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Abstract

We prove in this article that the Kolmogorov-type equation (9; — 02 +
v20.) f(t,z,v) = Lyu(t,x,v) for (t,z) € T x Q, with Q, = R or (—1,1)
is not null-controllable in any time if w is a vertical band w, x €,. The
idea is to remark that, for some families of solutions, the Kolmogorov
equation behaves like what we’ll call the rotated fractional heat equation
(0 + Vi(=A)YYg(t,z) = L,u(t,z), z € T and to disprove the observability
inequality for rotated fractional equation by looking at how coherent states
evolve.
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1 Introduction

1.1 Problem of the null-controllability

We are interested in the following equation, which is in the terminology of Hor-
mander [16, Section 22.2] a generalized Kolmogorov equation, where T = R/27Z,
Q=TxRorQ=Tx (—1,1) and w is an open subset of Q:

(0 + 020, — O2) f(t,z,v) = L u(t,z,v) t€[0,T],(z,v) €Q

For convenience, we will just say in this paper “the Kolmogorov equation”. Note
that thanks to Hormander’s bracket condition (see previous reference), the operator
v29, — 0% is hypoelliptic.

It is a control problem with state f € L?(Q2) and control u supported in w.
More precisely, we are interested in the exact null-controllability of this equation.

Definition 1. We say that the Kolmogorov equation is null-controllable on w in
time T > 0 if for all fy in L?(Q), there exists u in L*([0,7T] X w) such that the
solution f of:

(0 + 0?0, — ) f(t,w,v) = L u(t,x,v)  t€[0,T)],(x,v) €N
f(0,z,v) = fo(z,v) (z,v) € Q.

with Dirichlet boundary conditions if Q =T x (—1, 1), satisfies f(7,x,v) = 0 for
all (z,v) in €.

(1)

As we will see, this Kolmogorov equation is related to the rotated fractional
heat equation, the latter being a model of the former, and we will also investigate
its null-controllability.

Definition 2. Let a € [0,1) and z with R(z) > 0. Let Q@ =R or 2 = T. We say
that the rotated heat equation is null-controllable on w C R in time T > 0 if for
all fo € L?(R), there exists u € L([0,T] x w) such that the solution f of:

(0 + 2(=AN)) f(t,x) = Tou(t,z)  te€(0,T),z €
f(0,2) = fo(z) x e

satisfies f(T,z) = 0 for all x € Q. Here, we have defined (—A)*? with the
functional calculus, that is to say, (—A)2f = F~L(|¢|*F(f)) if @ = R, where F
is the Fourier transform; and c,((—A)~%2f) = |n|%,(f) if Q@ = T, where c,(f) is
the nth Fourier coefficient of f.

(2)



1.2 Statement of the results

We will prove that the rotated fractional heat equation is never null controllable
if Q \ w has nonempty interior, and that the Kolmogorov equation is never null-
controllable if w = w, X T where T \ w, has nonempty interior.

Theorem 3. Let 0 < o < 1, z such that R(z) >0 and Q =R or Q =T. Let w
be a strict open subset of 2. The rotated fractional heat equation (2) is not null
controllable in any time on w.

We can generalize this theorem to higher dimensions, with 2 = R* x T’ but
our method seems ineffective to treat the case where 2 is, say, an open subset
of R. This may be because we are using the spectral definition of the fractional
Laplacian, and our method might be adapted if we used a singular kernel definition
of the fractional Laplacian.

Note that if o = 0, the “rotated fractional heat equation” is then just a family
of decoupled ordinary differential equation, and this is completely unimpressive.
At the other end, the method used in this article does not work if a = 1, but we
still expect non-null-controllability, even if this remains a conjecture if ) is not the
one-dimensional torus.

Theorem 4. Let Q, =R or Q, = (—1,1), and Q =T x Q,,. Let w, be a strict open
subset of T. The Kolmogorov equation (1) is never null-controllable in w = w, X €.

The theorem can be extended to higher dimension in z and v if Q, = R?. If we
want, say 0, = (—1,1)¢, we lack information on the eigenvalues and eigenfunctions
of =92 +inv? on (—1,1)%, but this is the only obstacle to the generalization of the
Theorem to this case.

1.3 Bibliographical comments
1.3.1 Null-controllability of parabolic partial differential equations

The null-controllability of parabolic equations has been investigated for a few

decades now, with Fattorini and Russel [I1] proving the null controllability of
the heat equation in one dimension in 1971, Lebeau and Robbiano [19] and
independently Fursikov and Imanuvilov [15] proving it in any dimension, in 1995

and 1996 respectively!
However, the interest in degenerate parabolic equations is more recent. We
now understand the null-controllability of parabolic equations degenerating at the

Lebeau and Robbiano actually proved the null-controllability of the heat equation on a
compact manifold with boundary, while Imanuvilov actually proved it for general parabolic
equation (9; + A)f = 1,u on a C? domain of R? with A a uniformly elliptic operator whose
coefficients can depend on space and time, also allowing lower order terms.



boundary in dimension one [10] and two [11] (see also references therein), where
the authors found that these equations where null-controllable if the degeneracy is
not too strong, but might not be if the degeneracy is too strong. For equations
degenerating inside the domain, we mostly are looking at individual equations at
a case-by-case basis. For instance, some Kolmogorov-type equations have been
investigated since 2009 [3, 1, 0], the Grushin equation is being investigated since
2014 [1, 7, 17, 5] and the heat equation on the Heisenberg group since 2017 [2].
Some parabolic equation on the real half-line, some of them related to the present
work, has been shown to strongly lack controllability [13]. Apart from the parabolic
equations degenerating at the boundary, the only general family of degenerate
parabolic equations whose null-controllability have been investigated we are aware
of are hypoelliptic quadratic differential equations [3, 9].
About the Kolmogorov equation on 2 = T x (—1,1), we know that if w =
T x (a,b) with 0 < a < b < 1, it is null-controllable in large times, but not in
time smaller than a%2, and that if —1 < a < 0 < b < 1, it is null-controllable in
arbitrarily small time [1]. If in the Kolmogorov equation (1) we replace v? by v, the
null-controllability holds when the boundary conditions are of some “periodic-type”,
and holds in large time only with Dirichlet boundary conditions if w = T X (a, b) [3,
|. On the other hand, if we replace v* by v” where v is an integer larger than
2 and w = T x (a,b), it is never null-controllable [0]. In this last article, the
null-controllability of a model of the equation we are interested in, namely the
equation (9, + iv?(—A,)Y? — 9%)g = 0, is also investigated.

