RAPID STABILIZATION OF GENERAL LINEAR SYSTEMS WITH
F-EQUIVALENCE

AMAURY HAYAT AND EPIPHANE LOKO

ABsTRACT. We study the rapid stabilization of general linear systems, when the differential
operator A has a Riesz basis of eigenvectors. We find simple sufficient conditions for the rapid
stabilization and the construction of a relatively explicit feedback operator. We use an F-
equivalence approach relying on Fredholm transformation to show a stronger result: under these
sufficient conditions the system is equivalent to a simple exponentially stable system, with ar-
bitrarily large decay rate. In particular, our conditions improve the existing conditions of rapid
stabilization for non-parabolic operators such as skew-adjoint systems.

1. INTRODUCTION

Stabilization is one of the three main problems in control theory, together with controllability
and optimal control. The goal is to drive a system of differential equations to a given long-term
behavior by acting on it with a control, with the specificity that the control has to be a function of
the state. This creates a feedback loop (the control influences the system which in turn influences
the control), which can make the achieved stability relatively robust. However, this feedback loop
makes the mathematical problem of finding a suitable control difficult and even the well-posedness
can be a challenge. From a practical point of view, stabilization has many applications [I1], in
engineering [3], transportation [32] [43] [40], chemistry [79], biology [67], population dynamics [19],
fluid mechanics [11], 44], economics [50] etc.

From an abstract point of view, the stabilization problem in a linear framework is the following:
given a system

(1) dpu = Au + Bu(t),

where A is a differential operator and B is a given operator, we would like to find a control
feedback law w(t) = K (u(t,-)) such that the system (1] is exponentially stable. That is, we want
all solutions of the system converge exponentially quickly to 0. A more ambitious problem is to
require that for any A\ > 0 there exists a control feedback law w(t) = Ky (u(t,-)) such that all
solutions of the system converge exponentially quickly to 0 with decay rate at least A > 0. This
is the so-called rapid stabilization (or complete stabilization). Solving this problem is all the more
challenging when w is finite dimensional (in particular this implies that w is not a function of
the space variable x) and B is unbounded. This is the case, for instance, when the control is
located at a boundary, or when the control is a distributed force where only the amplitude can
be controlled (see for instance [12, 28| [2 26] for particular examples). This problem is studied
since (at least) the work of Slemrod in 1972 [7I] and powerful results concerning the exponential
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stabilization of generic linear systems were obtained using tools from optimal control and LQ the-
ory by, among others, Lions, Barbu, Lasiecka and Triggiani [57, [10 55, 56], and several of these
results can be extended to rapid stabilization and an unbounded operator B [706, [78, [6l [73] and
semilinear systems [5] (15, [10], 65 4]. Nevertheless, the control feedback laws obtained often rely
either on the knowledge of the semigroup e*'*, which makes it not always explicit, or on solving
a minimization problem and an algebraic Riccati equation or a Hamilton-Jacobi-Bellman equa-
tion, which can be sometimes complicated to achieve [52], especially for non-parabolic systems.
For this reason, many works on the stabilization problem have focused on particular systems,
especially when B is unbounded, see for instance (such as [11, 52} [84] [68]).

In the recent years, a new approach has been introduced to tackle this problem more generally:
the feedback equivalence (F-equivalence). Instead of trying directly to find a feedback K, this
method consists in solving a different mathematical problem: finding an isomorphism-feedback
pair (7, K) such that 7" maps the original system of interest to an exponentially stable target
system. If such a pair exists, then the original system with feedback K is exponentially stable,
thanks to the isomorphism property of T'. In the particular case where T is a Volterra transform of
the second kind, this method corresponds to the well investigated backstepping method introduced
by Krstic and his collaborators in [8, 14} [54] (and inspired from the finite dimensional method
[18, 51 [74] and the adaptation [25]) which has known a large success in the last 20 years for many
different classes of systems (see for instance [45]). For this reason the F-equivalence in infinite
dimension is sometimes called generalized backstepping or Fredholm backstepping, when relying
on Fredholm transformation, although no proper backstepping phenomena occur.

