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AN OBSTRUCTION TO SMALL-TIME
LOCAL NULL CONTROLLABILITY
FOR A VISCOUS BURGERS’ EQUATION

BY FRrREDERIC MARBACH

ABSTRACT. — In this work, we are interested in the small-time local null controllability for the
viscous Burgers’ equation y; — yxx + yyx = u(¢) on a line segment, with null boundary conditions.
The second-hand side is a scalar control playing a role similar to that of a pressure. In this setting, the
classical Lie bracket necessary condition introduced by Sussmann fails to conclude. However, using
a quadratic expansion of our system, we exhibit a second order obstruction to small-time local null
controllability. This obstruction holds although the information propagation speed is infinite for the
Burgers equation. Our obstruction involves the H~5/4 norm of the control. The proof requires the
careful derivation of an integral kernel operator and the estimation of residues by means of weakly
singular integral operator estimates.

RESUME. — Nous nous intéressons a la controélabilité locale en temps petit pour I’équation de Bur-
gers visqueuse y; — yxx + yy¥x = u(t), posée sur un segment, avec des conditions de Dirichlet nulles
au bord. Le terme source au second membre est un contrdle scalaire qui joue un role similaire a ce-
lui d’une pression. Dans ce contexte, la condition de crochet de Lie nécessaire classique introduite par
Sussmann ne permet pas de conclure. Cependant, en utilisant un développement a I’ordre deux du sys-
teme étudié, nous mettons en lumiere une obstruction de nature quadratique a la contrdlabilité locale
en temps petit. Cette obstruction tient alors méme que la vitesse de propagation de I'information dans
cette équation de Burgers est infinie. Elle fait intervenir la norme H —5/4 du contréle. La démonstra-
tion nécessite le calcul soigneux du noyau d’un opérateur intégral, ainsi que I’estimation d’opérateurs
résiduels a 1’aide de la théorie de régularité pour les opérateurs intégraux faiblement singuliers.

Work supported by ERC Advanced Grant 266907 (CPDENL) of the 7th Research Framework Programme
(FP7).
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1130 F. MARBACH

1. Introduction

1.1. Description of the system and our main result

For T' > 0 a small positive time, we consider the line segment x € [0, 1] and the following
one-dimensional viscous Burgers’ controlled system:

ye—Yyxx tyyx=u) in(0,7)x(0,1),
y(,0)=0 in (0,7),
y(t, 1) =0 in (0, 7),
y(0,x) = yo(x) 1in(0,1).

(1.1)

The scalar control u € L2(0, T) plays a role somewhat similar to that of a pressure for multi-
dimensional fluid systems. Unlike some other studies, our control term u depends only on
time and not on the space variable. It is supported on the whole segment [0, 1]. For any initial
data yo € H;(0,1) and any fixed control u € L?(0,T), it can be shown (see Lemma 7
below) that system (1.1) has a unique solution in the space X7 = L2((0,T); H%(0,1)) N
H'((0,T); L%(0,1)). We are interested in the behavior of this system in the vicinity of the
null equilibrium state.

DEFINITION 1. — We say that system (1.1) is small-time locally null controllable if, for any
small time T > 0, for any small size of the control n > 0, there exists a region of size § > 0
such that:

(1.2) Vyo € Hy (0.1) st |yolgy < 8.3u € L*(0.T) s.t. |ula < nand y(T.-) =0,

where y € Xt is the solution to system (1.1) with initial condition yy and control u.

THEOREM 1. — System (1.1) is not small-time locally null controllable. Indeed, there
exist T, > 0 such that, for any § > 0, there exists yo € H, (0, 1) with |y0|H(; < & such that,
for any control u € L*(0, T) with |u|, < n, the solution y € Xt to (1.1) satisfies y(T,-) # 0.

We will see in the sequel that our proof actually provides a stronger result. Indeed, we
prove that, for small times and small controls, whatever the small initial data y, the state y(¢)
drifts towards a fixed direction. Of course, this prevents small-time local null controllability
as a direct consequence.

1.2. Motivation: small-time obstructions due to non-linearities

Most of the known obstructions to small-time local null controllability for control systems
governed by partial differential equations are due to linear features.
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BURGERS QUADRATIC OBSTRUCTION 1131

1.2.1. Linear obstructions. — The most common cause of linear obstruction is the pres-
ence, in the evolution equation, of a finite speed of propagation (e.g., for wave or transport
systems). As an example, let us consider the following transport control system:

Ve + My, =0 in (0,7) x (0, L),
(1.3) y(1,0) =vo(r) in(0,7),
¥(0,x) = yo(x) in (0, L),

where T > 0 is the total time, M > 0 the propagation speed and L > 0 the length of the
domain. The control is the boundary data vg. No condition is imposed at x = 1 since the
characteristics flow out of the domain. For system (1.3), small-time local null controllability
cannot hold. Indeed, even if the initial data yq is very small, the control is only propagated
towards the right at speed M. Thus, if T < L/M, controllability does not hold. Of course,
if T > L/M, the characteristics method allows to construct an explicit control to reach any
final state y; at time 7. We modify (1.3) with a small viscosity v > 0:

Yt—VYxx-i‘MJ’x =0 in (O,T)X(O,L),
(1.4) y(t,0) = vo(7) fn 0,7),
y(,1)=0 in (0,7),

y(0,x) = yo(x) in(0,L).

System (1.4) is small-time globally null controllable, for any v > 0 (but the cost of controlla-
bility explodes as v — 0 if T is too small; see [26] for a precise study). Similarly, the under-
determined inviscid system:

yt+)’)’x:0 in(O,T)X(O,L),
y(0,x) = yo(x) 1in (0, L)
is not small-time locally null controllable (whatever choice is made as controlled boundary

conditions at x = 0 and x = 1). Indeed, locally, we have |y| < M with a small M. However,
its viscous counterpart:

(1.5)

Ye—Vyxx +yyx =0 in (0,7) x (0, L),
y(£,0) =vo(r) in(0,7),
(1.6) y(,1)=0 in (0,7),

y(0.x) = yo(x) in(0,L)

is small-time locally null controllable for any v > 0 (see [36]).

Other linear features not linked to a finite propagation speed can also yield obstructions
to small-time local null controllability; we refer to the recent works [5] for the Kolmogorov
equation, [8] for Grushin-type equations, or [40] for the heat equation in a specific setting.

1.2.2. Quadratic obstructions. — Very few situations are known when the obstruction comes
from the non-linearity of the partial differential equation governing the control system.

An example of such a system is the control of a quantum particle in a moving poten-
tial well (box). This is a bilinear controllability problem for the Schrodinger equation. For
such system, it can be shown that large time controllability holds (see [4] if only the particle
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1132 F. MARBACH

needs to be controlled or [6] to control both the particle and the box). For small times, nega-
tive results have been obtained by Coron in [22] (when one tries to control both the particle
and the position of the box), by Beauchard, Coron and Teissman in [7] for large controls
(but smooth potentials) and by Beauchard and Morancey in [9] (under an assumption corre-
sponding to a non-vanishing Lie-bracket condition). This last paper is related to ours since
their proof relies on a coercivity estimate involving the H~! norm of the control. This is
natural, due to their Lie-bracket condition, as we will see in Paragraph 1.5 (second example).
We refer the reader to these papers for more details and surveys on the controllability of
Schrodinger equations.

Theorem 1 can be seen as another example of a situation (in the context of fluid dynamics)
where small-time local controllability fails despite an infinite propagation speed, because of
a non-linear feature of the system. Moreover, the obstruction we obtain here is specific to
the infinite dimensional setting and could not be observed on finite dimensional toy models,
because the drift we obtain involves a fractional Sobolev norm, which is not possible in finite
dimension (see Paragraph 1.5).

1.3. Previous works concerning Burgers’ controllability

Let us recall known results concerning the controllability of the viscous Burgers’ equation.
More generally, we introduce the following system:

Ve — Yxx + yyx = u(?) in (0,7) x (0, 1),

y(t,0) = vo(r) n(0,7),

y(@ 1) =vi(r) m(0,7T),

y(0,x) = yo(x) in (0, 1),
where vy and v; are seen as additional controls with respect to the single control u of
system (1.1). Various settings have been studied (with either one or two boundary controls,
with or without u). Once again, here u only depends on ¢ and not on x. Some studies have
been carried out with vg = vy = 0 and a source term u(z, x) x[q5) for0 < a < b < 1.
However, these studies are equivalent to boundary controls thanks to the usual domain

extension argument. Up to our knowledge, Theorem 1 is the first result concerning the case
without any boundary control and a scalar control u.

(1.7)

Results involving only a single boundary control (either vy or vy by symmetry) andu = 0

In [36], Fursikov and Imanuvilov prove small-time local controllability in the vicinity
of trajectories of system (1.7). Their proof relies on Carleman estimates for the parabolic
problem obtained by seeing the non-linear term yy, as a small forcing term.

Global controllability towards steady states of system (1.7) is possible in large time. Such
studies have been carried out by Fursikov and Imanuvilov in [35] for large time global
controllability towards all steady states, and by Coron in [24] for global null controllability
in bounded time (ie. bounded independently on the initial data).

However, small-time global controllability does not hold. The first obstruction was
obtained by Diaz in [29]. He gives a restriction for the set of attainable states starting from 0.
Indeed, they must lie under some limit state corresponding to an infinite boundary control
v; = +00.
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BURGERS QUADRATIC OBSTRUCTION 1133

Fernandez-Cara and Guerrero derived an asymptotic of the minimal null-controllability
time 7'(r) for initial states of H ! norm lower than r (see [30]). This shows that the system is
not small-time globally null controllable.

Result with both boundary controls vy and vy, but u = 0. — Guerrero and Imanuvilov prove
in [37] that neither small-time null controllability nor bounded time global controllability
hold in this context. Hence, controlling the whole boundary does not provide better control-
lability properties.

Results with all three scalar controls (namely u, vg and vy ). — Chapouly has shown in [19] that
the system is small-time globally exactly controllable to the trajectories. Her proof relies on
the return method and on the fact that the corresponding inviscid Burgers’ system is small-
time exactly controllable (see [23, Chapter 6] for other examples of this method applied to
Euler or Navier-Stokes).

Result with u and vy, but vi = 0. — The author proved in [41] that small-time global
null controllability holds. Indeed, although a boundary layer appears near the uncontrolled
part of the boundary at x = 1, a precise estimation of the creation and dissipation of the
boundary layer allows to conclude.

Controllability of the inviscid Burgers’ equation. — In [2], Ancona and Marson describe the
set of attainable states in a pointwise way for the Burgers’ equation on the half-line x > 0
with only one boundary control at x = 0. In [38], Horsin describes the set of attainable states
for a Burgers’ equation on a line segment with two boundary controls. Thorough studies are
also carried out in [1] by Adimurthi et al. In [46], Perrollaz studies the controllability of the
inviscid Burgers’ equation in the context of entropy solutions with the additional control u(-)
and two boundary controls.

1.4. A quadratic approximation for the non-linear system

Starting now, we introduce ¢ = T to remember that the total allowed time for controlla-
bility is small. Moreover, we want to use the well-known scaling trading small time with small
viscosity for viscous fluid equations. Therefore, we introduce, for € (0,1) and x € (0, 1),
y(t,x) = ey(et, x). Hence, y is the solution to:

Vi —&Vxx +¥Vx =u() in(0,1) x (0,1),

y(,00=0 in (0, 1),
(1.8) - .
y(,1)=0 in (0, 1),
¥(0,x) = Jo(x) 1in(0,1),
where i(t) = &%u(et) and jo = eyo. This scaling has already been used in various

fluid mechanics controllability contexts (see [20] for Navier-Stokes, [21] for Euler or [41]
for Burgers). As we will prove in Section 6, system (1.8) can help us to deduce results for
system (1.1). To further simplify the computations in the following sections, let us drop the
tilda signs and the initial data. Therefore, we will study the behavior of the following system
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1134 F. MARBACH

near y = 0:
Vi —&¥xx +yyx = u(t) in(0,1) x(0,1),

y(#,0)=0  in(0,1),

y@,1)=0 in (0, 1),

y(0,x) =0 in (0, 1).
Properties proven on system (1.9) will easily be translated into properties for system (1.1) in
Section 6. Moreover, since we are studying local null controllability, both the control ¥ and
the state y are small. Thus, if n describes the size of the control as in Definition 1, let us name

our control nu(t), with u of size 0(1). Weexpand y as y = na+n*b+ C(n?), and we compute
the associated systems:

(1.9)

a; —eay, = u(t) in (0,1) x (0, 1),
a(,0)=0 in (0,1),

(1.10) a(t,1)=0 in (0, 1),
a(0,x) =0 in (0, 1)
and
by — ebyy = —aay, 1in (0,1) x (0, 1),
b(,0)=0 in (0, 1),
(.10 b, 1)=0 in (0, 1),
b(0,x) =0 in (0, 1).