1.3.2 Null-controllability of fractional heat equation and the spectral
inequality

For the heat equation, Lebeau and Robbiano [19, 18] used a spectral inequality to
prove the null-controllability, which is the following: let M a compact riemannian
manifold with boundary, let w be an open subset of M, and let (¢;);en an orthonor-
mal basis of eigenfunctions of —A with associated eigenvalues (\;);en, then there
exists C' > 0 and K > 0 such that for every sequence of complex numbers (a;);en

and every p > 0
Z ai i Z a;p;

A<y Ai<p

< Celvr (3)

L2(M) L2(w)

The key point to deduce the null-controllability of the heat equation from this
spectral inequality is that if one takes an initial condition of the form fo = 35,5, ai®;
with no component along frequencies less than p, the solution of the heat equation
decays like e ¥| fy|r2(nr), and the exponent in g in this decay (i.e. 1) is larger than
the one appearing in the spectral inequality (i.e. 1/2).

Let us discuss this kind of phenomenon in a general setting, in the spirit of
Miller [21]: let A be a self-adjoint positive operator on a Hilbert space H, and
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B : X — H a bounded control operator? We say the low modes are observable
with a spectral exponent 7 if for all v € H and p > 0, we have

|]1ASMU|H S CeclﬂlB]lAgu’Uh.[. (4)

For instance, according to the previous discussion, the low modes of the heat
equation are observable with a spectral exponent 1/2, and it can be proved that
1/2 is actually the best possible spectral exponent if w is a strict open subset
of M [18, Proposition 5.5]. Also, the low modes of the fractional heat equation
(0;+ (—A)*/2)g = 0 are observable with a spectral exponent 1/a. Since the Lebeau-
Robbiano method allows the construction of a control if the spectral exponent is
less than one, the fractional heat equation is null controllable for o > 1, as already
mentioned by Micu and Zuazua [20] and Miller [21].

In these two papers, the respective authors also looked at the case a < 1,
and even if they didn’t look at internal controls (the kind of controls we are
interested in here), Micu and Zuazua found that it was not null-controllable with
shaped controls? while Miller proved that the one dimensional fractional Neumann
Laplacian (9, + (—A)*/?)g = 0 with a boundary control is not null-controllable if
1/2 < a < 1, and more precisely that no finite linear combination of eigenfunctions
could be steered to 0 in finite time. If @ = 1, the non-null-controllability has been
proved in dimension one [17], and the method of this reference can be adapted
to treated the rotated half-heat equation (9, + 2v/—A)g = 1,u. But the null-
controllability of the half-heat equation is still open if € is a general analytic
manifold (and even if Q = R).

About the equations we mentioned earlier, we can prove that the low modes
of the Kolmogorov equation are observable with a spectral exponent® 2, and the
low modes of the Grushin equation (9, — 0 — 2%02)g = 0 are observable with a
spectral exponent 1 (and if w = (a,b) x T with a > 0, it is the best possible).

So it seems that 1 is a critical value for the spectral exponent: below, the
equation is null-controllable, and above it is not. Our results tends to confirm this
conjecture. Note that an equation with a spectral exponent greater than one is not
unconditionally not null-controllable, though: for instance, if the degeneracy of the
equation is contained in the control domain, we actually expect null-controllability.

2In our case, B is the multiplication by 1,,. We could allow B to be unbounded by invoking
the notion of admissible control operator. We refer to Coron’s book [12, Section 2.3] for the
terminology of general abstract control systems.

3 Shaped controls are right-hand-side of equation (2) of the form a(z)u(t), where a is a fixed
given function and wu is the control we can choose.

4The Kolmogorov operator v29, — 02 is not self-adjoint, so we don’t have a functional calculus,
and we can’t define 14<,, and our definition of the spectral exponent does not make sense.
However, at least in the bounded case, the spectrum is discrete, so we have eigenfunctions, and
we can prove a spectral inequality.



But even if it is not, some poorly understood geometric conditions on the control
domain can still ensure null-controllability, at least in large enough time (it happens
for the Kolmogorov equation, the Grushin equation and the heat equation on the
Heisenberg group, see previous references).

1.4 QOutline of the proof, structure of the article

As usual in controllability problems, we focus on observability inequalities on the
adjoint systems, that are equivalent to the null-controllability (see [12, Theorem
2.44]). Specifically, the null-controllability of the Kolmogorov equation (1) is
equivalent to the existence of C' > 0 such that for every solution g of”®

(0 — 0?0, — 0%)g(t,x,v) =0 t € (0,T),(x,v) €Q (5)
with Dirichlet boundary conditions if 2 =T x (—1,1),

19(T, )20 < Clglrz(o,r)xw)- (6)

In the same spirit, the null-controllability of the rotated fractional heat equation (2)
is equivalent to the existence of C' > 0 such that for every solution g of

(0, + Z2(=A)Hg(t,2) =0 te(0,T),x € (7)

we have
19(T, )2 < Clglr2(0,1)xw) (8)

Let us first look at the eigenfunctions of the Kolmogorov equation for €2, = R.
The first eigenfunction of —92 + inv? on R, is e~ V™2 (up to a normalization
constant), with eigenvalue v/in. So, ®,(z,v) = e~ Vinv’2 i an eigenfunction of
the Kolmogorov operator v20, — 02, with eigenvalue v/in. So, the solution of the
Kolomogorov equation (9; + v?0, — 9%)f = 0 with initial condition f(0,z,v) =
Y a, P (x,0) is f(t,z,v) = Zane*mtq)n(x, v). This suggests that, dropping
the v variable for the moment, the Kolmogorov equation is close to an equation
where the eigenfunctions are the e* with eigenvalue v/in, i.e. the equation
(0 + Vi(=A )Y f(t,r) = 0 with 2 € T.

