ¢ > 2. Using (43) and the estimate of the second derivative
Yi

in (44), we get

%(K 5) — ?f (41,0, ...,0,5)| < Ce™ 5550, (47)

We have just found expansions for all the terms involved in (37): (41) for 7;(a).n(b), (46)
owy, ow ow

for — (Y, s), (42) for 7;(a 44) for —(Y,s) when k # i and (47) for —(Y, s

G, (42) for mia).mi(@), (4) for GEU(Y,s) when & # i and (47) for Z2(Y.s)

when k = i. Using this with (37) yields (39) and concludes the proof of Proposition 2.3.1

3 Refined blow-up behavior

In this section, we use the equations of Lemma 2.2 and the mechanism of geometric
constraint in order to refine estimate (27) and find an equivalent of g, in Lf,, continuous in
terms of the blow-up point a. The continuous matrix of the coefficients of that equivalent
will be shown to be equal (up to some constant factors) to the second fundamental form
of the blow-up set, which gives the C? regularity (section 4). In the following proposition,
we find an equivalent for g,:

13



s
e 2

Proposition 3.1 (Term of order in the expansion of w) There ezist p € (0, 1)
and continuous functions a — Ag(a) for all 3 € NN with |3| = 3 and 1 = 1 such that for
all a € Sy and s > s1,

e 2 s 1
9aly, ) = — > Asla)hg(y)| < CezsTioH
18|=3, B1=1 L2

where s1 is defined in Lemma 2.2.

This section is devoted to the proof of this proposition. In regard of estimate (27) and the
decomposition (34), the modes of the eigenvalue —%, namely g, 3 for | 3| = 3 are resonant.
We will call high frequencies the modes g, for |3| < 2 and low frequencies the modes

ga,p for |B] > 4, or simply R4gq.

Plugging the rough estimate (27) into the equations on the different modes in Proposi-
tion 2.2, we will find a first expansion (terms of order e™2). Using the geometric constraint

mechanism of Proposition 2.3, we show that all terms of order e~ 2 are zero. We then re-
e 2
iterate the process and use again Proposition 2.2 in order to get the terms of order

s
and conclude the proof of Proposition 3.1.
3.1 Vanishing of the term of order e 2
Let us recall from (27) and (34) that for all s € S5 and s > —logT + oy,
Ia(s) = l|ga(s)]l 12 < Ce™ 25, (48)

In this step, we use the equations of Lemma 2.2 to refine estimate (48) and catch the
term of order e™ 2 in the expansion of w,. Using the geometric constraint technique of
Proposition 2.3, we derive better regularity for the blow-up set from this sharper estimate.

Let us first catch the the term of order e~ 2 in the following;:

Lemma 3.2 (Term of order e 2 in the expansion of w) There exist v € (0, 1) and
continuous functions a — Ag(a) for all 3 € NV with |3| = 3 and 1 = 0 such that for all
a € S5 and s > s1,

galy:s) —e7 2 Y Agla)hp(y)| < Cezs™”
where s1 s introduced in Lemma 2.2.

Remark: Note that in 2 dimensions, 5 = (0, 3) is the only admissible 3 in the sum above.
Proof: Using (48), we claim the following:

1
If Cy > 3 then Vs > s1,  I,(s) < Ce_isco_%, (49)

1
Iy € (0, 5) such that Vs > sq, I,(s) < Ce 257, (50)

14



It is clear that (50) follows from (48) and (49) by a finite induction. Hence, we focus on
the proof of (49). Recalling from (34) that

l9a($)1Z2 = Ta(5)* = D lan(s)® + D 9a,6(5)° s W)z + 7aa(s)?, (51)
n<2 18]=3

we claim the following:

Lemma 3.3 (Smallness of high and low frequencies and equation on resonant
frequencies) Assume that for some d € R,

Vs> 51, [lga(y, )]z < Ce3s%, (52)

Then, Vs> s1, supllgn(s)|+rqa(s) < Ce 3541 (53)
n<2

and V|f| =3, di (gaﬂ(s)e%sﬁl)‘ < Cshta-3, (54)
s

Proof: Using (52) and Lemma 2.2, we write for all s > s1,

n 3 d S
< Ce 5_5)Ssd_1, and — (rq4€°) < Ce3 st 1,

s |2 () :

Integrating the first equation between s and oo and the second between s; and s yields
(53). Using (53) (remember that l,5 < rg4), (52) and (iv) in Lemma 2.2 yields (54). W

Using Lemma 3.3, we see that the conclusion of (49) follows from (51), (53) and the
integration of (54) between s; and s. Thus, (49) and then (50) hold.