System (1.10) is not controllable. Indeed, the right-hand side u () can be written as u(f) x[o,1]

and y[o,17 is an even function on the line segment [0, 1]. Here and in the sequel, we will

abusively say that a function ¢ defined on [0, 1] is even when it satisfies ¢ (3 + x) = ¢ (3 — x)

for x € [—31.1]. Similarly, we will say that ¢ is odd when ¢ (3 +x) = —¢ (5 —x) for
X € [—%, %] Thus, the control only acts on even modes of a. In the linearized system (1.10),

all odd modes evolve freely. This motivates the second order expansion of our Burgers’
system in order to understand its controllability properties using b. Given systems (1.10)
and (1.11), we know that a is even and b is odd.

1.5. A finite dimensional counterpart

Systems (1.10) and (1.11) exhibit an interesting structure. Indeed, the first system is fully
controllable (if we consider that a lives within the subspace of even functions), while the
second system is indirectly controlled through a quadratic form depending on a. Let us
introduce the following finite dimensional control system:
a=Ma+u()ym in(0,7T),
b=Lb+ Qa.a) in(0,T),

where the states a(7),b(t) € R” x RP, M is an n x n matrix, m is a fixed vector in R”
along which the scalar control acts, L is a p x p matrix and Q is a quadratic function from
R” x R” into R?. Moreover, we assume that the pair (M, m) satisfies the classical Kalman
rank condition (see [23, Theorem 1.16]). Hence, the state a is fully controllable. We consider
the small-time null controllability problem for system (1.12). We want to know, if, for any

(1.12)
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T > 0, for any initial state (a°, b?), there exists a control u : (0,T) — R such that the
solution to (1.12) satisfies a(7) = 0 and b(T') = 0. As proved in [13] for the case L = 0, the
answer to this question is always no in finite dimension, whatever M, m, L and Q.

System (1.12) is a particular case of the more general class of control affine systems.
Indeed, if we let x(z) = (a(t), b(¢)) € R**P we can write system (1.12) as:

(1.13) X = folx) +u()fi1(x),

where fo(x) = (Ma,Lb + Q(a,a)) and f1(x) = (m,0). The controllability of systems
like (1.13) is deeply linked to the iterated Lie brackets of the vector fields fy and f; (see [23,
Section 3.2] for a review).

Let us give a few examples with n = 3. We write a = (a1, a2, a3) and we consider the
system:

(1.14) a1 =az, a=as, az=u.

Although the strong structure of Equation (1.14) can seem a little artificial, the general case
can be reduced to this one. Indeed, up to a translation of the control, controllable systems
can always be brought back to this canonical form introduced by Brunovsky in [14] (for a
proof, see [52, Theorem 2.2.7]). The resulting system is flaz. We can express the full state
as derivatives of a single scalar function. Indeed, if we let 8 = a;, we have a, = €',
as; = 0" and u = 6"”.If we choose an initial state (a°, b°) with a®° = 0, we obtain
0(0) = 6’(0) = 6”7(0) = 0. Moreover, if we assume that the control u drives the state (a, b)
to (0,0) at time T, we also have 6(T) = 6'(T) = 6”(T) = 0. These conditions allow
integration by parts without boundary terms.

To keep the examples simple, we choose p = 1 (hence b = b; € R) and we let L = 0.

First example. — We consider the evolution b = a2 + ajas. If the initial state is (a°, b°)
where a° = 0, we can compute b(T) = b° + fOT 072(t) + 0()0”(r)dt = b°. Hence, null
controllability does not hold since any control driving a from 0 back to 0 has no action
on b. This obstruction to controllability is linked to the fact that dimZ(0) = 3, where
< is the Lie algebra generated by fo and f;. The system is locally constrained to evolve
within a 3 dimensional manifold of R*. Indeed, the evolution equation can be rephrased
ash = %(alaz). Thus, the quantity b — aya; is a constant (conservation law of the system).

Second example. — We consider the evolution b = a2. Thus, b(T) = b° + fOT 0" (t)%dt.
This is also an obstruction to null controllability. Indeed, all choices of control will make
b increase. In this setting, we recover the well known second order Lie bracket condi-
tion discovered by Sussmann (see [50, Proposition 6.3]). Indeed, here, [f1,[f1, fol] =
(Ogs, Q(m,m)) = (O3, 1). System (1.13) drifts in the direction [ f1, [ f1, fo]] and the control
cannot prevent it because this direction does not belong to the set of the first order control-
lable directions (m,0), (M m, 0) and (M ?m, 0) (Lie brackets of fy and f; involving f; once
and only once).
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Third example. — We consider b = a3. Thus, b(T) = b° + fOT 0"2(¢)dt. Again, b can
only increase. Here, the first bad Lie bracket [ f1,[f1, fo]] vanishes for x = 0. However,
we can check that [ f1, [fo.[fo,[f1, follll = (O3, Q(Mm, Mm)) = (Ogs,1). Compared
with the second example, the increase of b is weaker. Indeed, in the second example, we had

b(T) = b° + |ul3,_ In this third example, 5(T) = b° + |u|12q,2(0 "

10,7)

Although these examples may seem caricatural, they reflect the general case. In finite
dimension, systems like (1.12) are never small-time controllable. Either because they evolve
within a strict manifold, or because some quantity depending on b increases. Moreover, the
amount by which b increases is linked to the order of the first bad Lie bracket and can be
expressed as a weak norm depending on the control. One of the goals of our work is thus
also to investigate the situation in infinite dimension, where Lie brackets are harder to define
and compute.

Therefore, the first natural question is to compute the Lie bracket [fi,[f1, fo]](0)
for systems (1.10) and (1.11). As we have seen in finite dimension, this Lie bracket is
(0, Q(m,m)). In our setting, m is the even function x[o,1] and Q(a,a) = —aax. Thus
Q(m,m) is null. This can be proved computationally using Fourier series expansions. Let us
give a much simpler argument inspired by the formal fact that 3,1 = 0. For anya € L2(0, 1)
and any smooth test function ¢ such that ¢ (0) = ¢ (1) = 0, we have:

1

1 1
(L15) /0 0@ a)p =5 /0 a2 () (x)dx.

Hence, even if ¢ := Q(1, 1) was defined in a very weak sense, (1.15) yields:

! 1
(1.16) @.8) =5 [ o= 3600 =500 =0,

Since (1.16) is valid for any smooth ¢ null at the boundaries, we conclude that indeed,
g = Q(1,1) is null. Therefore, the classical [ f1, [ f1, fo]] necessary condition by Sussmann
does not provide an obstruction to small-time controllability for our system. This also
explains why the coercivity property we are going to prove is in a weaker norm than H~!.

1.6. Strategy for the proof

Most of this paper is dedicated to the asymptotic study of systems (1.10) and (1.11) as
the viscosity ¢ tends to zero. In Section 6, we prove that this study is sufficient to conclude
about the local null controllability for system (1.1). In order to prove that system (1.1) is
not small-time locally null controllable, we intend to exhibit a quantity depending on the
state y(t,-) that cannot be controlled. For p € H'(0, 1), we will consider quantities of the
form (:Os y(tv ))

Looking at system (1.11) when ¢ is very small, we get the idea to consider p(x) = x —
Indeed, we obtain:

1
>

d ! I
(1.17) — / p(x)b(t, x)dx = = f a®(t, x)dx + £ (et 1) — by (2,0)).

dr J, 2 Jo 2
Formally, if we let ¢ = 0 in Equation (1.17), it is very encouraging because it shows that the
quantity {p, b) can only increase, whatever the choice of the control. Moreover, since we can

compute the amount by which it increases, we have a kind of coercivity and we can hope to be
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able to use it to overwhelm both residues coming from the fact that ¢ > 0 as well as residues
between the quadratic approximation and the full non-linear system. Sadly, the second term
in the right-hand side of Equation (1.17) is hard to handle. However, as a depends linearly
on u, and b depends quadratically on @, we expect that we can find a kernel K¢(sy, s2) such
that:

1l
(1.18) (,O,b(l,')):/(; /O K®(s1,52)u(s1)u(s2)dsydss.

Thanks to Equation (1.17), we expect that (1.18) actually defines a positive definite kernel
acting on u, allowing us to use its coercivity to overwhelm various residues.

In Section 2, we recall a set of technical well-posedness estimates for heat and Burgers
systems.

In Section 3, we show that Formula (1.18) holds and we give an explicit construction of
the kernel K¢. Moreover, we compute formally its limit N as e — 0.

In Section 4, we prove that the kernel N is coercive with respect to the H~>/4(0, 1) norm
of the control u, by recognizing a Riesz potential and a fractional Laplacian.

In Section 5, we use weakly singular integral operator estimates to bound the residues
between K° and N and thus deduce that K¢ is also coercive, for ¢ small enough.

In Section 6, we use these results to go back to the controllability of Burgers.

In the appendix, we give a short presentation of the theory of weakly singular integral
operators and a sketch of proof of the main estimation lemma we use.

2. Preliminary technical lemmas

In this section, we recall a few useful lemmas and estimates, mostly concerning the heat
equation and Burgers equation on a line segment. Throughout this section, v is a positive
viscosity and T a positive time. To lighten the computations, we will use the notation < to
denote inequalities that hold up to a numerical constant. We will not attempt to keep track
of these numerical constants. We insist on the fact that these constants do not depend on any
parameter (neither the time 7', nor the viscosity v, the control u, or any other unknown).

2.1. Properties of the functional space

We recall the definition given in the introduction and state without proof the following
classical lemmas which can be proved using either interpolation theory, Fourier series or
Fourier transforms (after extension from x € [0, 1] to x € R) with respect to time and space.

DEFINITION 2. — We define the functional space:

2.1) X7 =L*((0,T), H*(0,1)) N H' ((0,T), L*(0,1)).
We endow the space Xt with the scaling invariant norm:

2.2) Izllx, =T llzlly + T7Y2 zaxlly + T2 2]l -
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LEmMMA 1. — X7 — GO([O, T, H'(0,1)). Moreover, for any function z € X,

(2.3) sup |zt )mro,n S Iz lx, -
t€[0,T]

In particular,

(2.4) IZlloo < I21lx; -

LEMMA 2. — For any z € X, the boundary traces of z, satisfy:
(2.5) T2 Ol gisaory + T4 zx (. DIy S 2, -

2.2. Smooth setting for the heat equation
We start by recalling the standard energy estimate in a smooth (strong) setting for the one-
dimensional heat equation that will be useful in the sequel.
LEMMA 3. — Let f € L*>((0,T) x (0,1)) and z° € HJ} (0, 1). We consider the system:
Zy —VZgx = f in(0,T)x(0,1),
z(t,0) =0 in (0,7T),
z(t,1) =0 in(0,7),
2(0,x) = z%x) n(0,1).
There is a unique solution z € Xt to system (2.6). It satisfies the estimate:

2.7 Vlizxxll + vV lzelly + 1zelly S 1 f Nl + VVIzRl2.

(2.6)

2.3. Transposition solutions for the heat equation

Let us move on to weaker settings for the heat equation. Moreover, we introduce inhomo-
geneous boundary data as we will need them in the sequel.

DEFINITION 3. — Let f € (X1), vo.v1 € H™Y*4(0,T) and z° € H=(0, 1). We consider:
Zy —Vvixx = f in (0,T) x (0,1),

z(t,0) =vo(t) in(0,7T),

z(t,1) =v1(t) in(0,T),

z(0,x) = z%(x) in (0,1).
We say that z € L?((0, T) x (0, 1)) is a transposition solution to (2.8) if, for all g € L*((0, T) x
0. 1)),

(2.8)

(z.8)r2,12 = (L o) xpy.xp + (2%, 00, ')>H—1(0,1),H(§ (0,1)
(2.9) + v{vo. ¢x (. 0)) g—1/4(0,1), HH1/4(0,T)
= (v, @x (. D) g-1/40,1),51/40,T)
where ¢ € X is the solution to the dual system:
@r +voxx =—g n(0,T)x(0,1),
e,0 =0 in (0,T),
e, 1)=0 in (0,T),
o(T,x) =0 in (0, 1).

(2.10)

4¢ SERIE - TOME 51 —2018 - N° 5



BURGERS QUADRATIC OBSTRUCTION 1139

LEMMA 4. — There exists a unique transposition solution z € L*((0,T) x (0,1)) to
system (2.8). Moreover:

(2.11) Izl S T 207 (L Ny + 12 1) + 7Y% (ol g1/ + [orlg-174) -

Proof. — For any g € L?((0,T) x (0,1)), Lemma 3 asserts that system (2.10) admits
a unique solution ¢ € Xr such that |¢|x, < T7Y2v7!|g|.2. Moreover, thanks to

~

estimates (2.3) and (2.5), the right-hand side of Equation (2.9) defines a continuous linear
form on L2. The Riesz representation theorem therefore proves the existence of a unique
z € L? satisfying estimate (2.11). O

LEMMA 5. — Let f € L2((0,T) x (0, 1)). We consider the following heat system:

Zy —VZgx = fr in(0,1) x (0,1),
z(t,0) =0 in(0,1),
z(t,1) =0 in(0,1),
z(0,x) =0 in(0,1).