So, we will start by looking at the rotated fractional heat equation. We will
need to begin with the case of the rotated fractional heat equation on the whole real
line. In Section 2.1 We will disprove the observability inequality (2) by looking at
solutions of the rotated fractional heat equation (7) with coherent states as initial
conditions, i.e. initial conditions of the form gj(z) = e™/h=2%2h  We will get
asymptotics on the solutions thanks to the saddle point method, or more precisely,
the following slight generalization we prove in Appendix A:

5Note that this is the adjoint of the Kolmogorov equation where we reversed the time.



Proposition 5. Let H® be the set of bounded holomorphic function on D, =
{lz| < a}, with norm |u|o = supy, <, [u(2)]. Let 0 <a <1, r € HX andu € H.
We have:

[ ey 6y dé = 007 w(0) + O(h' " ul.c)) )

Moreover, the first O does not depend on u at all, and both of the Os are locally
uniform inr € H®.

From this non-null-controllability result of the rotated fractional heat equation
on the whole real line, we prove in Section 2.2 the same result on the torus by
considering periodic version of the solution on the whole real line. We treat
Kolomogorov’s equation on 2 = T x R by unsubtly adding the v variable to
the solutions of the rotated fractional heat equation on T (Section 3.2). For
Kolmogorov’s equation on Q@ = T x (—1,1), we need some information on the
eigenvalues and the eigenfunctions, which are not explicit anymore. Fortunately,
we already proved most of what we need in another article [17, Section 4]. We
prove the non-null-controllability of Kolmogorov equation in Section 3.3.

2 Non-null-controllability of the rotated fractional
heat equation

2.1 The rotated fractional heat equation on the whole real
line

For 29,& € R and h > 0, let ¢, j, : & — (wh) =/ 4ei€/h=2%/2h 1o the (semiclassical)

coherent state centered at (0,&p). Let us fix { > 0 and x a C*(R, [0, 1]) function

which is equal to 1 in [—&y/4,&/4] and which is zero outside of [—&y/2,&y/2]. We

define gy as the semiclassical coherent state centered at (0, &) which has been
bandlimited with the cutoff x(&§ — -):

o = Fi L (X(€ — &) Fn(deon)(€))
where F, is the semiclassical Fourier transform defined by F,(f)(¢) = h=Y2F(f)(£/h),

or equivalently:

FN© = = [ Sy ag

We will note A = z( A)*? where R(z) > 0 and 0 < a < 1. We have
Fi(degn)(€) = (mh) V4= E-02h 5o for all t > 0:

Fale™ g0a) ) = (€ = G)e (o (10)

7



Proposition 6 (Punctual estimates). Let € > 0. We have uniformly in t > 0 and
|z| > e:

e—tA*govh(x) — O(’a:‘—Qe—C/h—Ct/ha) (11)
and locally uniformly in t > 0 and |z| < & /8:

e_tA*go,h(IB) = eix§0/h—x2/2h+o(hfa) (12)

Proof. Thanks to the expression of F(e~*"go 1) (Eq. (10)) we have

_ * ]. (e iz _tzgo le%
e o (@) = [ €Ty (6 _ g)eE qg, (13)

(z) = NeEL

and noting ¢, (§) = (£ — ix)%/2, we have —(§ — &)*/2h +ix§/h = —¢.(§ — &) /h +
i€ox/h — x*/2h, so by the change of variables & — & — &, we have:

* 1 ; = (e (e
et go n(x) = — = eitbo/h=s/2h / o9/ (£)eBHEH) /A qe (14)

(@) = V2(mh)3/4 R

The function & ~— y(R(€))e ##E+0)* /A is supported in [~&y/2,&0/2], C™® on
R, constant on {—§y/4 < R(§) < &/4}. So we can deform the integration path
between £ = —§y/4 and &/4.
To get the first estimate, we first integrate by parts to get the decay in z: using
the fact that
—h(?ge_‘”(g)/h =(£— z‘x)e_"ﬁz(@/h

we get
/R e (€)/hy (£)HHER) H g /R e~ 0O/, (£) d¢ (15)

with )
uz (&) = <h(95£ —12:E> (X<§>e*t2(f+§o)a/h°‘> _ (16)

Then, we deform the integration path toward iz, to increase R(¢,(§)). For in-
stance, we can choose to follow an hyperbole arc of the form R(¢.(£)) = R(¢.(a)) =

a?/2 — 2*/2 for a = min(&y/4, |x|/2) (see Fig. 1). The length of this hyperbole arc
is bounded independently of 2% and so we have:

L Omu©dd <o s @l e
R

£Eintegration path

We choose a less than |z| because otherwise, there is no hyperbole arc containing the
integration endpoints +&y/4: they would be on different connected components of the hyperbole
R(p2(€)) = a?/2 — 2%/2. Obviously, this choice implies that the decay we prove is not the optimal
one, but the will get the optimal decay in estimate (12).

8



and using the definition of u, (Eq. (16)) and the fact that £ is supported in
[—€0/2,80/2], we get

/Re—%(ﬂ/hum(g) d¢| < C|m|—Qe—ct/hae—a2/2h+:v2/2h (18)

and with the definition of e~ go 5 () (Eq. (14))
|€7tA*90,h(37)| < C‘x’72h73/467a2/2h7ct/h“ (19)

which proves the first estimate.