Using (50) and Lemma 3.3, we see from (54) that for any |3| = 3 with 81 = 0, there
exists a continuous function a — Ag(a) such that

[9a,5(5) = Ap(a)e™ 2] < CeT35773. (55)
If || = 3 and (51 > 1, then we integrate (54) between s and oo to get
90,5(5)] < Ce™35772. (56)

Since (53) holds too (with d = =), the conclusion of Lemma 3.2 follows from (53), (55)
and (56) by the decomposition (34). [ |

Now, we are in a position to gain more regularity on ¢, the local chart defined in (16).

Lemma 3.4 (Almost C! regularity for Ss) There exists & > 0 such that for each
a € Ss, the local chart defined in (16) satisfies for all i > 2 and €] < &o,

' 0¢q

oe(6)| < Clellog i,

15



Proof: Using Lemma 3.2 and parabolic regularity (remember that 8;” =0 for i > 2 and
from (23) that g, = w, — W), we see that for all i > 2 and s > s1 + 1

ow,

0 (y,s)| < Ce2.

sup
a€Ss, |y|<2

Consider a € S5, ¢ > 2, y = (1,y) where g is arbitrary in 0Bx_1(0,1) and s > max(s; +
1,s2), and consider b = b(a,y, s) defined in (38). Using Proposition 2.3, we write

ety | < |Gt BT oo e oo,
therefore, 852“ (E_SZJ)‘ < Cse”2. If ¢ = e~ 27, then |¢] = 2 and |log |¢|| = |5 — log |7l
hence Z 5
22 6)| < crellos el 57)

Since § = (y2, ..., yn') is arbitrary in dBy_1(0,1), € = e~ 2§ covers a whole neighborhood
of 0, B(0,&y) where & = e~ 3 max(s2,141) (57) concludes the proof of Lemma 3.4. W

This refined regularity for ¢, implies a constraint on the asymptotic behavior of
wq(y, s): all the coefficients A\g(a) with |3| = 3 and $; = 0 in Lemma 3.2 have to be
identically zero. More precisely:

Proposition 3.5 (Vanishing of the term of order e~2) There exists v € (0, 3) such
that for all a € S5 and s > s1, ||ga(y, s)||L% < Ce 2577,

Proof: Consider a € S;. From Lemma 3.2, it is enough to prove that Ag(a) = 0 for all
|3] = 3 with $; = 0. Using Lemma 3.2 and parabolic regularity, we see that for all i > 2
and s > s1 + 1,

Ow, _s oh —557V
sup 8,(y,s)—6 : Z )‘()aﬁ(?/) < Ce2sm. (58)
a€ss, ly|<2 | 9Yi 18|=3,61=0 vi

Take y = (0,9) where g is arbitrary in By_1(0,1). We would like to apply Proposition
2.3 for this choice of y (note that y; = 0) and make s — oo in order to get algebraic

881;)1) (31) for 88};/? (y), (40) and Lemma

, and the fact that y; =0 (note also from (29) that hg, (y1) = ho(0) = 1), we

cancellations and conclude. Using (58)

0paq
o’
see that Proposition 2.3 yields

e 3 Z Ag(a) Bihg,—1(yi) H hﬁj Ys)

|8]=3, 1= J=2, j#i

3.4 for

—e3 Z As(D)Bihg,—1(0 H hg,(0)| < Ce™3s™"
|8]=3, B1= §=2, j#i
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for all s > max(s; +1,s2). Since b — a as s — oo (see (38)) and a — Ag(a) is continuous
(see Lemma 3.2), we get at the limit as s — oo: for all § € By_1(0,1),