For finite dimensional systems, the concept of F-equivalence goes back to Brunosvky [17]
for linear systems and was extended to nonlinear systems in many subsequent work (see for
instance [48] 35,162, 20]). For infinite dimensional system, a similar approach relying on Fredholm
transformations was introduced in [28] for the special case of the Korteweg-de Vries equation and
the Kuramoto-Sivashinsky equation [29]. Other systems with boundary controls were investigated
using Fredholm transformations as a generalization of the Volterra backstepping in [27, [33] 69].
Since then, several works in a similar spirit have successfully extended and formalized the F-
equivalence to many different frameworks: the (linear) Schroedinger equation in [21], a degenerate
parabolic equation [39, 58], the 1-d heat equation in [38|, the transport equation in [83], the
linearized Saint-Venant equations in [26]. The hope that this approach could be used in a general
framework, rather than in specific cases, materialized in [37] where the authors introduced a
compactness-duality method to generalize the approach to any (linear) skew-adjoint system when
the differential operator has eigenvalues A, scaling as n® with a > 1. This impressive result
resulted from overcoming the structural limitations of the original method in [28] and as a side
result allowed to deal with systems like the capillary gravity water-wave equations that was an
open question presented in [24]. Nevertheless, these results are restricted to skew-adjoint systems
which enjoy very nice properties (such as a basis of orthonormal eigenvectors, pure imaginary
eigenvalues, generates a C¥ group, etc.)

In this paper we generalize the F-equivalence to a much more generic class of systems: any
system where A generates a C? semigroup, has a Riesz basis of eigenvectors with eigenvalues with
finite multiplicities and satisfying a growth assumption (see @f) We illustrate these results
on several linear and nonlinear (semilinear) examples: Schroedinger equation, parabolic systems
and a general diffusion equation, Burgers equation, and a Gribov system that is neither self nor
skew adjoint.

The main point of this approach is to give explicit feedback controls and conditions under
which the PDE system under consideration is equivalent to a simpler PDE system, rather than
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trying to improve the sufficient conditions of stabilizability coming from the successful existing
abstract approaches (such as [55], 56, [73] [78, 60}, 59, [65]). Nevertheless, in some cases, our method
results in very weak and generic sufficient conditions for rapid stabilization which, to the best
of our knowledge, were yet unknown. In particular, for skew-adjoint systems we show that the
system can be rapidly stabilized even if the control operator B is not admissible and the system
is not exactly null controllable in the space of stabilization. This is discussed in Section [3.1]

2. NOTATIONS AND ASSUMPTIONS

Notations In what follows, N* stands for the set of positive entire numbers that is N* = N\ {0}
and Z* = Z \ {0}. Similarly we denote R* = R\ {0} and R} = [0, +00). The symbol < means
lower or equal up to a multiplicative constant.

Consider the control system described by . Let (X, (-,-)) be a Hilbert space. The operator
A : D(A) — X is assumed to be the generator of a C” semigroup {e#*};> with finite growth
bound in D(A) where D(A) is defined as

D(A) == {f € X, Af € X}.

We assume the following

(A7) A is diagonalizable, i.e. there exists a Riesz basis of X consisting of eigenvectors of A
(see [81]), and the associated eigenvalues have bounded multiplicities.

Let us denote by m € N* the highest multiplicity, one can decompose the space X into
(2) X=X1+..+X,,

such that for any t > 0, e"4X; C X;, and on which A has a spectral decomposition with simple
eigenvalues (see [37, Appendix G| for an explicit construction of such a decomposition[l). In
other words, on each of the X;, there exists a Riesz basis (of X;) of eigenvectors (¢!,)nen+ with
associated eigenvalues (\),en+ such that A}, # )\; for any n # p, and (‘P%)(z‘,n)e{l,...,m}xN* is a
Riesz basis of X. In what follow, we assume without loss of generality that any X; is generated
by an infinite number of ¢! . Otherwise the spaces X; generated by finite number of ¢, can be
easily treated as finite dimension spaces [23] and the following works with a finite set Z instead
of N*. We define for any s € R, the space