To prove the second estimate (Eq. (12)), we simply use the saddle point method.
First, we change the integration path in equation (14) for one that goes through
the saddle point £ = iz, and we get

/Re_%(5)/hx(f)e_t5(5+5°)a/ha d¢ = ¢ e~ E7/2h o —tZ(E+E0+im) /A d¢ + O(e_c/h) (20)

—a

where a > 0 is small enough (say, a = &/8), and the O, corresponding to the
part of the integral away from the saddle point, is locally uniform in ¢ > 0 and
|z| < &/8. Then, we use our saddle point theorem (Proposition 5), which gives us

/R e~ 02O/hy (£)e tEET TR g = LOWT) 4 O (e=c/h) = (O™ (21)
where, according to the last part of Proposition 5, the Os are locally uniform in
t >0 and |z|] < & /8. Then, equation (14) gives us the claimed estimate (12). [

We now can prove the non-null-controllability of the rotated fractional heat
equation on the whole real line.

Proof of Theorem 3 in the case {) = R. Since the rotated fractional heat equation
is translation invariant, we can assume without loss of generality that w = {|z| > €}.
Then, the functions gy (¢, z) = e ' go,(x) that were defined before provide a
counterexample to the observability inequality(8). Indeed we have according to
the lower bound (12) of Proposition 6

l9(T, ) 2@y > lgn (T, ) 2(o1<g > 7"

and according to the upper bound (11),

c _. i
|gh|%2((o,T)xM) <T o v Mhde < Ce=e/h

and taking h — 0T disproves the observability inequality. O]

9



R(d2) <0

Figure 1: In blue, the interval where y = 1. The diagonal lines define four sectors; in the
left and right ones, (¢,) > 0 and in the top and bottom ones, R(¢,) < 0. In red, the
path of integration we chose in the integral defining e *4fy (Eq. 14). Left figure: if =
is not too small, we deform the integration path toward iz, by following a hyperbole arc
R(¢z) = constant between —a and a (a independent of |x| > €). Right figure: if |z| < &/4,
we choose a path that goes through the saddle point iz, but that stays in {R(¢,) > 0}.

Remark 7. We can extend the proof to higher dimensions, as well as any open
subset of R™ (as long as R \ w contains an open ball).

Also, we implicitly looked at the fractional heat equation with complex valued
solution. This means that we proved that there exists a initial condition fy of the
rotated fractional heat equation that we cannot steer to 0, but this initial condition
might not be real valued. For the (unrotated) fractional heat equation, we might
be more interested in real valued solutions. But our results actually implies there
exists a real valued initial condition that cannot be steered to 0, for if both the
real part (fy) and the imaginary part (fo) could be steered to 0, then fy itself
could be steered to 0. Such remark stays true for the Kolmogorov-type equation.

2.2 The fractional heat equation on the torus

The case of the fractional heat equation on the torus is a bit different because we
are not dealing with integrals, but sums. Therefore, tools like the saddle point
method do not seem to be of much use. Nonetheless, with a trick, we can deduce
the theorem on the torus from the theorem on the whole real line.

Proof of Theorem 3 in the case {) = T. The basic idea is the trick of the proof of
Poisson summation formula, namely the fact that the Fourier coefficients of a
function of the form goper(z) = Ypez go(x + 2wk) are the value of the Fourier
transform of g at the integers (up to a multiplication by v/27).

10



So, let g, € C*°(R) be as in the previous section. Since the Fourier transform
of gn(t,-) is C* with compact support, gp(t, z) decays faster than any polynomials
as |z|] — oo and we can define gnper(t, ) = Ypez gn(t,z + 27k). According
to the trick described before, c,(ghper(t,*)) = (27)"Y2F (gn)(t,-)(n). But, by
definition of g, as the solution of the rotated fraction heat equation, F(gn)(t,-)(&) =
F(gn)(0,-)(€)e " 50, using the trick again:

Cn(Ghper(t, ) = Cn(Gnper(0,-))e” "M% (22)

SO ghper 18 solution to the rotated fractional heat equation (7) on the torus. Now
we prove that the terms for k # 0 are negligible. Indeed, we have by definition of

Ghper

> gn(T, - + 27k)

kEZ

|gnper (T, ')‘LQ('JT) = (23)

L2(T)

and by singling out to term for £ = 0 and thanks to the triangle inequality

|\ Ghper (T )2y = |90 (T M e2(enm — > 190(Ts ) L2(@k—1)m @28+ 1)m) (24)
J20

and thanks to the punctual estimates on g;, (Proposition 6)

|gnper(T, )12y > 7" =370 (k2 _C/h) (25)
k70
> O _ O(em/M). (26)

In the same spirit, we have thanks to the triangle inequality, and identifying
w="T\[—¢,¢€ with (=7, 7) \ [—¢,¢] CR

| Ghper| 20, 11xw) < D 19| L2107 % (w+27k) (27)
keL

and thanks again to the estimates of the previous section

‘ghper’LQ([O,T}Xw) = O(eic/h)' (28)

Taking h — 07 disproves the observability inequality (8) and proves the Theo-
rem. O

"We added the cutoff function x just to localize the Fourier transform away from the singularity
of [£|* at & = 0.

11



3 Non-null-controllability of the Kolmogorov equa-
tion

3.1 Introduction

Now, we look at the Kolmogorov equation (1) with associated observability in-
equality (6). As hinted in the introduction, we look for counterexamples of the
observability inequality among solutions of the adjoint of the Kolmogorov equa-
tion (5) of the form g(t,z,v) = 3,50 an€™ g, (v)e ", where g,(v) is the first
eigenfunction of —9% —inv? and )\, its associated eigenvalue, that is equal to /—in
if 2, = R, and is close to v/—in if Q, = (—1,1).