Z Ag(a)Bihg,—1(yi) H hg; (y5) Z Ag(a)Bihg,—1(0 H hg, (0

|8]=3, 1= J=2, j#i |8]=3, 1= J=2, j#i

By orthogonality of the polynomials Ay, this yields for all ¢ > 2 and || = 3 with 5, = 0,
Bidg(a) = 0. Now, take any 3 with |3| = 3 and 1 = 0. Since there exists ¢ > 2 such that
B; > 1, this implies that Ag(a) = 0. Thus, Lemma 3.2 yields the conclusion of Proposition
3.5. |

3.2 Term of order e %

s
e 2

Now, we are ready to catch the term of order
subsection, we prove Proposition 3.1.

in the expansion of g,. In fact, in this

Proof of Proposition 3.1:
Using Proposition 3.5 and Lemma 3.3, we see that for all s > s,

sup |lgn(8)| + 7qa(s) < Ce 25Vt (59)
n<2

and V|| =3,

% (ga,g(s)egsmw < Csh—v—3 (60)

where v € (0,1). When || = 3, we integrate (60) between s and oo if 31 = 0 and between
s1 and s if 81 > 2 to get
s 1
|9a,5(s)| < Cem257"72. (61)
If || = 3 and 51 =1, (60) implies the existence of a continuous function a — Ag(a) such
that

5

|9a,5(8) — )\g(a)2| < Ce 3s7V73, (62)
s
Using the decomposition (34), we see that (59), (61) and (62) yield Proposition 3.1. N

4 (C? regularity linked to the refined uniform blow-up be-
havior

In this section, we use the refined asymptotic behavior of Proposition 3.1 and the geometric
constraint of Proposition 2.3 to conclude the proofs of Theorem 1 and Proposition 2. We
will also show how to get Theorem 3 from Theorem 1 and [23].

Proof of Theorem 1:
Using Proposition 3.1, parabolic regularity and (31), we see that for all i > 2 and s > s1+1,

Jw, e 2
sup 5 (y, ) Z A ( )hl(yl ﬁzhﬁz—l yz H hﬁg y]
agSs, lyl<2 | OYi 5 18]=3, fr1=1 J=2, j#i

§C’e_§s_l_”.
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Since hy(0) = 0 when k is odd, it is easy to see from (29) that for all w = +1, j > 2 and
s>s8+1,

a _Ss
';y}j(el +wej,s) — €’

s (1 + 5i7j))\51+€i+€j (a)
‘Gwa

S
< Ce 25177,

of Proposition 2.3, we write then for y = ey + we; (note that y; = 1 and y = wdy, ; for
k> 2) and s > max(sy + 1, s2)

s

where ey, is the k-th vector of the canonical base of RY. Using the geometric constraint

T(l + 5i7j))\31+3i+3]( )

8 a 3 a a 3 1 _5 _1-
a) — 5; (we 2ej)2p% < C" 5; (we™2ey) % +Ce 25717V
) 0pq .
Therefore, since 26, (0) = 0 (see (15)), we have for all j > 2 and w = £1
88011 _s
L i
9&i0¢; 800

p
;(1 + 6i7j))\€1+5i+5g( )
Since ¢,(0) = 0 and Vi, (0) = 0, we have just computed the second fundamental form
(Aijj(@))y; ;< Of the blow-up set at the point a in the basis (Q(a)es, ..., Q(a)en) of the
tangent space: for all 2 <i,j < N

Nogfa) = 280 (0 = 2

" 9&;0¢;

Note that A;j(a) is symmetric

P (1 + 5i7j))\51+6i+6]( )

(63)
Since a — Ag(a) is continuous, this implies that the
blow-up set is of class C2. This concludes the proof of Theorem 1
following:

|
As a matter of fact, we have proved more than stated in Theorem 1. We claim the

Proposition 4.1 (Link between the refined uniform blow-up behavior of the
solution and the second fundamental form of its blow-up set) For all a € S5
(i) For all s > s1,

Wa(Q(a)y, 5) — T, s + o(a) — 2y

4p3 Z A

yzy] 51 j)
2<i, j<N

(64)

L3

< Ce 2517V
3(a))gc; j<n is @ continuous symmetric matriz rep-
resenting the second fundamental form of the blow-up set at a in (Q(a)es,
basis of the tangent space.