2.12)

There is a unique solution z € L*((0,T) x (0, 1)) to system (2.12). Moreover, it satisfies the
estimate:

(2.13) V2 Izl ooy + v lzxllze S SN2

Proof. — For f € L2, one checks that f, € X7. Hence, we can apply Lemma 4
and system (2.12) has a unique solution z € L2. In fact, this solution is even smoother.
Estimate (2.13) is obtained as usual by multiplying Equation (2.12) by z and integration by
parts. O

2.4. Burgers and forced Burgers systems

We move on to Burgers-like systems. For the sake of completeness, we provide a short
proof of the existence of a solution to system (1.1) and a precise estimate for forced Burgers-
like systems that will be necessary in the sequel.

LEMMA 6. — Let w € X7, g € L*((0,T), H'(0,1)) and y° € H}(0,1). We consider
y € X a solution to the following forced Burgers-like system:

Ve —Vyxx = —yY¥x + (Wy)x + gx in(0,T) x(0,1),

y(,00=0 in (0, T),
19 y(e.1)=0 in (0,7),
y(0,x) = y°(x) in (0,1).
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Then,
(2.15)

— 2
v yaelly + VO Iells + 1vella S gl + € wellzzesy (v772 gl + 0°)
— — 2
(14 V7 Il (v gl +72 5°F5)
+ (14 v7e) e lglawos) (v gl + 07" [°),)

+ (1+ /7e) p~1/2 ‘y(’!i +pl/2 vy

2°

where we introduce y = % ||w||iz(Loo)-

Proof. — L? ESTIMATES FOR y AND y,. — We start by multiplying Equation (2.14) by y,
and integrate by parts over (0, 1):

1 d 1 ) 1 ) 1 1

— + v - _ w _

Zdl‘/o Yy /0 Yx /0 Vyx /(; 8)x
1%

From (2.16), we deduce:

d 12 12 2 2 12 2 12
2.17 — + < Zlw(t, - z ]
(2.17) dt/Oy V/ny_vlw( )IOO/Oerv/Og

We apply Gronwall’s lemma to (2.17) to obtain:

(2.16)

2 2
2.18) Y12 eginy < ¢ (; g2 + |y°|2) |
Plugging (2.18) into (2.17) yields:
2 2
(2.19) vlyxll3 = (14 2ye?) (; lell3 + |y°|2) :
L? ESTIMATE FOR yy,. — We repeat a similar technique, multiplying this time Equa-
tion (2.14) by y3. Using the same approach yields:
d ! ! 12 ! 12 !
ey S rre [ 0= Bk [+ ek [ 7
d[ 0 0 Vv 0 % 0
We apply Gronwall’s lemma to (2.20) to obtain:
12 4
221) 1 oy <€ (7 €12 aqzoey 1612 gi) + |y°|4) .
Once again, plugging back estimate (2.21) into (2.20) gives:
12 4
222) 6yl < (1 + 127¢1) (7 1812 ooy 1 Pooiy + |y°|4) .
ConcrusioN. — To conclude the proof, we use Lemma 3, with a source term
f = gx + wxy + wyy — yyx. Estimate (2.15) comes from the combination of (2.7)
with Equations (2.18), (2.19) and (2.22). O
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LEMMA 7. — For any initial data yo € H{ (0, 1) and any controlu € L*(0,T), system (1.1)
has a unique solution y € Xt. Moreover:

(2.23) 1wl + 1vellz S lulz + ful3 + 015 + 19312,
(2.24) 17 lloo =< 19°lo0 + lulL1-

Proof. — This type of existence result relies on standard a priori estimates and the use of
a fixed point theorem. Such techniques are described in [39]. One can also use a semi-group
method as in [45]. The quantitative estimate is obtained by applying Lemma 6 with w = 0
(hence y = 0) and g(z, x) = xu(t). Equation (2.15) yields (2.23). The second estimate (2.24)
is a consequence of the maximum principle, which can be applied in this strong setting. [

3. From Burgers to a kernel integral operator

3.1. A general method for evaluating a projection

As we mentionned in the introduction, we are going to consider a projection of the state b
against some given profile p(x) at the final time ¢ = 1. In the sequel, we will abusively use the
expression projection against p to denote the scalar product of a state with p. Since a depends
linearly on u and b depends quadratically on a, it is natural to look for this projection as a
quadratic integral operator acting on our control u. Indeed, let us prove the following result.

LEMMA 8. — Let p € H7Y(0,1) and ¢ > 0. There exists a symmetric kernel K¢ in
L>®((0,1)?) such that, for any u € L?(0, 1), the solution to system (1.10)-(1.11) satisfies:

1
(3.1 /0 b(1,x)p(x)dx = //(0,1)2 K®(s1, s2)u(s1)u(s2)dsidss.

Proof. — For p € H™'(0,1), let ® € L2((0,1)?) be the transposition solution (as in
Definition 3) to:
D, —ecDy, =0 in (0,1) x (0, 1),
1,0 =0  in(0,1),
o, 1)=0  in(0,1),
®(0,x) = p(x) 1in (0, 1).

(3.2)

Thanks to (1.11) and (2.9), we compute the final time projection as:

1 1,1
/Ob(l,x)p(x)dx /0/OCD(I—t,x)[—aax](t,x)dxdz

(3.3)

1 1ot
—/ / &, (1 —1,x)a*(t, x)dxdr.
2Jo Jo

In order to express our projection directly using u, we need to eliminate a from (3.3). This
can easily be done using an elementary solution of the heat system. Therefore, we introduce
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G the solution to:
G, —eGxx =0 1in(0,1) x (0, 1),
G(t,0) =0 1in (0, 1),
G, 1)=0 in(0,1),
G(0,x)=1 1in(0,1).

Using the initial condition a(t = 0, -) = 0 from system (1.10), we can expand a as:

(3.4)

t
3.5 a(t, x) :/(; G(t — s, x)u(s)ds.

Pluging (3.5) into (3.3) yields:
(3.6)

1 1l t t
/0 b(1,x)p(x)dx = %/0 /0 O, (1—1) (/0 G(t— sl)u(sl)dsl) (/0 G(t— sz)u(sz)dsz) dr

1 1 1 1 1
= 5/0 /0 u(s1)u(s2) (/slst/O ‘Px(l—t)G(t—sl)G(t—sZ)dt) ds,ds,.

Finally, Equation (3.6) proves (3.1) with:

1 1 1
(3.7 K%(s1,52) = —/ / D, (1 —¢t,x)G(t — 51, x)G(t — 52, x)dxdt.
2 s1Vsy JO

Thus, we have proved Lemma 8 and we have a very precise description of the kernel that is
involved. This kernel depends on the projection profile p(x) by means of ® defined in (3.2).
This kernel also depends on the viscosity € which is involded in the computation of both ®
and of the elementary solution G. Moreover, it is clear that K is a symmetric kernel and since
all terms are bounded thanks to the maximum principle, we know that K € L*°. In fact, K is
even smoother as we will see later on. O

3.2. Choice of a projection profile

As we have seen in the introduction, a natural choice in the low viscosity setting would be
px) =x— % We think that our proof could be adapted to work with this profile. However,
the computations are tough because it does not satisfy null boundary conditions. Thus, we
are going to make a choice which is more intrinsic to the Burgers system.

For any fixed control value # € R, we want to compute the associated steady state

(@(x), b(x)) of systems (1.10) and (1.11). Thus, we solve the following system:
—Exy = U in (0, 1),

(3.8) - .
—ebyy = —aa, 1n(0,1),

with boundary conditions @(0) = a(1) = b(0) = b(1) = 0. Integrating (3.8) with respect
to x yields the following family of steady states:

- 1 _ - (x5 x* x* X)),
3.9) ax) = 2—8x(1—x)u and b(x) = @(?_74_?_%)” )
Of course, b depends quadratically on &. Thus Equation (3.9) gives the idea of considering:
x> x* X3 x

(310) ,O(X)= ? ) + 3 —%.
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This choice of p may seem strange because is has been obtained using an infinite viscosity
limit. However, since both p and py, satisfy null boundary conditions, the computations of
the different kernel residues turn out to be easier. In the sequel, we assume that p is defined
by (3.10).

3.3. Rough computation of the asymptotic kernel

In this paragraph, we apply Lemma 8§ to compute the kernel associated to the choice of p
given in (3.10). More specifically, we are interested in computing a rough approximation
of K* when ¢ — 0. This approximation will serve as a motivation for the following sections.
We introduce the asymptotic kernel, defined on the square (s, s2) € [0, 1]?:

G.11) N(s1.52) 1= (51 +52)3 — [s1 — 523

LEMMA 9. — The following asymptotic expansion holds:

(3.12) K%(s1,52) = iN (1 —=s1,1—=153) + O(e),

457
in the sense that there exists C > 0 such that, for any (s1,52) € [0,1]? and 0 < ¢ < 1, there
holds:

(3.13) Ké(s1,52) — iN (1—s51,1—s)| <Ce.

457

Proof. — We use, without proof, the following asymptotic expansions for the elementary
heat solutions ® and G (we refer to Lemma 17 and Lemma 18, which prove more detailed
asymptotic expansions):

(3.14) DOy (7,x) = px(x) + Ofe),
x
(3.15) G(t,x) =erf (\/ﬁ) + O(e).

Equation (3.15) corresponds to the solution of a heat equation on the real line with an initial
data equal to —1 for x < 0 and +1 for x > 0. Thus, it satisfies the boundary condition
G(t,0) = 0 and serves as a boundary layer correction. We compute the integrand inside
Equation (3.7):

(3.16)

1 1
A%(t,s1,82) = 5/ @, (1 —1t,x)G(t —s51,x)G(t — 52, x)dx
0

1

1
= 5/ D, (1—1,x)(G(t —51,x)G(t —52,x) — 1)dx since/cbx =0
0

1
- /2 ®.(1—1.%) (Gt —$1,X)G(t —523.x) — 1)dx by parity.
0
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Hence, using (3.14) and (3.15):
(3.17)

A%(t,51,82) = dx + O(e)

3 X x
/o Px(x) (erf<,/48(t - sl)) erf(\/48(t — sz)) B 1)
X X
ZJ_/ x (24/ex) (erf(m> erf(\/m) — 1) dx + O(e)
= —2¢px(0) /+oo 1 —erf a erf al dx + O(e)
CE Ji—sn) -5 ‘

To carry on with the computation, we need the following integral calculus fact. For any
a,B > 0:

(3.18) /Om (1 —erf(%) erf(%)) dx = | ;r 3

Equality (3.18) can be obtained from an explicit primitive for the integrand. Indeed, for any

e R R )
(3.19) - \/gerf(%) o (_%2)
_ \/gerf(%) exp (‘XTZ)

Equation (3.19) can be checked by differentiation. Taking its limit as X — +oo yields (3.18).
We return to the computation of the asymptotic kernel as ¢ — 0. Using (3.7), (3.17), (3.18)
and the value p,(0) = —%, we obtain:

1
KE(SI,Sz) = / AS(I,SI,S2)dl
K

1Vs2

1
= \/E \/(t —Sl) + (t —Sz)dt + 0(8)
157 Jsyvs
(3.20) 1vs2 1
- 45{/__ [ f=s1=s2)2 ]s1VS2 +06)
— 4;{/__ Sl,l—S2)+ 0(8)

In Section 5, we prove that this asymptotic formula holds not only punctually, but also as a
quadratic operator expansion. Indeed, we estimate the kernel residues between K€ and /N .
They turn out to be both small (with respect to ) and smooth (with respect to the spaces on
which they define continuous quadratic forms). O
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4. Coercivity of the asymptotic kernel

In this section, our goal is to prove the coercivity of the kernel N(x, y). This is a symmetric
real-valued kernel defined on (0, 1) x (0, 1). Since no confusion is possible, we will use (x, y)
instead of (s1, ) for the variables of the kernel to lighten notations of this section. We will
prove the following lemma.

LeEMMA 10. — There exists y > 0 such that, for any f € L?(0,1):

1 1
@1 /0 /O NG ) F0)S)dxdy = 7 IF 131 -

where F is the primitive of f such that F(1) = 0.

4.1. The asymptotic kernel is positive definite

This section uses results and notions from [11]. We will say that a matrix A4 is positive
semidefinite (psd) when (Ax|x) > 0 for any x € R™. We will say that A is positive definite if
the inequality is strict for any x # 0. We will say that A is conditionally negative semidefinite
(¢nsd) when (Ax|x) < 0 for any x such that > x; = 0. We will use similar definitions for
operators, the condition )~ x; = 0 being translated as [ f = 0 for functions.

LEmMA 11. — Forany f € L%(0,1),

1 1
4.2) /0 [0 N(x. ) f(x) f()dxdy = 0.

Proof. — All necessary arguments can be found in [11, Chapter 3]. Indeed, the kernel
—(x 4 y)*/? is cnsd. as is proved in [11, Corollary 2.11]. Moreover, the kernel |x — y|3/2 is
also cnsd. (see [11, Remark 1.10] and [11, Corollary 2.10]). Hence, letting:

(4.3) Y y) ==+ 4 -y

defines a cnsd. kernel. Thus, since:

(4.4) N(x,y) =¥ ((x.0) + ¥ (y.0) =¥ (x,y) = ¥(0.0),

this kernel is psd. thanks to [11, Lemma 2.1]. This proves inequality (4.2). O
Even though it is true that the kernels involved in the proof of Lemma 11 are strictly

negative (or positive), we cannot adapt the proof to prove that N is definite. Indeed, Mercer’s

theorem (which allows us to take the step from matrices to continuous kernels) doesn’t
preserve strict inequalities. Thus, we have to look for another proof.
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4.2. Some insight and facts

Our main insight is that the kernel N is made up of two parts. The most singular one
should explain its behavior. Indeed, kernels which can be expressed as a function r (Jx — y|)
have been extensively studied. For example, [53] and [47] prove asymptotic formulas for the

eigenvalues of the — |x — y|3/ 2 part of our kernel:
5
3V2 (12
4.5) An ~ V2 -] .
472 \ n

Moreover, some papers have also studied the eigenvectors of such kernels. For example,
in [44], one can find asymptotic developments for eigenvectors of kernels of the form
|x — y|7%, where o € (0, 1).