We remark that apart from the g, (v) term, those solutions have the same form
as solutions of the rotated fractional heat equation (9, + v/—i(—A)Y*)g = 0. So,
the strategy is to prove the same estimates we proved for the rotated fractional heat
equation, but with some uniformity in the parameter v. Since the computations are
essentially the same, we only tell what we need to care about in comparison with
the rotated fractional heat equation, but we do not give (again) the full details of
the computations.

3.2 The Kolmogorov equation with unbounded velocity

Proof of Theorem J with €2, = R. In the case 2, = R, the first eigenfunction of
—0% + inv? is g,(v) = e V"2 with eigenvalue \, = v/—in. Without loss of
generality, we can assume w, = T \ [—¢,¢€]. To mimic the proof of the non-null-
controllability of the rotated heat equation on the torus, we adapt the definition of
gn in equation (14) by adding the v-variable:

1 . :
N T /R (€ — &) eiee/h— (6= 2h—V=i&/mv/2 g (29)

Its evolution by the rotated fractional heat equation (9, + v/ —i(—A,)"/4)g = 0 is:

go,h(fl% U) =

1 —V —1 v
h(t.2,0) = o [ (€ = )OI g (o)

or equivalently
Falgn(t,0))(€) = (wh) VX (€ — &)em S mmie/meztn (31

We also define its periodic version gpper(t, z,v) = Y pcz gn(t, ¢ + 27k, v). Since
its Fourier coefficients in x can be written as

cn(Gper(t, -5 0) = VhFi(gn) (hn) = appe™ "D = a0V Mg, (0), (32)

12



Ghper Can be written as gpper(t, ,v) = Zah,ne\/imtgn(v)emx. SO Ghper satisfies the
adjoint of the Kolmogorov equation (5).

We remark that the g, we defined here is the same as the one we defined for
the rotated fractional heat equation in equation (14), with a = 1/2 and z = Vi,
but with ¢ + v?/2 instead of ¢. So, according to the estimates we proved on g, in
Proposition 6, we have uniformly in |z| > €, ¢t > 0 and v € R

gn(t, z,v) = O(|z| 2e/hetrv/2NR) -
and locally uniformly in ¢ > 0, |z| < e and v € R
gn(t, ,v) = eio/h—o"2htO(h /%) o

Moreover, by adapting the computations we did to get the theorem for the
rotated heat equation on the torus

|ghper| 20 11x0) < D 190l L2017 % (et 27k) xR) (35)
keZ

and by integrating the upper bound on g, (Eq. (33))

1 —c
|ghper‘L2([O,T]><w) = Z O (]{726 /h> (36)
kEZ
= O(e™/"). (37)

On the other hand, we have

’ghper(Ty ) )lLQ(Q) > |ghper(T> ) ')’LQ(\x|<e,\v\<e) (38)
> |gn(T, ) 2(e<eol<) — 2 100 (T, )| 2(wtomki<c o<y (39)
k20

so, integrating the lower bound (34) for the term k£ = 0 and the upper bound (33)
for the other terms, we have

~1/2 1 _.
’ghper(T> ) ')|L2(Q) > eCh™ ) Z @ (k;Qe /h) (40)
k+#£0
Z €O(h71/2) o O(e—c/h) (41)

Taking again h — 0 disproves the observability inequality and proves the
Theorem. ]

13



3.3 The Kolmogorov equation with bounded velocity

To treat the Kolomogorov equation with €2, = (—1,1), we need some information
on the first eigenfunction g, of —9? — inv? with Dirichlet boundary conditions on
(—1,1), and with associated eigenvalue \,, = v/—in + p,. Moreover, as we will do
some change of integration paths, we also need some analycity in n. We will note
g¢ the first® eigenfunction of —9?% + (€U)2, and :\5~ =+ pg the associated eigenvalue,
so that, with £ = v/—i€, we have ge = g¢ and pg = pg.

In an article on the Grushin equation [17, Section 4] we proved that g and

g exist if R(E) > 0 and |€] > r(Jarg(€)|) for some non-decreasing function r :
(0,7/2) — R,. We also proved the next two theorems.

Theorem 8 (Theorem 22 and remark 23 of [17]). Let 0 < 6 < w/2. We have
. 4 =39 ¢
pé ~ ﬁfgﬂ@ ¢

in the limit |€] — oo, |arg(€)| < 6.

Proposition 9 (Proposition 25 of [17]). We normalize g¢ by §z(0) = 1 instead of
|9elrz = 1. Let 0 < 0 < 7/2 and € > 0. We have for all v € (=1,1) and €| > 7(8),

arg(&)] < 0: 3
e =256 (v)| < Cep.

Theorem 8 gives us all we need to know on the eigenvalue, while proposition 9
gives us an upper bound on the eigenfunction. We will also need the following
lower bound, that we prove in appendix B.

Proposition 10. Let 0 < 0 < 7/2 and € > 0. We normalize gg again by gg(0) = 1
and define tg(v) = 65”2/2575(1)). Then tig(v) converges exponentially fast to 1, as
€| = oo, |arg(€)| < 6, this convergence being uniform in |v| < 1 — €.

We now know all we need to adapt the proof of the non-null-controllability of
the Kolmogorov with €, = R to the case of 2, = (—1,1).

Proof of Theorem J with 2, = (—1,1). The counterexample to the observability
inequality (6) is basically the same as in the case 2, = R, only with the added
corrections to the eigenvalues and eigenfunctions. We define g, (¢, z,v) by:

1
gn(t,z,v) = W

S“Fir§t” in the sense that it is the analytic continuation in € of the first eigenfunction of
—02 + (&v)? for € € R, assuming it exists.