- Qa)en), a

where Wy, is defined in (2) and (A;
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(ii) It holds that

Aij(a) = Jim - |log(T — )] (T —1)71 2 x (65)

|z—al?
e 4T-0

/RN u(z,t)(z —a).Q(a)er ((x — a).Q(a)e; x (v — a).Qa)e; — 26; ;) Wda:.

Remark: Note that W, defined in (2) is different from w, defined in (18) by a rotation
of coordinates.

Proof of Proposition 4.1:
Part (i) follows directly form Proposition 3.1. Indeed, from (23), (2) and (18), we have

9a(y, s) = Wa(Q(a)y, s) — w(y,s + o(a)) (66)

on one hand. On the other hand, it is easy to check that the sum in Proposition 3.1 can
be indexed as follows

{(BeNY | I8|=3, B=1}={e1+ei+e; | 2<i<j< N}

where e, is the k-th vector of the canonical basis of RY. Therefore, using (63), (28) and
(29), we write

Z Ag(a)hg(y) = Z Aeiteite; (a)he1+ei+ej (y)

|8]=3, B1=1 2<i<j<N
k Aij(a) K
= o Y, Tt i —20) = o Y Aigla) (wiyy — 20i) . (67)
2p7 = 146 4 A
2<i<j<N ’ 2<i,j<N

Using Proposition 3.1, (66) and (67), we obtain (64). This concludes the proof of (i) in
Proposition 4.1.

(ii) From (63), (62) and the definition of g, g(s) (33), we write for all 2 <i,j < N,

2p
Aivj(a) = ;(1 + 5i,j))‘e1+ei+ej (a)
2 . S

Zp(l + 5i’j) sli,rgo 5€2Ja,e1+ei+e; (8)

5—p(y)dy. (68)
||hel +eite; HL?
P

2 s
= —p(l—i—di,j) lim 865/ 9a(y, s)
K 5500 N

R
Using (28) and (29), we see that

heyteite; (Y) _ y1(yiy; — 205 5)
||h‘el+3i+3]’ ||%g 8(1 + 52‘,]‘)

(69)

Using the definition of g, (23) and the fact that w(y1,s) does not depend on y; for i > 2,
we derive from (68) and (69) that for all 2 <i,j < N,

D .. s
Aij(a) = 1 Jm se? /RN wa(y, $)y1 (Yiy; — 20i5) p(y)dy.

K S§—00
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Using the change of variables in (18) gives (65) and concludes the proof of Proposition
4.1. |

Proof of Proposition 2:
We computed in Proposition 4.1 (Aj;(a))y; ;< which is a (N —1) x (N —1) continuous
symmetric matrix representing the second fundamental form of the blow-up set in the basis
(Q(a)ea, ...,Q(a)en) of the tangent space. Therefore, it can be diagonalized to provide the
principal curvatures and directions of the blow-up set. More precisely, there exists a
(N —=1) x (N — 1) matrix P(a) = (P;j(a))y<; j<n such that

P(a)'P(a) =1d, P(a)TAP(a) = diag(l2(a), ..., Ix(a))

and a — [j(a) is continuous for j > 2. Note however that a — P(a) is not necessarily
continuous. The [;(a) for 2 < j < N (continuous in terms of a) are the principal curvatures
of the blow-up set at the point a, and the column vectors of P are its principal directions
in the basis (Q(a)es,...,Q(a)en) of the tangent space. Now, if we introduce the (non
necessarily continuous) N x N orthogonal matrix M (a) = Q(a)P(a) where

P,j(a) = P j(a) if 2 <4,j < N and P;j(a) = §; ; otherwise, (70)

then it is easy to check that the principal vectors (which are by definition in the tangent
space) take the simple form of M (a)e; for 2 < j < N. Like the matrix P(a), the principal
vectors are not necessary continuous in terms of a. Note from the definition (70) of P that
P(a)e; = ey, therefore, the normal vector (see (17)) Q(a)e; = Q(a)P(a)e; = M(a)e;. Tt
is continuous because of the continuity of Q(a) (see (17)).