Combining the insight that the eigenvectors of N should asymptotically behave like oscil-
lating sinuses and Formula (4.5), we expect that it should be possible to prove Lemma 10 by

means of such an asymptotic study. However, we have not been able to prove it using this
method. Instead, we give below a proof based on Riesz potentials.

4.3. Highlighting the singular part of the asymptotic kernel

The kernel N(x, y) is rather smooth. In order to prove its coercivity, we will need to isolate
its most singular part. In the following lemma, we use integration by parts twice to show that
studying the behavior of N is equivalent to studying a more singular kernel. By choosing
adequately the primitive, we show that we can also cancel boundary terms.

LeEMMA 12. — Let f € L?(0,1) and F be the primitive of f such that F(1) = 0. Then:

1 1 1 1
(4.6) W=7 [ (e e =) FoFoIry.

Proof. — Let f € L?(0,1) and F be the primitive of f such that F(1) = 0. We start with:
4.7)

1 p1 3
[ [ =t s sy
0 JO
1 X 3 1 3
— [ s [ w=mironr s [ -0t ro] e
0 0 x
1 3 1 1 |
=) [ A peoar+3 [ [ =it sent -0 0 Py
1 3 1 Y 1 1 1
—r) [ w3 [ ro{ [0 -0t rmar [T ntroed o
y

1 3 . 1,1 .
= F(O)/0 (xif(x)— %x2F(x)) dx + %/0 /0 |x —y|"2 F(x)F(y)dxdy.
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We continue with the other half of the kernel N(x, y):
4.8)

1 1 3
/ / (x + )3 £() f()dxdy
0 0
1 3 3 1 1 1
==ro [ sirwax =3 [ [ et rwroa
Lr3 3 3 1t 1
= F(O)/0 (ExZF(x) —x2f(x)) dx + Z/o /0 (x +y)"2F(x)F(y)dxdy.

Summing the two previous equalities proves Lemma 12. O

4.4. Riesz potential and fractional Laplacian

In this section, we focus on the most singular part of the kernel. We recognize a Riesz
potential of order % Using the fractional Laplacian, we can compute the quantity as a usual
norm.

LEMMA 13. — There exists C > 0 such that, for any h € L?(0,1),

1,1
_1

(4.9) [ =7 henrasay = € Wil ag -

Proof. — We have

[01/01 |x — yl_% h(x)h(y)dxdy = /I;/R |x — y|—% h(x)h(y)dxdy
= (=) h.1)

— -1/8 -1/8
(4.10) = (=875, (—a) V%)
2
_ —1/8
h H (=A) "k L2
= ||h||§'1—1/4
> |hlz-1/a -
More information on such techniques can be found in [49] or posterior works. O

4.5. Positivity of the smooth part

To conclude the proof of Lemma 10, we show that the smooth part of our kernel is of
positive type. We could also rely on regularity arguments to prove that its behavior doesn’t
modify the asymptotic behavior of eigenvectors and eigenvalues of the singular part.

LEmMaA 14. — Forany h € L%(0,1),

1 1 1
@.11) /0 /0 (x + )2 h(x)h(y)dxdy > 0.
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Proof. — We use definitions and theorems found in [11, Chapter 3]. Thanks to [11,
Result 1.9, page 69], the kernel given on (0,1)2 by (x,y) ~ x + y is conditionally
negative semidefinite (cnsd). Hence, using [11, Corollary 2.10, page 78], the kernel given
by (x,y) — ./x +y is also cnsd. Eventually, [11, exercise 2.21, page 80] proves that the
kernel (x, y) + 1/./x + y is positive semidefinite. This means that, for any n > 0 and any
c1,...cp € Rand any x1,...x, € (0, 1),

(4.12) Z Z \/XC,CTJX]

i=1j=1

Using Mercer’s theorem (see [43]), we deduce that, for any & € L?(0, 1),
11
(4.13) / / (x + ¥)"2 h(x)h(y)dxdy > 0. 0
0 Jo

Combined with Lemma 12 and Lemma 13, Lemma 14 concludes the proof of Lemma 10.

5. Exact computation of the kernel and estimation of residues

In this section, we give a detailed and rigorous expansion of the main kernel K¢. Our goal
is to be able to estimate with precision the size and the regularity of all the residues that build
up the difference between the asymptotic kernel and the true kernel. As above, we write:

1
(5.1) K*®(s1,52) =/ A(t,s1,52)dt, where
S1Vs2
1

(5.2) At 1. 52) = /02 O (1—1.X)G(t — 51, X)G(t — 55, x)dx.

In Equations (5.1) and (5.2), it is implicit that 4, ®, and G depend on . Moreover, in
Equation (5.2), we use the fact that G and @, are even to write the integral over x € (0, %)
This breaks the symmetry but will allow us to use a one-sided expansion of G, thereby
focusing on its behavior near x = 0.

5.1. Regularity of weakly singular integral operators

We know that the asymptotic kernel N is coercive with respect to the H ~>/4 norm of the
control u. Thus, in order for the full kernel to remain coercive for ¢ > 0, we need to prove
that the residues can be bounded with the same norm. In this paragraph, we give conditions
on a kernel residue L implying:

(5.3) Vu e L20,1),  [(Lu,u)] S NUIG-1/400.1) -

where U is the primitive of u such that U(0) = 0. In the following paragraphs, we will check
that these conditions are satisfied by our residues. We start with the following lemma, which
allows us to express (Lu, u) directly as a function of U.
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LemMA 15. — Let T be the triangular domain {(x, y) € (0,1) x (0,1), s.t. x < y}. Let L €
W21(T). We see L as the restriction to T of a symmetric kernel on (0,1) x (0,1) that is
smooth on each triangle but not necessarily across the first diagonal. Assume that L(-,1) = 0.
Letu € L?(0,1) and U be the primitive of u such that U(0) = 0. Then:

(5.4) AL(x,y)u(x)u(y)dxdy

1
= / d12L(x, y)U(x)U(y)dxdy + 1/ (01 L — d,L) (x, x)U?*(x)dx.
r 2 Jo

In(5.4), 01 L and 0, L are evaluated on the first diagonal and must thus be computed using points
within T.

Proof. — We use integration by parts and the boundary conditions U(0) = 0 and
L(,1)=0.

(5.5)
1

1
[ Leomumardy = [“ues) [ Lecyuidyax
X
1 1
= [Fu (e nven - [ aaLenvmiy) ds
X
1 1 y
= —/ L(x,x)U(x)u(x)dx — / U(y)/ dxL(x, y)u(x)dx
0 0 0
1 d U2
= [ 4 o S
1 y
- [ oo (wesLeg - [ ontenve) a
0 0
1 1
= / d12L(x, y)U(x)U(y)dxdy + 3 / (01L — 3,L) (x, x)U?(x)dx.
r 0
Equation chain (5.5) concludes the proof of Equation (5.4). O
Equation (5.4) includes a boundary term evaluated on the diagonal, which looks like the
L? norm of U. This would forbid us to prove any estimate like (5.3). However, all our kernel
residues satisfy the condition d; L — d, L. = 0 along the diagonal and this term thus vanishes.
Hence, our task is to check that the new kernel 91, L generates a bounded quadratic form

on H14(0,1).

LEMMA 16. — Let L be a continuous function defined on 2 = {(x,y) € (0,1) x (0, 1),
s.t. x # y}. Assume that there exists k > 0 and% < 8 <1, such that, on Q2:

—1
(56) |L(X,y)|§K|X—y| 2,

1
(57 L) = L& )] < elx =2 Pl =y 7270 for fx = < Slx =y,

—1_ 1
(58) LG, y) = Ly < kly =y Plx—y72 7 for|y =)' < Slx =yl

ANNALES SCIENTIFIQUES DE L’ECOLE NORMALE SUPERIEURE



1150 F. MARBACH

Then L defines a continuous quadratic form on H~'*(0,1). Moreover, there exists a
constant C(8) depending only on 8 (and not on L) such that, for any U € L?(0,1):

(59) |(LU7 U)| = C(S)K|U|i1—1/4(051)

This technical lemma is very important for our proof because it gives a quantitative
estimate, through «, of the action of kernels against controls. This lemma can be deduced
from the works of Torres [51] and Youssfi [54]. We give a proof skeleton in the appendix.
The starting point is to prove that a kernel satisfying estimates (5.6), (5.7) and (5.8) defines a
weakly singular integral operator, which is continuous from H~1/4 to H+'/#. Indeed, such
kernels are smoother then standard Calderén-Zygmund operators and it is reasonable to
expect that they exhibit some smoothing properties.

We end this section with two useful formulas. Let @ : (0, 1)®> — R be a function such that
a(t, sy, s2) = a(t, s2,s1). We consider the kernel generated by a:

1
(5.10) L(s1,s82) = f a(t, sy, sp)de.
S1Vs2

Lemma 15 can be applied to such kernels because they satisfy the condition L(-, 1) = 0. We
compute:

(5.11) 01L(s,s)—02L(s,s) = a(s,s,s), fors € (0, 1),
T
(512) alzL(Sl,Sz) = —lea(sz,sl,sz) +/ 831352(1([,5‘1,5‘2)(1[, for s1 < 3.
52

Formulas (5.11) and (5.12) will be used extensively in the following sections. Moreover, as
soon as a(s, s,s) = 0, we see that the boundary term d, L — d, L vanishes.

5.2. Asymptotic expansion of the main kernel

In this section, we make our rough expansions more precise. Therefore we decompose G
and ® using the same first order terms as for the heuristic, but this time we introduce and
compute the residues.

5.2.1. Expansion of the elementary controlled heat solution. — Recall that we only need
to approximate G for x € (0,1/2). Keeping our approximation introduced in (3.15), we
expand G as:

x
5.13 G, x)=erf| — | + H(t,x),
(513 ) =ert (=) + G
where H € C*°((0, 1) x (0, 1/2)) is the solution to:
Hi—sHyy =0 in(0,1)x(0,1/2),

H(,0)=0 in (0, 1),
H,(t,1/2) = o(et) in(0,1),
HO,x)=0 in (0,1/2),

(5.14)
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where the source term o comes from the boundary condition Gy (¢, 1/2) = 0 and balances
out the trace of the erf() part:

(5.15) os) = — % [erf(%)]

LEMMA 17. — Let0 <y < %. There exists C(y) > 0 such that:

1 1
=———exp|—— ).
x=1 VAT p( 16s)

(5.16) [Helloo + [ Hexlloo + [ Hetlloo + [ Hetxlloo < C(y)e™.

Proof. — This lemma is due to the exponentially decaying factor within the source term o
defined by (5.15), which allows as many differentiations with respect to x or ¢ as needed to
be done. Estimate (5.16) could in fact be derived for further derivatives. Let us give a sketch
of proof.

First, H® := H,,, is the solution to a similar heat system as (5.14) with the boundary
condition H f’) (t,1/2) = 30 (et). We can convert this boundary condition into a source
term by writing H® (1, x) = xe36® (et) + H®, where H® is now the solution to a heat
equation with homogeneous mixed boundary conditions and a source term —x&*o® (g1).
Applying the maximum principle yields an estimate of the form || H®||o, < C(y)e~?/¢. Since
eH;pex = H®, we obtain an L™ estimate of the same form for Hy . By integration with
respect to time and space, we obtain (5.16). O

5.2.2. Expansion of the elementary projection profile heat solution. — Guided by our rough
computations, we decompose ® € X, the solution to (3.2) as:
(5.17) O(t, x) = p(x) + ep(2, x).
Thus, we introduce the partial differential equation satisfied by ¢ € X;:
¢r — Pxx = pxx 10 (0,1) x (0, 1),

$(t.0)=0  in(0,1),

¢ 1)=0  in(01),

¢0,x)=0 in (0, 1).

(5.18)

LemMA 18. — The following estimates hold:

(5.19) [Pxlloo < 1.
(5.20) [¢xlloo S 1.
(5.21) [Pixlloo = lePixlloo < &

Proof. — Estimates (5.19), (5.20) and (5.21) can be proved using a Fourier series decom-
position for heat equations. As an example, let us prove (5.21). We introduce the basis
en(x) = +/2sin(nmx). Since ¢, is the solution to a heat equation with initial data px, € H/,
we have:

+o00
(5.22) Ge(t.x) = D e o en)en ().
n=1
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Thanks to the choice of p in (3.10), we have pxx(0) = pxx(1) = 0. Thus,

1 12 1
(5.23) (bxxen) = _m(/’xxxx’en) = 3\/3_ (D" -1 = (n_3) .