He=H]+ ...+ H,,
where

e {f= S pig S wgp <oo}.

neN* neN*
These spaces can be endowed with a natural Hilbert space structure (the formal proof is given

in [L1):
LEMMA 2.1. For any s € R, and i € {1,...,m} , the function

1/2
(3) Il = f = Ifllae = (Z n28|fé2> ,

neN*

Lthe only difference being that is not a direct sum when the basis of eigenvectors of A is not orthogonal
and the (¢%™) are chosen outside Span((¢%)nen+) but not necessarily orthogonal



4 A. HAYAT AND E. LOKO

is a norm of H; and (Hj,|| - [ ) is a Hilbert space, with inner product
(4) (Foohug =D n*faghs VI =D fugn 9= D dupn €A
neN* neN* neN*

As a consequence, for any s = (s, ..., Sy,) € R™ we can define the Hilbert space
He =H + .+ H

These spaces are intimately related to the operator A. Indeed, if the assumption |§| (see below)
holds, then H* = D(A), and for any s € Z, H** = D(A®) (this can even be extended to s € R
if A is sectorial, see [60, Section 2.6] for more details). These spaces also coincide with the
usual Sobolev spaces H® whenever (¢, )nen is an orthonormal basis of L2. Similarly to the usual
Sobolev spaces, these spaces satisfy the following embedding property

LEMMA 2.2. For any s € R and e > 0,
H5YE is compactly embedded in HE.

This actually holds for the H; taken separately and the proof is identical to [37, Section 1.8.1].
Recall that if s =0, H% = X. Since (¢p)nen is not necessarily an orthonormal basis of X with
the canonical norm || - ||x, then || - || x is different from || - ||;0. However, we have the following

LEMMA 2.3. If s =0, then || - |3 and || - [|x are equivalent norms.

This is a direct consequence of the fact that ¢, is a Riesz basis. Indeed, by definition there
exists positive constants ¢ and C such that for any (f,)nen+ € 12,

1/2 1/2

neN neN neN

Since | 32 fr@nllyo = (32 |£a2)V2, Lemmafollows.

neN neN

From [12], for each i € {1,...,m}, the family (¢! )nen+ admits a unique bi-orthonormal family
(@i)neN* in X; which forms a Riesz basis of X; and corresponds to the family of eigenvectors of
the adjoint A* of A (with respect to the scalar product (-,-) of X). Thus any f € X; admits a
unique decomposition in X; as follows

F= faon=>(f@n)¢h,
neN* neN*

and, as a consequence (f, Q)}/LZ) = (f, ¢l )g0 and this extends to any function f € H; for s € R.

Assumptions Thorough the paper, we assume the following assumptions: there exists (aq, -, am) €
(1,400)™, such that
[
(6) n% <IN 4+1<n%, YneN ic{l,---,m}
e there exists C' > 0 such that for any n,p € N*i € {1,--- ,;m},
(7) AL = Al = O —pl.

We now introduce the definition of exponential stability
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DEFINITION 2.4 (Exponential stability). Let A € L(D(A),X) satisfying assumptions (A1)
and () -(7), B € H{ x ... x H, ™ and K € L(D(A);C™). The system

(8) Oiu = Au+ BK (u),

1s said exponentially stable with decay rate p > 0 in X if the system is well-posed in X, i.e.

A+ BK generates a CV-semigroup on X, and if there exists C > 0 such that for any ug € X,
the unique solution u € C°([0,+00), X) with initial condition ug to the system satisfies

(9) lu(®)llx < Ce™luol|x, ¥t € [0,+00).
REMARK 2.5. Note that it is not assumed a priori that K belongs to L(X,C™), and there could
be cases where K does not belong to this space. This situation may happen, for instance, with

controls depending only on pointwise or boundary values (see for instance [11]) where typically
X =L1%0,1), K € L(H'(0,1); R™) but K ¢ L(L?*(0,1),R™).