/RX<5 _ 50)efiwé/h*(ﬁféo)Q/%*vfiﬁ/h(t+v2/2)5h7tyv(5) dé¢ (42)

14



where d+,(§) is the “correction” defined by
Onw(&) = VM2 (v)etren (43)

or equivalently,

1 —iT —(6—£0)%/2h—
gn(t,z,v) = \/W/RX(f — &)e /NI At gy (0) dE. (44)

With the notation ¢,(§) = (£ —ix)%*2 (as in the proof of Proposition 6), we rewrite

it as:
eixﬁo/h—xQ/Zh

t,x,v) = — I, (t,x,v 45
gh( ) \/5(7'(']1)3/4 h( ) ( )
with
In(t, x,v) = / X(€)€_¢I(§)/h_v_i(€+§0)/h(t+v2/2)5h,t,v(€ + &) dé (46)
R
We also define the periodic version of g,
Ghper (t, T, 0) = Z gn(t, z + 27k, v) (47)

kEZ

which is solution of the adjoint of the Kolmogorov equation (5) on T x (—1,1).
Indeed, thanks to the definition of g, (Eq. (44)), the Fourier transform of gy, is

Flgn)(€) = VR Fiu(g)(h€) = (h/m)*x(he — &o)e~ M-I 2h=Actg (1)) (48)

and thanks to the trick of Poisson’s summation formula, the Fourier coefficients in
x of gpper are of the form

Cn(ghper@’ ) U)) - ah,ne_)\ntgn(v) (49)

with ay,, = 272707 3/4p 4 (hn — &) 6_(h”_50)2/2h, and we have

Ghper(t, ,0) = apne g, (v)e™ (50)

nel

and since g, (v)e™® is an eigenfunction of the Kolmogorov operator with eigenvalue

A, this proves the claim that gppe, is solution of the Kolmogorov equation.
As in the case 2, = R, we prove the following estimates:

Proposition 11 (Punctual estimates). We have uniformly in |z| > € and, t > 0
andv e (—1,1)

gn(t,z,v) = O(|z|2e~/") (51)
and locally uniformly int >0, |z| < e and v € R

gh(t, x7 'U) — eiwgo/h7x2/2h+o(h—a) (52)
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i

0 —i(& + 1)

So + T

i(& +T)/h

Figure 2: Left figure: an example of a path I' we want to integrate the definition of g on
(Eq. (45)). Right figure: what I" becomes under the transformation v —i(&y + &)/h for a
fixed h. In gray, (part of) the complex domain where the eigenvalue Pg and the eigenfunction

G is defined. The “correction” o+, (€ + &o) is defined on I" if € =V—i(€ +&)/h is inside
the gray domain for & in T.

These estimates implies, as in the case €2, = R, that gsper is a counterexample
to the observability inequality (6), which in turn implies Theorem 4, and we omit
this part of the proof.

The proof of these punctual estimates is basically the same as the proof of the
similar (simpler) Proposition 6, but we need to make sure that the “correction”
goes well with the proof, notably with the changes of integration path.

Note that in the integral defining g, (Eq. (45) and (46)), we integrate only on
(—=&0/2,&0/2). Now, if we want to change the integration path from R to say T,
we need to make sure that, as in Proposition 6, we change the path only between
& = =& /4 and & /4, where x = 1, but also that the “correction” is defined on
this path. Note that according to the discussion at the beginning of this section,
the “correction” d54,(€) is defined for |arg(v —i€/h)| < 37/8 (for instance) and
|V —i&/h| large enough (see Fig. 2). This holds for example if £ — &, is in a small
fixed neighborhood V' of [=£y/2,&y/2] and h < hg (with hy small enough). In the
rest of this proof, we will make sure the changes of integration path we will do
in equation (45) are valid by ensuring they are small enough to stay inside V.
Moreover, Theorem 8 and Propositions 9 and 10 translate respectively into the
estimates:

et —1] < Ce M for € € &+ V,h < hpand 0 <t <T (53)
eV~ g (v)] < C for § € & +V.h<hpand ] <1 (54)
eV (0) — 1] < CemM for € € &+ V,h < hg and [v] < 1/2.  (55)

To get the estimate (51), we integrate by part in the definition of I, (Eq. (46))
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to get a decay in x:

In(t, 2, 0) = / e Oy, (€)dE (56)
R

with

2
Untoo(&) = (h@gg — m) (X(f)e_v_i(€+£°)/h(t+“2/2)5h,t,v(5 + fo))
(57)

2
1 e re— .
- (hagé” - m:) (@Y TR g e ey p(w)e oo )

Then, we change the integration path for one I'j, that follows an hyperbole arc
R(p.(£)) = a¥/2 — %2 = R(¢,(a)) with a small enough so that the hyperbole arcs
for |z| > € are in the domain V' (where 0p,+,( + &) is defined). Then, we get

In(t, 2,0) < C sup |upg0(€)|e07/2+a%2h, (58)

gely

Moreover estimates (53) and (54) imply that for £ € Iy, and |z| > e

[Uh b0 (€)] < Celz] ™2 (59)

so, combining this estimate with equation (58) and the definition of g, (Eq. (45)),
estimate (51) holds.

To get the lower bound (52), we again use the stationary phase method. We
first deform the path for one that goes through &£, = 7z. Since we can deform the
path only in the neighborhood V' of [—&,/2, & /2], we can do this only if z is small
enough, say |z| < e.

Then, we again use Proposition 5. Note that even though this Proposition is
stated for u independent of h, the first O does not depend on u and the second O
depends on w only via its H2°-norm |u|s. So we can actually apply this Proposition
with u;, depending on h assuming u, — up in H° as h — 0. In our case, we
will apply the saddle point method to up(§) = 0pr(€ + &) (with § defined in
equation (43)), with estimates (53) and (55) ensuring that for some a > 0 small
enough, u;, -+ lash — 0in HX.