Combining Equations (5.22) and (5.23) yields:

-i-oc1

“+o00
(5.24) Ipexlloo < Y nllpar )l S el
n=1 n=1

Equation (5.24) concludes the proof of (5.21). A similar method can be applied to prove (5.19)
and (5.20). O

5.2.3. Five stages expansion of the full kernel. — Using expansions (5.13) and (5.17), and the
fact that f ®, = 0, we break down the generator A(z, s1, s2) into 6 smaller kernel generators,
A through Ag, defined by:

(5.25)

1

2 X X
Ai1(t,s1,82) = /0 0x(0) (erf(m) erf(\/m) — 1) dx,

(5.26)

% X X
AZ([, Sl»SZ) - /(; ()Ox(x) - px(O)) (erf(\/ﬁ) erf (\/ﬁ) — 1) dX,
(5.27)
% X X
= X & f f - )
As(t,s1,52) /0 epx (1 —1t,x) (er (m) er (M) 1) dx
(5.28)

3 x
Aq(t, 51, = O, (1 —t,x)H(@{ — 51, x)erf | —— ] dx,
o) = [T o -0 HE =510 (m) x

(5.29)

1

1 X
As(t,s1,52) —/0 d>x(1—t,x)H(l—sz’x).erf<\/ﬁ) o

(5.30)
Ag(t, 51, 87) = /2 O (1= 1. X)H(t — 51, x)H( — 55, x)dx.
0

It can be checked that A defined in (5.2) is indeed equal to the sum of A; through A¢. For
each 1 <i < 6, we consider the associated kernel generated by A4;:

T
(5.31) K;(t,s1,52) = / Aj(t,s1,s2)dt.
s

1Vs2

A first remark is that, foreach 1 < i < 6, A4;(s,s,s) = 0on (0, 1). Thus, Equation (5.11)
tells us that there will be no boundary term involving |u|g-1.
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5.2.4. Proof methodology. — The six following paragraphs are dedicated to estimates for K,
through K. In order to organize the computations that will be carried out for each of these
six kernels, we introduce the notations:

0A;
(532) T(S],Sz) —(l S1,52)|t —5
2Ai
(5.33) Qi(t,s1,8) = (t,51,52),
d 852
1
(534) R,’(SI,S2) =/ Q,’(l,sl,S2)dl.
52

Using Formula (5.12), 91, K; = R; — T;. Therefore, thanks to Lemma 16 and Lemma 15,
we need to prove that each 7; and each R; satisfies the conditions (5.6), (5.7) and (5.8).
For a kernel L, we will denote « (L) the associated constant in Lemma 16. In the following
paragraphs, we investigate the behavior of « (91, K;) with respect to . We end this paragraph
with a useful estimation lemma.

LEmMA 19. — For any k > 0 there exists ¢ > 0 such that, for any A > 0, for any € > 0,

+o00 2
(5.35) / Fexp (=2 ) dx < ex (s2)
0 4SA
Proof. — Use a change of variables introducing ¥ = x/~/4¢A. O

5.3. Handling the first kernel

The kernel K contains the main coercive part of K¢ discovered in Section 3. Starting from
its definition in (5.25), we decompose it using a scaling on x:

(5.36)
3 X X
= px | ——m=|erf | — | —
Ai(t,81,52) = p (O)/(; (er( 48([_Sl)>er< 48(t—s2)) l)dx

i
=T A <1 [erfT)
— \1/_55 0+°° (1 _erfTCrf\/—> - \1/—55 ;/:o (1 - erf%erf%) dx,

where we introduce the shorthand notations:
(5.37) a:=1—s1,
(5.38) Bi=t—s,,

which we will also use in the sequel. The first integral in (5.36) gives rise to the main coercive
part of the kernel and has already been computed exactly in Lemma 9. The second part
in (5.36) is a residue and has to be taken care of. We introduce A; defined as:

(5.39) A1(t,51,55) = /Tw (erf (%) erf(%) - 1) dx.

46
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Therefore, Equation (5.36) yields:

Ve Ve s
5.40 K , = ——N1—-s51,1— - —K ,52).
(5.40) 1(s1,52) N (1= 52) 15 1(51,52)
LeEmMA 20. — There exist ¢ > 0 and y > 0 such that, for any ¢ > 0,
(5.41) K(@12K1) < c-exp (1),
€

where k(312K1) is the constant associated to the weakly singular integral operator Ky in
Lemma 16.

Proof. — Recalling notations (5.32), (5.33) and (5.34), we compute:

(5.42)
- - 1 32 +o0 X2
Ti(s1,52) = (95, A1) li=s, = ﬁA TR NN dx,
e
(5.43)
5 T 1 -3/2 teo o1 1
Q1(1,51,52) = 05,05, A1(t,51,52) = —(ap) xZexp | —x? | —+ = ) ) dx,
b4 1 a B
e
(5.44)
5 1 5 1 1 “+o00 1 1
Ri(s1,52) = / 01(t,51,82) = —/ (01,3)_3/2/ x?exp (—x2 (— + —)) dxdt,
52 T Jso 4\1/5 o ,3

where we introduce A = s, — 51, that will also be used in the sequel. We claim that both T
and R, are C™ kernels on (0, 1) x (0, 1). Moreover, all their derivatives are bounded by e~"/¢
for any y < 1/16, thanks to the exponential terms in (5.42) and (5.44). We omit the detailed
computations in order to focus on the tougher kernels. O

5.4. Handling the second kernel
Using the definition of p given in (3.10), we rewrite A, defined in (5.26) as:

X

X
«/4501) erf<\/4eﬁ) dx
. %2 e X X
_/0 x“(x—1) erf(m)erf(@)dx.

First part. — Remembering that erf(+00) = 1, we consider the first order derivative:

Ay (t,51,52) = /j (px (x) — px(0)) erf(
(5.45) ’

1
1 _ 2 x2
(546) TZ(SI»SZ) = (asl A2) |t=S2 = 2\/%A 3/2 | x3(_x - 1)2 eXp (_48_A) d.x.

Using Lemma 19 and differentiating gives:
|T2(s1.52)| S €¥/2A12,
(5.47) |05, Ta(s1,52)| S &7 A712,

|8A~2T2(81,S2)i 5 83/2A_1/2.
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Estimates (5.47) prove that k(T>) < ¢3/2. In fact, T is smoother than the weakly singular
integral operators studied in Lemma 16, since such operators allow degeneracy like A~1/2
along the diagonal. Moreover, we proved that 75 is Lipschitz continuous, whereas Lemma 16
only requires C? with p > 1.

Second part. — Now we consider the second order derivative. Let us compute:
(5.48)

1
1 2 271 1
0a(1,51,52) = 5,05, Ao, 51,52) = — (@f) /2 / “xt(x—1)?exp (——x (— + —)) dx.
4re 0 de \a B

Thanks to Lemma 19, we estimate the size of Q5:

B 1 1 —-5/2 83/206/9
(5.49) 102(t.51.52)| < &%/ ()2 (5 + B) = ar

Writinge = A 4+ 7 and B = t, we can estimate:

1
A
(5.50) |R>(s1,52)| = < 83/2/ &df < B3/2p-1/2
0

(A+21)52° ™~

1
/ 0a(t, 51, 52)dt
52

We should now move on to computing dg, R, and d,, R», to establish the missing estimates
on R,. However, the computations associated to R, are very similar to the ones that we carry
out for R3. Since Rj is a little harder, we skip the proof for R, and refer the reader to the proof
of R3, which is fully detailed in the next paragraph. Therefore, we claim that:

(5.51) k(012K7) < 32

5.5. Handling the third kernel

In this section, we consider:

X X
Vae(t —sl)) erf(,/48(1‘ —sz)) - 1) da.

First part. — Remembering that erf(+00) = 1, we consider the first order derivative:

1
e _ 2 x2
(5.52)  Ts(s1.52) := (35, 43) s, = %A 3/2/0 ¢x(1 — 52, %) - x exp (—m) dx.

Thanks to Lemma 18 and Lemma 19, we have:

(5.27) As(t,s1,82) = 8/(;7 dx(1—1t,x) (erf(

1
7 2
(5.53) |T3(s1.52)| S &2 A7 el - / X €Xp (‘x_) dx S &2A712
0 48A
Moreover,

1
X

> 2
|8sl T3(S1,S2)} 5 EI/ZA_S/Z ||¢x||c>o ' /0 X €Xp (_48A) dx

> 3 2
1/2 A=3/2 Y _* V4
2T - [ T e (g ) o

< 32N 3/2

(5.54)
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and

1
2
paTstorsn] S 8 il [ verp (—2r ) ax
0

1

> 2
1/2 A—5/2 s =
555 #2752 g [ e (— A)

+&'2A72 g / *exp (=2 )
Yoo | 4eA? sA
< e2AT2

Putting together estimates (5.53), (5.54) and (5.55) proves that « (T3) < 3/2.

Second part. — Let us move on to the second order derivative part. We compute:
(5.56)

1

1 32 [ % 2 x> (11
03(t, s1,52) = 05,05, A3 = —(f) x“px(1—t,x)exp|{———+ =) ) dx.
4 0 4e \a B

Combining Lemma 19 and Lemma 18 yields:

£3/2

(5.57) |03(1.51,52) S @t pe

Writinge = A + 7 and B = t, we can estimate:

1 3/2
< / © dr < &3/2A71/2,
~ 0 A+2T ~

Now we will prove similar estimates for the first order derivatives of Rj. Differentiating
Equation (5.56) with respect to s; (or similarly «) yields:

(5.59)

(5.58) |R3(s1,52)| =

1
/ 0s(t, 51, 52)dt
52

1

ds; Q3(,51,52) =%a_5/2ﬂ_3/2/0 xX*¢x(1 —1,x)exp (—— (— E))

1

-3/2 ?
16:15( apB) /0 x*¢ (1 —1t,x)exp (—4—( ))

Combining Lemma 19 and Lemma 18 gives:
(5.60)

|95, Q3(t,51,52)| S @*/2p73/2

£3/2
1 1
(e +%

Integration with respect to ¢ yields an estimate of d5, R3:

—7/2 p—3/2 32 3/2,-5/2
+ B — <g¢ )

3/2 5/2 ~
1 1
(z+4)

1 1 df

(5.61) |ais3<s1,s2)|§[ |05, Qg(z,sl,s2>|drse3/2/ 5 SePAT
52 52

From this, we deduce that:

(5.62) |R3(s1,52) — R3($1,52)| S &2A732 |5y — 1]
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Eventually, we finish with the regularity of R3 with respect to s,. We compute the difference
for s1 < 55 < $5 with §5 — 5, < % (s2 —81):

(5.63)

1 1
|Ra(s1.52) — Ra(s1.53)] = / Q3(r,s1,s2)dz—[ 0s(t. 51, 2)di
52 52

5 1
/ Q3(Z,S1,52)dl —/~ (Q3(Z,S1,S~2)— Q3(I,S1,S2))dt

52 83/2 1 2
E/ md[—i‘ /N / 352Q3(I,s1,s)dsdl
K> 55 Jso

g3/2 $ 1
< paz 9275 +/ [ |05, Q3(t, 51, )| deds.
$2 52

The first term is already in the correct form. We need to work on the second term. Proceeding
as above, differentiating Equation (5.56) with respect to s, (or similarly 8), then combining
Lemma 19 and Lemma 18 gives:

1
t_s(l—S+l—S1)

(5.64) |05, 031, 51.5)| < £¥/2 72

We compute:

5l 32 2 01 1
d t,51,8)|drds < ¢ / / —— ———drds
/;2 /S~2 ‘ S2Q3( 1 )’ 5 s f—s (t—S1)3/2

P 1
< 327732 /SZ/ g
(5.65) s Jo 1=
2
< 83/2A_3/2/ |In (s, — s)| ds
52

<&¥2A732 5, — & (1 +In|sy — $)) .

This last estimate does not give Lipschitz regularity, but it does provide Holder C? regularity
for any exponent p < 1, which is enough. Together, estimates (5.58), (5.62) and (5.65) prove
that k(R3) < &3/2.