3. MAIN RESULTS

Our main result generates the exponential stabilization of system for any operator A
satisfying (A1), (6)—(7).
THEOREM 3.1. Consider the control system with operator A satisfying the assumptions
(A1), (6) and (7). If B=(By, -+ ,Bm) € /H;al/Q X oo X M™% s such that
(10) < ](BZ,@Z)] <con™, VneN* ie{l,--- ,m}
for some constant c1,ca > 0, and some ~; € [0,(a; — 1)/2) for i € {1,....,m} and set & =
(1, ...y uy). Then, for any Ao > 0, there exist A > X\g and a bounded linear feedback K €
L(HF2,C™) and a mapping T that is an isomorphism from H” to itself for any 7= (11, ...,Tm)
with r; € (1/2 — o + v, 5 — 1/2 — ;) such that T maps the system

(11) Ou = Au + BK (u)
to the system
(12) 0w = Av — .

In particular, for any p > 0, A\g can be chosen sufficiently large such that the closed loop system
is exponentially stable with decay rate p > 0 in H" for any ¥ = (ri,...,7m) with r; €
(1/2 — oy + v, 05 — 1/2 — ;).

REMARK 3.2 (Regularity of the feedback operator). While the linear feedback K belongs a
priori to ,C(H&/2,(Cm), the feedback we construct is actually more reqular and can actually be

extended on L(HY/?Te C™) for any e > 0. (see and Lemma@
In fact, Theorem can be generalized as follows:

THEOREM 3.3. C’ozzsider the control system with operator A satisfying the assumptions
(A1) (6) and @ Let 8= (Br,--- . Bm) € R™, (71, +s7m) € [0, (a1 =1)/2) X ... X [0, (o, — 1) /2),
and B= (B, -+ ,Bp) € Hfr%l X e X HglmiaTm such that there exist c1,co > 0 satisfying
(13) anP < |(Bi, on")| < con PV Wne Nt ie{l,---,m}

Then, for any Ao > 0 there exist A > Ay and a bounded linear feedback K € E(Hﬁ+a/2,Cm) and
a mapping T that is an isomorphism from HPYT to itself with ¥ := (r1,...,7m) for any

(14) ri € (1/2 — oy + i, — 1/2 — ).



6 A. HAYAT AND E. LOKO

Moreover T maps the system
Ou = Au+ BK (u)
to the system
v = Av — .

In particular, for any p > 0, Ag can be chosen sufficiently large such that the closed loop system
is exponentially stable with decay rate p in HBYT, for any 7 satisfying ,

We give some illustrations from this Theorem in Sections 3.3 an application to the
Schroedinger equation is considered and the water wave equations, and an extension of the linear
Laplacian operator studied in [38].

In the particular case where A is skew-adjoint operator, this coincides with the result of [37]
but with strictly less restrictive conditions (they coincide with the condition of [37] when v = 0).
One can also recover the result on the linearized Schrodinger equation of [2I], here again with
less restrictive conditions of stabilization since |21, Hypothesis 1.1] is not necessarily needed de-
pending on the regularity of the control operator), see Section

From Theorem we deduce the following conditions for the rapid stabilization of system

COROLLARY 3.4 (Rapid stabilization). Consider the control system with operator A
satisfying the assumptions (A1) (6) and (7). Let (v1,...,7m) € [0, (a1 —1)/2) x...x [0, (aum—1)/2),
ri € (1/2 — o+ i, —1/2 —;), and B = (By,-++ ,Bp,) € H{ ™ X -+ X H @™ such that there
exist c1,co > 0 satisfying

(15) an’t < [(Biygn')] < ean” 1,

then for any p > 0 there exists a (constructive) bounded linear feedback K., € L’(H&/Z*F, C™) such
that K, € L(HY?He=T C™) for any e > 0, where 1/2 +e —7:= (1/2 — —711,..,1/2 — — 1),
and the system 1s exponentially stable in X with decay rate p.

REMARK 3.5. The conditions on the eigenvalues are asymptotic (see @,), and the knowl-
edge of the asymptotic behaviors may suffice (Corollary Corollary . However, we need
to know at least partially the value of (B;, 4,5;1) : the precise estimate required here on the growth
of (Bi, @Z> 18 also asymptotic, but we need to ensure that it is non-zero for all n. Nevertheless,
the fact that it is non-zero for every n means that we really require is approximate controllability,
which is essential for stabilizing a system without any further assumption (e.g. parabolicity). So
while this does impose restrictions, it would be hard to do without it in any case.