So the saddle point method implies that locally uniformly in x small enough,
inveRand t >0

In(t, z,0) = 2 (1 + O(Vh)) (60)

so, according to the definition of g5 (Eq. (45)), we have locally uniformly in |z| < e,
veRandt>0

gh(t,x,v) _ ez‘a}fg/h—aﬁ/?h—i—@(h*l/?)(l + O(\/E)) (61)

and integrating this estimate proves the last estimate of Proposition 11 and as we
discussed earlier, the main Theorem 4. O
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Appendix A The saddle point method

The saddle point method (see for instance [23]) is a way to compute asymptotic
expansion of integrals of the form [ e?®)/"y(z)dx in the limit h — 0F. As this is
the main tool for disproving the observability inequalities of the equations we are
interested in, let us take some time to briefly review it, as well as state a slightly
different version than what is usually found in books.

The “standard” saddle point method deals with integrals of the form I(h) =
[ e?@/h dx, where ¢ and u are entire functions, and where (to simplify) ¢ has a
unique critical point, say at 0, that is nondegenerate. The basic intuition is that
in the limit A~ — 0, the main contribution to the integral come from where R(¢)
is the highest. But if the functions we integrate are analytic, we can change the
integration path, and try to reduce R(¢) along the integration path. The end result
is a three-steps procedure to get the asymptotic expansion:

1. change the integration path for one that reduce R(¢) as much as possible,
while keeping the same endpoints; such a path goes through the critical point
0 of ¢;

2. either the main contribution come from the saddle point, or from the end-
points; in the first case’, use the Morse lemma to write the integral as
e?@)/h (4 o=a2hiy(47) Az’ + O(e~9/") (the O is the part of the integral that
is away from the saddle point);

3. use Taylor’s formula to get I(h) = e?@)/h$, ff;, dpr™ e 4z’ and finally

use the fact that [ eFe=€/2d¢ = 0 if k is odd and % if k is even to get:

I(h) ~ e? O N \/2r iy h* /2 (62)
k

where the @y, are of the form Agxu(0), and Agy, are differential operators of order
2k that depends on the Morse lemma, with in particular iy = u(0)|¢”(0)]~1/2,

In this “standard” saddle point method, the functions u and ¢ does not depend
on h, but in the rest of this article, they do, so we need Proposition 5.

Proof of Proposition 5. The strategy is to see ¢y (&) = £¥/2 — h'7r(&) as the
phase, and to do the same changes of variables and integration path that are done
in the saddle point method, even if the critical point and the Morse lemma depends
on h.

9We are not interested in the second case.
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Throughout this proof, we will note i/ = h!'~*, and we fix ro € H>°. We want
to find a neighborhood V' of 7y such that the estimate of the Proposition (Eq. (9))
holds uniformly for » in V. We will also note I}, the integral we want to estimate:

Inplw) = [ eSO u(g) e (63)

Thanks to the implicit function theorem applied to D, x R x H>* — C,
(&N, r) = 0y, (§) = £ = h'r'(§), the critical point of oy, exists if ' is small enough
and r close enough to rg, say b’ < hg and r € V. We will note &, the critical point
of ppr. It depends continuously on (h’, ), and since the critical point §(r) = 0 for
h = 0 is nondegenerate, the critical point ¢, is still nondegenerate if h is small
enough. Note that we have

gh,r = th/(ﬁh,r) = h/Rh,r (64)

with Ry, that depends continuously on (h',7) € [0,ho) x V. Therefore, the
“minimum” of the phase, which we will note ¢, = @p. (&), satisfies

Chy = _5,2%7“/2 + Wr(&n) = h’R}M. (65)

with Rj, . that depends again continuously on (h',r) € [0, hg) X V.

Now that we now where the critical point is, and what the critical value of the
phase is, let us look at the change of variables we need to do to get ¢, () = n%/2.
According to Taylor’s formula, if we set 1,,(€) = 2 5 (1 — 8)r" (&, + s€) ds, we

have:
2

(p(gh,r + é) = Ch,r + (1 + h/wh,r(€>>§' (66)

So, by the change of variables/integration path n = \/1 + b/, (€) &, we have:
a 2 d

O /2’m<5<v7>>df7 dip+ O(e™"ul ) (67)

where the O comes from the fact that we changed a bit the integration endpoints,
and is uniform in r close enough to ro. And since n = ¢ + O(R'), we have
g—f] =1+ O(l), and u(&(n)) = u(n) + O(h'|v'|), so, by the standard saddle point
method:

Iy (u) = er/"/21h (u(0) + O( |u)) (68)
and since ¢, /h = R}, ,./h® with Ry, , depending continuously in (h,r) € [0, ho)x Hg®,
the Proposition is proved. O

19The O is to be understood as a O in H>*(D,), which implies that it is a O in C>(D,2).
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Remark 12. The asymptotic expansion we stated is crude (we even wrote that
V2rh e = ¢Oh)) but we can get a precise asymptotic expansion. We actually
have it in the form of equation (68), and we can get an asymptotic expansion of ¢,
with equations (64) and (65). We can also get an asymptotic expansion in powers
of h and A’ of u(¢ (n))j—f] to get a complete asymptotic expansion of Ij, , of the form

By e G g )
B

where k is the largest integer such that k(1 —a) — 1 < 0 (well, we can write more
terms, but we already take them into account in the sum outside of the exponential),
and the sum is for § of the form f =1/2+ (1 — a) + m+ n(k(l — a) — a) with &k
defined just before and I, m,n > 0. The ug and (¢;) can be in principle computed
explicitly, and we have in particular ¢; = r(0) and uy = /27wu(0).

Appendix B Precise estimation of the eigenfunc-
tions

To prove Proposition 10, we will need the following theorem, which is a special
case'! of Theorem 18 in [17].

Theorem 13. Let S be the space of holomorphic function on the domain €2 =
{lz| > 1/2,R(2) > 0} with sub-exponential growth at infinity, i.e. v € E if and
only if for all € > 0, p(77) = supp(z)>o Iv(2)e | < +00. We endow S with the
seminorms family (pe)eso- [#1>1/2

Let v in S and let H, be the operator on polynomials with a root at zero, defined
by:
H7< > anz"> => ~(n)ayz".
n>0 n>0

Let E be an bounded subset of C, star shaped with respect to 0. Let U be a
neighborhood of E. Then there exists C' > 0 such that for all polynomials f with a
root at 0:

\Hy ()| ) < C|f ooy

Moreover, the constant C' above can be chosen continuously in vy € S.