Using (70), it is easy to check that (i) of Proposition 2 follows from (i) in Proposition
4.1 by a simple change of variables. The convergence in (64) holds also in Wy o (|y| < R)
for any R > 0 by parabolic regularity if s > sg = s1 + 1, so does the convergence in (i) of
Proposition 2.

(ii) Take Ry > 0, t € [T — e *,,T) and x € B(a,d) such that dist(x,S) < RovT —t.
Take a = Pg(z), the orthogonal projection of x on the blow-up set S, and according to
(2), introduce Y and s such that

T—a
Tt

u(z,t) = (T — t)_P%Wa(M(a)Y, s) where M(a)Y = , s=—log(T —t). (71)

Since M (a)e; is a normal vector and M (a)e; for all j > 2 are tangent to the blow-up set
at a (see (1)), we see that

la —al <la—z|+ |z —a| <2z —al <,

y; = 4.5 and Y; = 0 for all j > 2,
T—1t
d(z,S

Y| < (;’ )tSRoandsZso,
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where d(z,S) = +dist(z,S) (depending on the side of the blow-up set S where z is).
Applying (i) of Proposition 2 and using (71), we write

N
(T — t)7Tu(z,t) — { Wy, s+ ola)) - g’fsyl 3 l(a)
=2

SC(Ro)(T ~ )2 log(T — )] 1.
Using (10), (9), (8) and the definition of the mean curvature
N
m(a) = l(a),
j=2
this concludes the proof of (ii) in Proposition 2. [ |

(iii) If we project the estimate of (i) on the polynomial yl(y? — 2), then we see from
(31) and the fact that @ does not depend on y; for all j > 2 that

pses/2

Li(a) = li
j(a) = lim "

| weM @y 5 = 2)ota)ds

Making the change of variables (2), we get to the conclusion. This concludes the proof of
Proposition 2. |

Proof of Theorem 3: Since (T — t)rilu(&,t) — & with the speed |log(T — )|, we
know from Veldzquez [21] and [20] (see also Filippas and Liu [8] and Filippas and Kohn
[7]) that the local behavior of u near the blow-up point a is given by (12). Therefore, if we
apply Theorem 4 of [23], we see that the blow-up set is a C'! hypersurface, locally near a.
Therefore, we can apply Theorem 1 and derive the C? regularity as well as the behaviors
described in Proposition 2. |

A Projection of equation (24) on the different modes

We prove (v) of Lemma 2.2 here. For simplicity, we drop down the index a here. Since
the projector Ry and the operator £ commute, we write from equation (24) for all a € Ss,
y € RN and s > —log T,

OsRrg =L (ng) + Ry, (ag) .

Next, we multiply this equation by pRjg and integrate over RY to obtain

1d

3 ds (Rkg)* p = /ngﬁ (Rk9)0+/ngRk(ag)P- (72)

Since Ryg is the projection of g on the spectrum of £ below 1 — £, it holds that

[ Rstrugro<-3) [(Rig)*s (73)
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Since Ry is an orthogonal projector, we use Holder’s inequality to estimate the second
term on the right-hand side of (72) by:

‘/Rk(ag)RwP‘ < | Re(ag)llrzlRrgllrz < lagllrzlRegllrz < llevlrallgllzall Regll 2z

Note that equation (24) has the following regularizing property (control of the L;l) norm
by the L% norm up to some delay in time, see Lemma 2.3 in [13]):

</ 9(y, 8)4pdy> " <C </ 9y, s — 8*)2pdy> v (74)

for some s, > 0. Combining (32), (72), (73) and (74) yields (v).
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