5.6. Handling the fourth kernel

In this section, we consider:

(5.28)  Aa(t,s1,5) = /07 Ox(l =1, X)H( ‘“’x)erf<\/#s)) e
— 92

First part. — We consider the first order derivative:

Ta(s1.52) = (05, As)

(5.66) I

2
:/ D, (1 — 55, x)H (52 — 51, x)dx,
0

|t=.3‘2
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where we used the fact that erf(+o00) = 1. The following estimates are straightforward:

(5.67) [T4(s1,52)| < 1 Pxlloo 1 Helloo »
(5.68) |Ta(s1,52) — Ta(51,52)] < |51 = 51| - | Px oo I H et oo »
(5.69) |Ta(s1,52) — Ta(s1,52)| <52 = 52| [ Pxlloo [ Hrtlloo + 152 = S2| + [[Prx [l oo | He lloo -

Second part. — We move on to the second order derivative part. We compute:
(570) Q4(l, S1, S2) = le 852144(1, S1, Sz)

1 3 X2
= ——,3_3/2/ x®, (1 —1¢,x)Hs(a, x) exp (—_) dx.
0

2Jme 4¢pB
Since H(t,0) = 0, |H(t, x)| < X || Hsx|l oo Using Lemma 19, we obtain:
1
< —1/2p-3/2 2 2 x?
(571) |Q4(I7S1’S2)| ~ & ﬂ ”HtX“oo ”@xHOO o X eXp _@ dx

S el Hixlloo [Pxlloo -
By integration over ¢ € (s;, 1), we obtain:
(5.72) |Ra(s1,52)| S € [ Hixlloo [ Pxlloo -

Now we establish the regularity of Q4 with respect to s;. Differentiating Equation (5.70) with
respect to s (or @), and applying the same techniques yields the estimate:

(5.73) |3s1 Q4(f,S1752)| SellHeexlloo [ Pxlloo -
This proves that:
(5.74) |Ra(s1,52) — Ra(s1,52)| S & | Herxlloo [ Pxlloo - 51 — S11-

Finally, we consider the regularity of Q4 with respect to s,. We know that:

kP K23 1
(575) |R4(51,S2) — R4(S1,S~2)| < / |Q4(l,51,S2)| dr + / /~ |832 Q4(Z,51,S)| drds.
52 Js$H

52

This first part obviously gives rise to a Lipschitz estimate. As for the second part, we compute
ds, Q4 by differentiating (5.70) with respect to 8. We obtain

(5.76)

ds, Q4(t,51,5)(t,51,5) = 3 ﬂ_s/z/-;xcb (t,x)H; (o, x) ex xz)dx

s2 4\, 051, 3901, - 4\/5 o x\¢l t ) p 48,3

L 5,272 2 3 x?
+ﬁ8 B /0 x @ (¢, x)H; (o, x) exp —@ dx.
Similar estimates yield:
1

(5.77) 05, Qa(t.51,5)| S &l Hixlloo | P lloo - —

4¢ SERIE - TOME 51 —2018 = N° 5



BURGERS QUADRATIC OBSTRUCTION 1159

Therefore:
5o 1 5 1dtds
[/|8szQ4<z,s1,s)|drdsSantxuoo||<I>x||oo-/[
kP 5 kP s}t_s
(5.78) Ca
santxuooncbxnoo-/ In(53 — )| ds
52

S ellHixlloo | Pxlloe + 152 — 52| (1 + In |52 — 52) .
Therefore, for any fixed p < 1, we have:
(5.79) |Ra(s1,52) = Ra(s1,$2)| S & | Hixlloo | Pxlloo - 2 — 5217

Thanks to Lemma 17 and Lemma 18, this proves that, for any y < {&,

(5.80) K(312K4) < exp (—%) .

5.7. Handling the fifth kernel
Recall that A5 was defined by:

(5.29) As(t,s1,82) = /0i O, (1—1,x)H(t — nw)erf(ﬁ) dx.
— 51

First part. — The first order derivative T5 is null. Indeed,
(5.81)
Ts(s1,52) = (35, As)

|t=S2

! /EQJ(I YH(O, x) - —— ( * )d 0
= — 52, X LX) - exp | — x=0.
2Jme Jo * 2 (SZ_SI)% P 48(S2_S1)
Second part. — We consider the second order derivative:

(5.82)

Os(t, s1,52) = 05,05, As(t, 51,52) = —

1

1 2 -
o 3/2 0 x®x(t, x)H (B, x) exp (_M) a

Since H;(t,0) = 0, |H(t, x)| < x || Hsx|l oo- Using Lemma 19, we obtain:

1
2 z x?
iy 105 S il [0l [ exp () dx

S &l Hexlloo | Pxlloo -

By integration over ¢ € (s», 1), we obtain:

(5.84) |Rs(s1.52) S € [ Hixlloo [ Pxlloo -
Differentiating (5.82) with respect to « and proceeding likewise yields:
1
(5.85) |95, O5(t.51,52)| S € | Hexlloo Pl oo - P
Thus,
(5.86) |Rs(51.52) = Rs(51,52)| S € [ Hixlloo 1Px oo - A1 IST =511 -
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Differentiation with respect to § is even easier and gives:

(5.87) |95, O5(t,51,52)| S & | Hrrxlloo | Px oo »
from which we easily conclude that Rs is Lipschitz with respect to s,.

Thanks to Lemma 17 and Lemma 18, this proves that, for any y < {t,

(5.88) k(312Ks) < exp (-%) .

5.8. Handling the sixth kernel
Recall that A¢ was defined by:

1

2
(5.30) Ag(t,s1,52) = / O, (1—t,x)H(t —s1,x)H( — 52, x)dx.
0
First part. — The first order derivative T is null. Indeed:

(5.89) To(s1.52) = (95, Ae) = /05 @, (0, x)H;(s2 — 51, x)H(0,x)dx = 0.

|t=S2

Second part. — We consider the second order derivative:

2
(5.90) Qe(t,sl,Sz)=8528s1As(t,S1,S2)=f Dy (1 =52, x)Hy (t — 51, x)Hs (t — 52, x)dx.
0

For any ¢ € (0, 1), we estimate:
2
|Q6(2,51,52)| = [ Pxlloo 1 Ht s -
1Q6(1,51.52) — Qe(t,51,82)| <|s1 = 51| [Pxlloo | Hitlloo [ Helloo -
|Q6(t.51,52) = Q6(t, 51, 52)| <52 = 52| - | Pxlloo | Helloo [ H 1]l oo
. 2
+ 52 = 52| - [[Prxlloo | Hello -

(5.91)

Hence, we can extend these estimates to:

(5.92) Re(s1,82) = /Sl Qelt, 51, 52)dz.
2
The only non immediate extension is:
(5.93)
|Ras1.52) = Ro(s1.52)] 5[ 1Q6(t.51.52) = Qolt,s1. 5l di +
2
<Is2 =52 (| Pxlloo | Helloo [ Heell oo
1 Pexloo 1He 2 + [ Dalloo | He )

N

2
|Q6(7,51,52)| dt

2

Thanks to Lemma 17 and Lemma 18, this proves that, for any y < %,

(5.94) k(312Ks) < exp (—%) .
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5.9. Conclusion of the kernel expansion

LEmMMA 21. — There exists 1 > 0 and ky > 0 such that, for any 0 < ¢ < g1 and any
u e L?0,1),

(5.95) (K*u,u) = ki VelU|3_1/a.

Proof. — Thanks to the previous paragraphs, we have shown that K¢ = 45{/2N + R,

where R = K; + K, + K3 + K4 + Ks + Kg is such that k(312 R) < £3/2. From Lemma 16,
we deduce that there exists Cy such that, for any u € LZ(0,1), |(Ru,u)| < C083/2|U|§{_1/4.
Moreover, thanks to Lemma 10, there exists co such that (Nu,u) > co|U |§1,, ,4- Hence, for
any ky < co/(454/7), (5.95) holds for & small enough. O

Equation (5.95) gives a weak coercivity, both because the norm involved is related to the
H~3/* norm on the control u, and because the coercivity constant k /¢ decays when & — 0.
However, this is enough to overcome the remaining higher order residues, as we prove in the
following section.

6. Back to the full Burgers non-linear system

In this section, we conclude the proof of our main result, by bridging the gap between the
quadratic approximation studied in Sections 3-5 and the initial non-linear Burgers system.

6.1. Preliminary estimates

6.1.1. Estimating the first order term. — We decompose the first order term a (defined by
system (1.10)) as a(¢, x) = U(t) + a(t, x), where U is the primitive of u such that U(0) = 0
and a is the solution to:

a;—edxx =0 in (0, 1) x (0, 1),
a(,0)=-U(¢) in(0,1),
a,1)y=-=U() in(0,1),
a0,x)=0 in (0, 1).

6.1)

LEMMA 22. — The following estimates hold:

(6.2) lall, S U g-1/4,
(6.3) lalloo + lldlloo < luly
(6.4) &llaxllz2(pooy < lul2-

Proof. — The first inequality (6.2) is a direct application of estimate (2.11) from Lemma 4.
The second inequality is a consequence of the maximum principle. Indeed, thanks to Equa-
tion (6.1), ||d]| 1s smaller than |U|«. Since a = U + a, ||a||, 1s smaller than 2 |U|. Esti-
mate (6.3) follows because |U|e < |u|2. The third inequality stems from Lemma 3. Since
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aiseven, ay(-,1/2) = 0. Thus:
2 ! ’
||ax||L2(Loo) = / sup |ax(t, x)| dr
0 x€(0,1)

1 X 2
(6.5) =/ sup /axx(t,x’)dx’ dr
0 \xe(,1) |/
1 1
f/ / a? (t,x")dx'dt.
o Jo

Combined with (2.7), this proves (6.4). O

6.1.2. Estimating the second order term

LEMMA 23. — The following estimates hold:

(6.6) 2 1Bl eor2y + € lbx 2 S lulpe - [Ulg-1/s,
(6.7) &2 bl < Jul3.
(6.8) 32 |bxll L2 ooy S lul3

Proof. — For the first inequality, we write:

d 1
6.9 —aay = —ady = —— |ad — —a’ |.
(69 o = —atiy =~ aa - 32|
The term under the derivative is estimated in L? as:
U - s
(6.10) aa — Eaz = lallzz - (lalloe + llalloo) < lulp2 - U |g=1/a .
L

where the last inequality comes from Lemma 22. Thus, we can apply Lemma 5 to prove (6.6).

For the second and third inequalities, thanks to Lemma 3, ||ax|l, < £~"/2|u|>. Moreover,
thanks to Lemma 22, |la|l o < |ula. Thus, [laax |, < e V/2?|uf2. We can apply Lemma 3 to
show that [|b]ly, < &7/2 [ul3. Inequality (6.7) follows from the injection X1 <> L (see (2.4)
from Lemma 1). Moreover, since fol bx(t,x)dx = b(t,1) = b(t,0) = 0 forany ¢ € (0, 1), the
mean value of by (¢, ) is 0. Thus, |bx (¢, )[oo < |bxx(Z,)|2. Hence, [|bx |12y < [|bxxll- This
proves estimate (6.8). O

6.2. Non-linear residue

Let us expand y as a + b + r, where r is the solution to:

1
ry —&rxx = —rry —[(a + D)r], — |:ab + §b2i| in (0, 1) x (0, 1),

X

(6.11) r(t.0) =0 in (0,1),
r(t,1) =0 in (0, 1),
r0,x)=0 in (0, 1).
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LeEmMA 24. — System (6.11) admits a unique solution r € X;. Moreover, under the
assumption.

(6.12) ul, < %2,
the following estimate holds:
(6.13) Il + lirella S €2 [ul3 U1 g-17s
Proof. — The existence of r € X; can be deduced directly from the equality r = y —a —b.
To prove the estimate, we will use Lemma 6 with a null initial data, w = —(a + b) and

g = —ab — %bz. To apply estimate (2.15), we start by computing the norms of w and g
that we need. We start with w = —(a + b). Combining (6.3), (6.7) and (6.12) gives:

(6.14) [wlloo < llalloo + 1Bl S luly + 72 ul3 < Jul, .

In particular, (6.14) and (6.12) yield:

1 2 1 2 LI
(6.15) )’=g||w||L2(Loo)§g||w||oo§g|u|2§1-
Finally, combining (6.4) and (6.8):
(6.16)  wxllz2qo0) < llaxllzoqoey + Ibxllr2oy S 67" uly + 72 ul} S e ful,.

We move onto g = —ab — %bz. Combining (6.3), (6.6), (6.7) and (6.12) gives:

lgll2 = (lalloo + 151l00) 12112
(6.17) < (uly + 72 ) &7 2 uly U g1/

<& 2 l3 U g-1/s .
Combining (6.3), (6.6), (6.7) and (6.12), we obtain:
lgli2@eey = (lalloo + 1Pl - 121 L2200
(6.18) < (lalloo + 181l00) - 161,
Se B |Ulg-s
Lastly, mixing (6.3), (6.4), (6.6), (6.7) and (6.12) gives:
lgxllz = llaxllL2(zooy 16llLoor2) + lallco 1Dx 12 + [1D]loo 12112
(6.19) S e 2G| U g-1sa + e ul3 U g—1s + e Jul3 |U | g-1/4
el U lg-s

Eventually, plugging estimates (6.14)-(6.19) into the main estimation (2.15), yields:
(6.20) lrella < €72 ulz U174 -

From (6.20) and the initial condition r(0, ) = 0, we conclude (6.13). O

LEmMMA 25. — Under the assumption (6.12), we have:

(6.21) o, r(LW S &2 Wl (U Z-1a -
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Proof. — Similarly as in Lemma 8, we compute the final time projection for Equa-
tion (6.11) as:

(6.22)
1 1
{p.r(1.9) = /0 /o Dy |:ab - %bz + (a +b)r + %rz}

_ 1 1 1 1 1 ) _ 1 )
_/0 /0 @x(l—l,x)U(t)r(t,x)dxdt—i—/O /0 D, [Eb +(a+b)r+§r].