3.1. Link with controllability and existing conditions for stabilizability. Usually, a typ-
ical “good” condition for a generic rapid stabilization result (in X) would be admissibility of
the control operator B (in X ), and exact null controllability (in X'), sometimes reformulated as
an observability condition. These are the conditions typically required when using Riccati or
Gramian methods for rapid stabilization (see |71, 52} [76], 55, [56]). The result of [73, Proposition
1] using an observability approach to investigate rapid stabilizability in a general framework with
also uses these as assumptions (see also [72, 65] in the case where A generates a C° group and
not only a semigroup).
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In our case, because we require BK to shift all the Spectrunﬁ of A our statement is stronger
than the sole rapid stabilization and we could expect to require a stronger Conditionﬁ Sur-
prisingly, our condition can in fact be less restrictive: in our framework the system is not
necessarily exactly null controllable in X and B is not necessarily admissible in X. This is partic-
ularly striking when the system is skew-adjoint: in this case our sufficient conditions are less
restrictive than those of the existing results so far. In particular, the system can be stabilized
rapidly in X even if B is not admissible (in X) and the system is not exactly (null) controllable
in the state space X (but only in a more regular space).

To go more in detail, let us recall that being admissible (in X)) means that there exists 7' > 0
and C7 > 0 such that for every z € D(A*) (see [22], Section 2.3] or [75])

T
(16) / |B*S(t)*2|> < Crl|z||%, (admissibility condition)
0

where A* is the adjoint of A and S(¢)* is the adjoint of S(t), where {S(¢)}:>0 is the C” semigroup
generated by A. On the other-hand being exactly controllable in X at time T is equivalent to
the existence of c¢r such that

T
(17) / |B*S(t)*2|> > cr||zl|%, (exact controllability).
0

In the particular case of skew-adjoint systems, is also equivalent to exact null controllability.
In our framework, since A has a Riesz basis of eigenvectors we have the following results from
[81] (see also [70])

LEMMA 3.6 ([81]). If B is admissible then there exists C' > 0 such that

(18) |(BZ,¢7L’>| <C(l+ |Re()\ﬁl)\)1/2, v (i,n) € {1,...,m} x N*,
and if the system is in addition ezxactly controllable in X then there exists ¢ > 0 such that
(19) (Bi, @n)| > (14 |Re(A))V2, ¥ (i,n) € {1,...,m} x N*.

These conditions are necessary (and not always sufficient [42] in genera]ﬁ) to admissibility
and exact controllability in X. Note that in the case of a skew-adjoint operator, there is an
orthonormal basis of eigenvectors and one can assume that ¢, = ¢,. Comparing with our
condition ([15)) we see the following:

e If the \!, have bounded real part (for instance if A is a skew-adjoint operator, but not
only).
— For r; = 0, v; = 0 we recover the conditions of admissibility and exact controllability
in X which coincide with the regularity and observability conditions of [52, [76] [78], 65]
(and |21}, 64] for the bilinear Schroedinger equation).
— For r; € (0,a; —1/2 —~;), B is not necessarily admissible in X, in particular the
regularity condition required in |78, [76, 52}, [65] is not satisfied.
— For r; € (1/2 — a; + 4, 0), then the system is not necessarily exactly (null) control-
lable in the state space X and for r; € (1/2 —a; + i, —7;) it cannot be exactly (null)
controllable. This could seem surprising given the usual result given in [82, Theorem

2since the system should be mapped to 8,v = (A — A d)v

3In fact our problem is closer to the pole placement problem in infinite dimension for which the conditions are
usually stronger than the condition of rapid stabilization.