Proof of Proposition 10. The proof is made by writing g(v) as the power series
tg(v) = 3 tg ,v*", and showing that the coefficients 4y, of this power series are

"1Tn the reference, the Theorem is stated with an open (bounded star-shaped) domain U instead
of a arbitrary (bounded star-shaped) subset E of C, but we can set U = E°, and apply the
Theorem as stated in the reference to get |H.,(f)|r~(z) < Cs|f|pe=(r2s)-
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of the form g ,, = ﬁéyg(n)g”/n! for n > 1, with pg defined at the beginning of
Section 3.3, so that with the notation of Theorem 13:

e(v) = 1+ peH, (8 — 1)(v) (70)

Then, Theorem 13 will allow us to conclude.
Let us write:

tg(v) = z_joaé,nv". (71)

Since @iz satisfies the Cauchy problem —a7 +2€ viig—pgliz = 0 with initial conditions'?
ug(0) =1, ﬁ’g(O) = 0, we have figy = 1, @g,,; = 0 and

S 2né — pg .
St (n 4 1)(n+2) o"

so, by induction, for n > 1
oz (48" (n — 1)1 ! g
| (1 -2 ) | (73)

So, by defining

(72)

) - 1 4n(n|)2 n—1 B ﬁf
retn) =~z % s T 1~ 1) (74)
we have @, = ﬁgyg(n)f" and
(0"

g(v) =14 pg > ve(n)

n>1

(75)

and assuming that ¢ is in S, this is exactly the equation (70) we were claiming,.
Well, let us actually prove that 7 is in the space S defined in Theorem 13,
i.e. that we can extend n — 7g(n) to a holomorphic function on Q = {[z| >

1/2,R(z) > 0} with subexponential growth. This is obvious for the term —1/(8n).
The term 4"(n!)?/(2n)! can be extended to © with the Gamma function, and
Stirling’s approximation gives us the subexponential growth (actually a decay in
1/4/z). The product term is a tiny bit more tricky to extend to non-integer values.
We define it with the following formula, which is inspired by [22], and where we
have set a = —55/451

o 14
5:(2) =T] k. (76)
: k=1 1 + k+z

12Here we use the fact that g is even when ¢ is real positive, which is well-known from
Sturm-Liouville’s theory.
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(Both of these equalities are actually definitions.)

We now claim that if |af < 1/2 and R(z) > 0, then [0¢(2)| < C|z|°. The proof
of this claim is just a few basic computations, and we postpone it after the end of
the proof at hand.

Since o = ,55/45, according to Theorem 8, |a| < 1/2 as soon as |arg(£)| < 6 and
€| is large enough, say |€| > M (depending on 6). Then, according to the claim,
the term 5§~(z) has subexponential growth in {2, and since it is holomorphic, it is in
S. Moreover, this estimate also proves that (55)|a|<1 /2 is a bounded family of S.

So (7¢) is a bounded family of S for larg(€)| < 6 and |€] > M. So, according
to Theorem 13 for any neighborhood U of [—1 + €, 1 — €], there exists C' > 0 such
that for all v € (=1 4+¢€,1 —¢):

[Ho (e = 1)(0)] < OO+ e o) (77)
and if we choose U to be small enough, we have
|HL (5 = 1)(v)| < €[], (78)
Finally, thanks to equation (70) and Theorem 8, we have
[ag(v) — 1] < Csl&[*/2]e~] (79)
which proves the proposition. O

We now prove the claim that |5¢(2)| < C|z[°.

Proof of the claim. We first write

6¢(z) = exp (gln (l—i— Z) —1In <1—|— kjé- )) . (80)

z

Let us also remind that we assume |o| < 1/2, |z| > 1 and (z) > 0, so that for
ke N |a/k| <1/2and |a/(k+2z+1)| < 1/2.

We note ko = ||z]], and we separate the sum into a sum for k£ < ky and the
sum for k > ko. About the part of a sum for k < kg, we have thanks to the triangle
inequality and the fact that for |z| < 1/2, [In(1 + x)| < c|z|:

ko ]CO
o o 1
n{l+—)-In(1l+—-1}| <2 — 81
,;fl( +k> n( +k+z>‘_ clal 2. 7 (81)

and by the relation between the harmonic sum and the logarithm,

ko
Zln(lJra) —1n(1+0‘>
= k k+z

< 2¢|a|(In(ky) + C) (82)

22



and since ko = [|z]],

ko

S In (1+O‘> - (1+O‘>
= k k+z

About the rest of the sum, we have by writing In(1 + b) — In(1 4 a) = J° 1%,

< 2cfa|(In(|2]) + C"). (83)

~—~

a/(k+z) d
/ & 84)

o/k 1+

+o0 a
Z ln<1+k)—ln<1+

x
) <
k=ko+1 k+z k=ko+1

and since \IJ%QJ <2forx € |a/k,a/(k+ z)]

= a a =l o
) ln(l—i—)—ln(l—i— )g S oot (85)
k=ko+1 k k + z k=ko+1 k k + z
00 1
<lazl > (86)
k=ko+1
and by comparing this sum with an integral,
+00 +oo
S In (1 + O‘) I (1 4 O‘) <oz [ 2 (87)
kot 1 k k+z ko T
< 2la) < e (39)
ko

where we again used that kg = ||z|]. Summing these two inequalities, we have
+o0o

Zln<1+o‘) —1n<1+0‘>
= k k+z

which, with equation (80), proves the claim. O

< 2cla(In(|z[) + C") (89)
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heat equation.
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