We used the fact that fol & ab = 0. We rewrite the first term as:

1 1
(6.23) [ U(t)/ D, (1 —t¢,x)r(t, x)dxdr = (U, v)H_l,Hé,
0 0
where we introduce v(t) = fol d, (¢, x)r(t,x)dx fort € (0,1). Since ®(0,-) = 0 and
r(0,-) = 0, v(0) = v(1) = 0. Now we compute its Hj norm:
1 1 1 2
/ v (1)%dt = / (/ D (1 —1,x)r(t, x) + O(1 — t,x)r,(t,x)dx) dr
0 0

0
1 1
(6.24) <2 /0 /0 OFr? 4+ OLrf
=2 (I@exlZ 13 + 10212 e 13)

2 2 2 2
Setlrlz + ez S llrellz

where we used estimates (5.19) and (5.21) to estimate ®. Hence:

1 1 1 1
/0 /0 o, (Eb2 +(@+b)yr+ Erz)
(6.24)

S UL el + 19cloo (1613 + lall 171l + 1713)

From (5.19), we know that | ®,| . < 1. Moreover, |U|g-1 < |U|g-1/a. Thanks to (6.2),
(6.6), (6.13) and (6.12), we conclude from (6.25) that [{p, 7 (1,)| < e™3/2 [ul |U|3-1/a. O

(o, r(1,)]

(6.22) and (6.23)
= +

U, v) g1 JHY
(6.25)

6.3. A first drifting result concerning reachability from zero

The null reachability problem consists in computing the set of states that can be reached
in time 7', starting from the initial state y° = 0. Of course, when dealing with viscous
equations like (1.1), one may only hope to reach sufficiently smooth states (see [27] and [42]
for recent developments concerning the null reachability problem for the one-dimensional
heat equation). Here, we prove that, if the control time 7' is too small, the state drifts towards
the direction +p as a result of the action of the control, whatever control is chosen.

THEOREM 2. — There exist Ty, ks > 0 such that, forany 0 < T < Ty andanyu € L%(0,T)
such that u|p2¢ 7y < 1, the solution y € Xr to system (1.1) starting from the null initial
condition y(0, x) = 0 satisfies:

(6.26) (0. V(T ) = ke U110y -
where U, as above, is the primitive of u such that U(0) = 0.
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Proof. — We are going to use the scaling argument introduced in Paragraph 1.4. Thus,
from now on, we reintroduce the tilde signs for functions defined on the scaled time interval
(0,1). From Lemma 21, we know that, for ¢ < &1, (K°u,u) > kI\/E|U|§1,1/4. From
Lemma 25, we know that there exists ¢, such that, as soon as |i|, < €32, |(p,r(1,-))]| <
6253/2|0|§1—1/4‘ Hence, if we consider j the solution to (1.9), write § = a + b + r, for any
0 < k4« < k1, there exists &5 > 0 such that, for e < &2, (p, 7(1,)) > k« \/§|(7|§_1_1/4. Recalling
that 77(t) = s%u(et) and j(t, x) = sy(et, x), we obtain:

1. _ ~
620 (o) = (17000 = ket OBy = kel By
under the assumption:
(6.28) il <€ & fulpape < 1.

Theorem 2 follows from (6.27) and (6.28) with T, = &,. Equivalence (6.28) is obtained via a
direct change of variable. To establish (6.27), one can compute the weak H~/4 norms using
Fourier transforms. O

6.4. Persistence of projections in absence of control

In the absence of control, the projection of the state against any fixed profile i € L2(0, 1)
remains almost constant in small time.

LEMMA 26. — Let T > 0, u € L*(0,1) and y° € H{(0,1) N H*(0,1). Assume that
[y°| g2 < 1. Consider y € Xt the solution to system (1.1) with initial data y° and null control
(u=20). Then,

(6.29) (1, y(T.)) = (. y°) + 0(T1/2|u|z|y°|m) :

Proof. — We decompose y = y° + z, where z is the solution to:

Zt—Zxx +22¢ = (0°2)x + 2 — ¥°»Y in (0,7) x (0, 1),

(6.30) z(t,0) =0 %n 0,7),
z(t,1) =0 in (0,7),
z(0,x) =0 in (0, 1).

We apply Lemma 6 with w(r,x) = y°(x) and g(r,x) = y? — 1(¥°)? to system (6.30).
Estimate (2.15) tells us that ||z, ||, < |y°|g2. Here, we need the assumption that |y°| 52 < C,
where C is any fixed constant, in order to avoid propagating non-linear estimates (involving
exponentials). Since z(0, x) = 0, we can write:

T 1
631) |<u,z(T,->>|=| /0 /0 2| < TV |zl il

The conclusion (6.29) follows from (6.31). O
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6.5. Proof of Theorem 1

To conclude the proof of Theorem 1, we consider an initial data of the form y® := §p,
where § > 0 can be picked as small as we need and p is defined in (3.10). For T > 0,
u € L2(0,T)and § > 0, we consider y € X7, the solution to system (1.1) with initial data y?
and control u. To isolate the different contributions, we decompose y as y + y* + z, where:

Vi—Vxx +I¥x=0 in(0,T) x (0,1),
y@#,0 =0 in(0,7),

(6.32) y(t.1) =0 in(0,7),
70.x) =" in(0.1),
yi—yE o+ YUyt =u(t) in(0,T)x (0, 1),
y(,00=0  in(0,7).
(6.33) Y1, 1) =0 in (0,7),
yu(o,x) =0 in (O, 1),
ze = Zex + 22 = —=[(F + ")zl = [7¥"]x in (0.7) x (0. 1),
Z(I,O) — 0 in (0, T),
(634) Z(l, 1) =0 in (0, T),
Z(O, X) =0 in (0, 1)

First, we apply Lemma 7 to system (6.32). Estimates (2.23) and (2.24) yield:

Vxxllz + 17l + 172 < 8.
(6.35) - 0
[Vlloo = 13" loo < 6.

Similarly, we apply Lemma 7 to system (6.33). If we assume that [u|, < land T < 1, we
obtain:

Iyiclly + 1y5ls + 1y S fuly

19 oo = luls -

(6.36)

Next, we look at system (6.34). We apply Lemma 6 with w = —(y + y¥), g = —yy¥ and a
null initial data. Combining (6.35) and (6.36) yields the necessary estimates:

(6.37) Igllz + llgxllz + Iglr2weey S 8 luls
(6.38) lwlloo + lwllL2(zooy [WllL2poey S 8+ [uly -

Hence, (6.38) yields y < 1. Therefore, plugging (6.37) and (6.38) into (2.15) gives:
(6.39) lZxxllz + llzelly < 8lul, .

Once again, we use the initial condition z (0, -) = 0 and (6.39) to compute:

<TY28 |ul, .

T 1
(6.40) (. 2(T. )| = ‘ /0 [o Zip
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Let T« > 0 be as defined in Theorem 2. Assuming 77 < Ty, we combine (6.26), (6.29)
and (6.40) to obtain:

(6.41) (7). p) = 8103 + ke [U 1/ + O (TV281 + uly))

From (6.41), we deduce that (p, y(7T,-)) > 0 as soon as T is small enough and under the
assumption |u|, < 1. Thus, we have proved Theorem 1 with n = 1.

7. Conclusion

7.1. Remarks on related systems

System (1.1) is posed with null Dirichlet boundary conditions. One can wonder what
happens for other standard boundary conditions. In fact, for both periodic boundary condi-
tions y(z,0) = y(¢, 1) and for null Neumann boundary conditions y,(z,0) = y.(¢,1) = 0,
one checks that the associated controlled Burgers systems are not small-time locally null
controllable either. The only controllable direction is the constant state 1 which satisfies
the boundary conditions. For any given initial data and control, the same decomposition
y = y + y* 4 z can be used. Moreover, in this setting, y*(¢, x) = U(¢). This implies that any
projection (y, p) is almost equal to (y, p) for small times, small controls and directions p such
that (1, p) = 0. The associated systems are hence not small-time locally null controllable.

The Hopf-Cole transform is a standard tool to study the Burgers equation. It has already
been used to obtain control results (see [37], [41] and the references therein). Here, applying
this transformation yields a new result on the small-time local controllability of the bilinear
heat equation. Consider the system:

zr — Zxx = 0(Op(x)z in (0,7) x (0,1),

zx(t,0) =0 in (0,7),
(7.1) (1) =0 in (0, 7),
2(0,x) = z°(x) in (0, 1),

where u(x) = x. This bilinear control system is, formally, close to the bilinear Schrédinger
systems mentioned in the introduction. This system is studied in the vicinity of the equilib-
rium state zeq(x) = 1. We introduce the following definition:

DEFINITION 4. — We say that system (7.1) is small-time locally controllable to constants
near zeq = 1 1f, for any time T > 0, for any n > 0, there exists § > 0 such that, for any
2% € H2(0,1) withz2(0) = z%(1) = 0 and |z° — 1|2 < 8, there exists a control v € L?(0,T)
such that |v|;2 < nand zx(T,-) = 0, where z is the associated solution to (7.1).

THEOREM 3. — System (7.1) is not small-time locally controllable to constants near zeq = 1.

Proof. — Small-time local null controllability of (1.1) and small-time local controllability
to constants near z.q = 1 of (7.1) are equivalent notions thanks to the Hopf-Cole transform.
If one knows a trajectory z of (7.1), one defines:

Zy(t, Xx)

(7.2) y(t,x)=-=2 (%)

and u(?) := —2v(¢t)
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to obtain a trajectory y of (1.1). Reciprocally, one sets
(7.3)

z(¢,x) ;= exp (—% /Ot yx(t’,O)dt’) exp (—% /: y(t,x’)dx') and v(t) := —%u(t)

to build a trajectory of (7.1) from a trajectory of Burgers. The details are left to the reader. [

7.2. Perspectives for quadratic obstructions

We expect that the methodology followed in this paper can be used for a wide variety of
nonlinear systems involving a single scalar control. Indeed, when studying small-time local
controllability for some formal system y = F(y, u(t)), the first step is always to consider the
linearized system, @ = 9, F/(0)a + 9, F (0)u. When this system is controllable, fixed point or
inverse mapping theorems often allow us to deduce that the non-linear system is small-time
locally controllable. When the linearized system is not controllable, we can decompose the
state y as a + b, where the (linear) component «a is controllable and the second component
b is indirectly controlled through a quadratic source term involving a (and/or, sometimes, u).

What our proof demonstrates, is that it is possible, even for infinite dimensional systems,
to express projections of the second order part b as kernels acting on the control. The careful
study of these kernels can then lead either to negative results (like it is the case here, because
we prove a coercivity lemma), or to positive results (if the kernel is found to have both positive
and negative eigenvalues, we can hope to prove that the system can be driven in the two
opposite directions).

The coercivity used in this paper, although it involves a weak H ~>/4 norm of the control u,
is in fact pretty strong. Indeed, it was obtained for any small u € L2. It would have been
sufficient to prove the coercivity of the kernel K¢ on the strict subspace:

(74) Vs ={ueL?*0,1), a(t=1,-)=0, wherea is the solution to system (1.10)} .

For other systems, it may be easier (or necessary) to restrict the study of the integral oper-
ator K¢ to the subspace %, in order to obtain a conclusion.

As a perspective, an example of such an open problem is the small-time controllability of
the non-linear Korteweg de Vries equation for critical domains. Indeed, in [48], Rosier proved
that the KdV equation was small-time locally controllable for non critical domains using the
linearized system. Then in [25], Coron and Crépeau proved that, for the first critical length,
small-time local controllability holds thanks to a third order expansion. In [17] and [18],
Cerpa then Cerpa and Crépeau proved that large time local controllability holds for all
critical lengths. It remains an open question to know whether small-time local controllability
holds for the second critical length. Maybe our method could be adapted to this setting or
inspire a new proof.

The author thanks Sergio Guerrero for having attracted his attention on this control

problem, his advisor Jean-Michel Coron for his support and ideas all along the elaboration
of this proof and an anonymous referee for helpful suggestions.
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Appendix

Weakly singular integral operators

This appendix is devoted to an explanation of Lemma 16. Although a full proof would
exceed the scope of this article, we provide here a brief overview of a general method intro-
duced by Torres in [51] to study the regularization properties of weakly singular integral oper-
ators. Our presentation is also inspired by a posterior work of Youssfi, who states a very
closely related lemma in [54, Remark 6.a].

Let n > 1. Singular integral operators on R” have been extensively studied since the
seminal works of Calderon and Zygmund (see [16] and [15]). These integral operators are
defined by the singularity of their kernel along the diagonal by an estimate of the form:

(A1) |K(x, )| < Clx—=y[™".

In estimate (A.1), the exponent —n is critical. Indeed, the margins of such kernels are almost
in Llloc. Here, we are interested in a class of integral operators for which the singularity
along the diagonal is weaker. Thus, we expect that they exhibit better smoothing properties.
Throughout this section, we denote 2 = {(x,y) € R" x R", x # y}.

DErINITION 5 (Weakly singular integral operator). — Let 0 < s < land0 < § < 1.
Consider a kernel K, continuous on 2, satisfying:

(A2) |K(x,y)| <k lx—y["",

(A.3) {K(x/,y) — K(x,y)| <k |x/ —x|8 Ix =y for |x’ - x} < % lx —y]|.

e 1
(Ad) Ky =K <y =y =y for |y =] =5 l=yl

We introduce the associated integral operator Tk, continuous from ) (R") to @' (R"), by
defining:

(A5) VS e DEY VxR Te(H) = [ K. f0)dy.
Under these assumptions, we write Tg € WSIO(s, §).

Definition 5 can be extended for s > 1. Conditions (A.2), (A.3) and (A.4) must then be
extended to the derivatives 0% Bly9 K for o + B < s. We restrict ourselves to the simpler setting
0 < s < 1 as it is sufficient for our study. We define the operator Tk from its kernel K (as
this is the case for our applications). Proceeding the other way around is possible but would
require more care in the sequel (namely, the so-called weak boundedness property to ensure
that (A.5) holds; see [54]).

A.1. Atomic and molecular decompositions for Triebel-Lizorkin spaces

We recall the definitions of classical functional spaces involved in this appendix. Let
¢ € & (R") be such that ¢(§) = 0 for |§] > 1 and (&) = 1 for |§| < % We introduce
() = p(E/2) — ¢(€). Hence, ¥ € & (R") and is supported in the annulus {% < |&] < 2}.
We will denote A ; and S ; the convolution operators with symbols ¥ (27/£) and ¢(27/€).
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DEerINITION 6 (HOomogeneous Besov space). — Fora € R, 1 < p,q < oo, the homoge-
neous Besov space Bg 4 js defined by the finiteness of the norm (with standard modification
forq =00):

1/q

(A.6) 1 flggs = | 222 |4, 1],

jez

DeriNITION 7 (HOomogeneous Triebel-Lizorkin space). — Fora € R, 1 < p,q < oo, the
homogeneous Triebel-Lizorkin space Flf‘ 1 is defined by the finiteness of the norm:

1/q

(A7) Al pea = | | 202V 1A, 11
jez
P

Frazier and Jawerth introduced atoms and molecules both in the context of Besov spaces
([31]) and Triebel-Lizorkin spaces ([32] and [33]). They proved that the norms on these spaces
are then translated into sequential norms on the sequence of coefficients of the decomposi-
tion. A linear operator will be continuous between two Triebel-Lizorkin spaces if and only
if it maps smooth atoms of the first to smooth molecules of the second. The following defi-
nitions are borrowed from [51]. For simplicity, we restrict them to the case 1 < p,q < +o0.

DEFINITION 8 (Smooth atom). — Leta € Rand Q be adyadic cube inR" of side length { g .
A smooth a-atom, associated with the cube Q is a function a € J) (R") satisfying:

(A.8) supp(a) C 30,
(A9) /x"a(x)dx =0, VyeZ'st |y| <max{0,[—«]},
(A.10) 0%a(x)| < €,", Yy € Z" sit. |y| < max{0. [a]} + 1.

In condition (A.8), 30 denotes the cube with same center as Q but a tripled side length.
Multiple normalization choices are possible for condition (A.10). We choose to only include
the decay corresponding to the regularity of the atom. This choice only impacts the formula
to compute the size of a function from its decomposition on atoms. We have the following
representation theorem:

LEMMA 27 (Theorem 5.11,[34]). — Leta e R, 1 < p,qg < . Let f € F;’q. There exists
a sequence of reals (sg) ge g indexed by the set §) of dyadic cubes of R" and a sequence of atoms
(ag)oegsuchthat f =73 o Soag. Moreover, there exists a constant C independent on f such
that:

1/q
(A.11) l %zg“ﬂsgwgaw < C I fllpga
p

The reciprocal inequality to (A.11) is true even for a wider class of functions, the class of
molecules.
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DEFINITION 9 (Smooth molecule). — Leta € R, M > nando — [¢] < 8 < 1. Let Q be
a dyadic cube in R" of side length Lo and center xg. A (8, M) smooth a-molecule associated
with Q is a function m satisfying:

(A.IZ) |m(x)| < (1 + Zél |x _ xQ|)—max{M,M—a}

(A.13) /xym(x)dx =0, VyeZ'st |yl <[-«a],

(A.14) m(x)| < 0" (1+ 65" |x —xo|) ™. VyeZ'stlyl <[]
and an additional Hélder regularity estimate for all y € 7" such that |y| = [«]-
(A1) |8m(x) = %m()| < 6" e = x| sup (14 L5 |z~ (x—xp)) V.

|z]<lx—x’|
In the definition of a molecule, conditions (A.14) and (A.15) are void by convention if
a < 0. When o > 0, condition (A.14) implies (A.12). When « > 0, condition (A.13) is void.
We have:

LeEmMA 28 (Theorem 5.18, [34]). — Leta € R, M > nand a — [@] < § < 1. Consider a
sequence of reals (sg) ge indexed by the set () of dyadic cubes of R" and a sequence of (5, M)
smooth a-molecules (mg)geq. Let f = Y o somg. There exists a constant C independent
on f such that:

1/q

(A.16) 1 lgea < C || Do to  Isollxo ()l
0

P
A.2. Circumventing the null average condition

When dealing with singular integral operators, difficulties arise when 7(1) # 0. Most
regularity results involve some regularity condition on 7'(1) (see, for example the early
paper [28]). To circumvent this difficulty when handling weakly singular integral operators,
we will write Tx = Tx + m where Tk satisfies the same regularity estimates as Tx but
is such that Tx(1) = 0 and 7 is defined as a paraproduct, for which we can get direct
smoothing estimates in the appropriate spaces. For two functions f, g, we introduce the
following paraproduct 7, inspired by ideas of J.-M. Bony (see the seminal work [12], the nice
introduction to paraproducts [10] for a quick overview or [3, Section 2.6.1] for a complete
detailed presentation):

(A.17) mg(f) =Y Aj(@)Sj—2(f).
jez

LEMMA 29 (Lemma 4,[54]). — Let 0 < s < 8§ < 1 and Ty € WSIO(s,§). Then,
Tx(1) € Bgo°° Moreover, there exists C = C(s, §) such that: ||TK(1)||Bg,ooo < Ck(Tg) where
k(Tk) is the constant associated to Tk in Definition 5.

Lemma 30 (Remark 2, [54]). — Let 1 < p,g < oo, t < Oands € R. There exists
C = C(p,q,t,s) such that, for any b € Bgooo 7y IS continuous from Flﬁ’q to Flﬁﬂ’q and the
following estimate holds:

(A.18) VS € ES (Nl b < C Iblgese |/ pra
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LEMMA 31 (Lemma 2, [54]). — Let0 < s < 1 and0 < § < 1. Take b € B5™. Then, the
operator wp € WSIO(s, §). Moreover, there exists a constant C(s) independent of b such that,
k(mp) < C(s)|1D]| B30 where i (1tp) is the constant in Definition 5 associated to the operator .

Combining these lemmas allows us to circumvent the 7 (1) = 0 condition. Indeed:

LEmMA 32. — LetO<s <8 <landl1 < p,q < oo. Lett € R be such that —s <t < 0.
There exists a constant C such that, for Tx € WSIO(s, §), Tk is continuous from Fli’q into
F;H’q and we have.

(A.19) Vf e Ept ITk(N)ll prrsa < Co(Te) 1 f g

where k(Tx) is the constant associated to Tk in Definition 5.

Proof. — Let Tx € WSIO(s, §). Thanks to Lemma 29, Tk (1) € ng’o and ||TK(1)||B;600 <
k(Tk). Thanks to Lemma 31, w7, 1) € WSIO(s, 8) and « (w7, (1)) S «(Tk). Hence, we can
define Tx := Tx — (1) and Tx € WSIO(s, §), with a constant K(TK) < k(Tk). Moreover,
since 7, (1) = b for any b, T (1) = 0. Thanks to Lemma 30, proving the continuity of Tk is
sufficient to obtain (A.19).

Let ag be a smooth 7-atom. We consider mg = Tk (ag). The next step is to prove that
mg is almost a (§, M) smooth (¢ + s)-molecule, with M = n + s — § > n. As noted above,
since t + s > 0, we only need to check (A.14) and (A.15). Indeed, lengthy computations and
the essential condition Tk (1) = 0 provide the existence of a constant D independent on the
atom ag such that:

(A.20) mo()| = Dy (1 + 65" |x = x0]) ™.
(A21)  |mo(x) —mo(x)| = DELS |x =« sup (145" |z = (x—x0))) .

|z|<|x—x']
Hence mg = D_lﬁés mg is a molecule. For techniques used to prove (A.20) and (A.21), we
refer the reader to [51] and [54]. To conclude the proof, we use Lemma 27 and Lemma 28.
F?lr f e FM, wewrite f(x) = > 0 Soag(x)andeachmg = D_IKETK(aQ) is a molecule.
Thus,

ITk () prtsa = | D_(DEGs0) -mo(x)
o Fltsa
p
1/q
S| 2o D Isol o (0l
(A.22) 0
p
1/q
S D260 sl lxo ()l
Qo
p
S Ngpa -
Equation (A.22) concludes the proof. O
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Triebel-Lizorkin spaces offer a natural framework for atomic and molecular decom-
positions. Of course, setting p = ¢ = 2 in the results above also yields results for the
more classical homogeneous Sobolev spaces H%. Thus, Lemma 32 tells us that operators
of WSIO(s, §) continuously map H' into H'*S for —s < ¢ < 0. In particular, this is valid
fors=1/2andt = —1/4.

A.3. Kernels defined on bounded domains

Most results involving singular integral operators concern kernels defined on the full
space R” x R”". Here, for finite time controllability, we need to adapt these results to a
setting where the kernels are defined on squares, eg. [0, 1] x [0, 1]. Atoms and molecules
are localized functions. Thus, it would be possible to carry on the same proof as above
for bounded domains, provided that the analogs of the representation Lemmas 27 and 28
exist for Triebel-Lizorkin spaces on bounded domains. In this paragraph, we give another
approach, which consists in proving that a kernel defined on a bounded domain can be
extended while satisfying the same estimates.

LEMMA 33. — Letn = 1,0 <s < 1and 0 < 6 < 1. Consider a kernel K, defined and
continuous on Q1 = {(x, y) €[0,1)%, x # y}, satisfying:

(A.23) |K(x. )| <l =y,

(A24)  |K(x'.y)—K(x,y)| <« |x/—x|8 Ix =y for X' —x| < % lx —y],

s 1
(A25)  [K(x.y) =Koy <y =y e =yT70 for [y = y[ = S lx =yl

Then there exists a kernel K on R x R, continuous on , such that:
- K is an extension of K : I?|Q =K,
1

— K is a weakly singular integral operator of type (s,8) on ,
— K is associated a constant k (K) < Ck(K), where C is independent of K, s and §.

Proof. — We start by defining K (x, y) on the infinite strip—1 < y—x < 1. For (x, y) € Q1,
we set K(x,y) = K(x, y). Outside of the initial square, we extend by continuity the values
taken on the sides of the square and we choose an extension that is constant along all
diagonal lines. Therefore, we define K (x, y) as:

Kl+x—y,1) for 1<y, 0<y—x<1,
K@O,y—x) for x<0, 0<y—x<1,
(A.26)
K(1,1+4y—x) for 1<x, 0<x—-y<l,
K(x—y,00 for y<0, 0<x—y<l1.
Outside of the strip, we set:
(A2) K(x,y) = KO, D)|x —y|7'"*, fory—x>1,
' K(x,y) = K(1,0)|]x — y|'**, forx—y >1.

This completes the definition of K on . By construction, one checks that K is continuous
on 2. By construction, K also satisfies (A.23) on Q1, on the whole strip —1 < y —x < 1
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thanks to (A.27) and on the half spaces y—x > 1 and y —x < —1 thanks to the decay chosen
in (A.27).

The Holder regularity estimates (A.24) and (A.25) are a little tougher. By symmetry, one
only needs to prove, for example, (A.24) on the half place H={(x,y) e RxR, y—x>0}.
We write ¢# = S/ U &y U SH_ U SHy, where:

C?N]Lz{(x,y)e Sy, y—x>1},

(’751:{()67)))6%’ Ofxandyfl}’

Hy={(x,y)e #, y—x<landl <y},

H_={(x,y)€ #, y—x=<landx <O}
Let (x,y) € S#Zand (x/,y) € S# with |x — x| < %lx — y|. If both points belong to the
same subdomain, then the Holder regularity estimate in the x direction for K is a direct
consequence either of (A.27) on &#, of (A.26) on &/ and of the hypothesis on K on ¢&/;.
If the two points belong to different subdomains, we use a triangular inequality involving a

point at the boundary separating the two subdomains. As an example of such a situation, if
x <0<x'and y < x + 1, then (x, y) € ¢#/_ and (x', y) € &/;. We have:

‘k(-xuy)_ k(x’,y)| = ‘K(O,y—X)—K(X/,y”
S |K(0,y—X)—K(O,y)| + ‘K(Ovy)_ K(X/,y)|

< K|x|8|x _y|—1+s—8 +K|x/|8|x/_y|—l+s—8

(A.28)

(A.29)

< 5K|X _ x/|8|x _ y|—1+s—8.

The last inequality comes from the fact that |x'[,|x| < |x — x/| and |x’ — y|7'T5% <

4lx — y|7' 578 for |x — x'| < %|x — y|. The details of the other situations are left to the
reader. O
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