“Note that following [81] is necessary and sufficient for exact controllability if (A})n.; are properly spaced
(see |81l Proposition 3.4]), but they are not always here.
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16.5] (see also |73]) according which rapid stabilizability in X implies exact (null)
controllability in X for skew-adjoint systems. In fact, since in these references, the
definition of rapid stabilizability additionally requires that K € £(X,C™), which is
helpful in the analysis, in particular to ensure that the system is well-posed, but is
not assumed here (compared to the case r; € (1/2,; — 1/2)): we only require the
weaker condition that A+ BK generates a C? semigroup on X. This allows to have
a weaker assumption on the controllability of the system: note that in this case the
system is still exactly controllable in a stronger space H™" (recall that 7; < 0 in
this case). This less restrictive and relaxed definition of stabilizability can also be
found in [59, [60] where the authors provide very nice necessary conditions in terms
of observability when A is a skew-adjoint operators (but under the assumption that
B is admissible, which is not the case here).

Note that both r; € (1/2 — a; + 7;,0) and r; +; € (0,; — 1/2) can be satisfied at the
same time. As a consequence, our sufficient condition for rapid stabilization can hold
even in cases where the system is not exactly controllable in the state space X and B is
not admissible.

e If Re(\,) > ¢|\,| for some constant ¢ > 0 (for instance if A is a self-adjoint operator, but
not only)
— Ifr;+ v € (;/2,; — 1/2) then B does not necessarily need to be admissible.
Of course, if B is admissible and the system exactly controllable, then our condition on B is
always satisfied, as one could expect.

3.2. Application to Schroedinger equation around the ground state. We consider the
bilinear Schroedinger equation linearized around the ground state studied in |21} [64] (see also
[12] 13] and [61], BI] for earlier works):

0¥ = —AV — 01V + u(t)p(z) 1 (),

(20) W(t,0) = V(t,1) =0,

where o1 = 72 and ®; = \/2sin(nz) are respectively the first eigenvalue and eigenvector of
the Laplace operator with Dirichlet boundary conditions. The total family of eigenvalues and
eigenvectors are the solution of

- A, = 0,9,
(21)
0,(0) = ®,(1) = 0,
and is given by
(22) on =202, ®,(z) = V2sin(nwz), ¥n € N*.
Here, the space under consideration is, as in |21, [64]

(23) X ={f e H*((0,1);C), f(0) = f(1) = f"(0) = f"(1) = 0, Re(f, ®1)2(0,1) = 0},

One can easily check that the associated operator A = i(A + o11d) is diagonal with eigenvectors
¢n = (mn) "3 ®,, associated to eigenvalues \,, = —i(oy, — 01), for n € N* on X and satisfy (6)—(7)
with a = 2. The space X is naturally equipped with the following inner product and associated
norm (see [21]):

(24) (fra)x =Y onlf, Pa)2{g, Bu) 2,

neN*
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which, in fact, corresponds to the H3 norm (see [64, Section 1]).
One can check that (¢p)nen+ is an orthonormal basis of X, indeed

(25) (nspr)x = D> omm S0Pk (@, Bn) 12 (B, D) 12 = om0,
meN*

thus for & # n, (¢n,or)x = 0 and ||@,||x = 1. Finally, let f € X, since X C L?(0,1) and
(®,,)nen+ is a basis of L2(0,1) there exists (f;)nen+ such that

(26) f = Z fnq)n = Z 02/2]"”3071,

neN* neN*
. 2
and since f € X, (U?L/ fr)nens € 12,

In [21) [64] it was shown that the system is rapidly stabilizable, i.e. for any A > 0 there exists a
feedback operator K such that the system with u(t) = K(¥(t)) is exponentially stable with
decay rate A in X, provided that the following sufficient condition is satisfied

1 belongs to H3(0,1)

(27) 3
|(u®1, @p)r20,1)| > en™, Vn € N*

for some ¢ > 0. This implies in particular (see [2I, Remark 1.2]) that
(28) en™? < |(u®1, Bp) 20| < Cn,

for some ¢, C' > 0 (that might change between lines but are independent on n). The left inequality
is equivalent to the exact (null) controllability of the system (20) (in X)) [2I]. Since (¢ )nen= is
a Riesz (and in fact orthonormal) basis of X, the condition (28)) is equivalent to:

which corresponds to our condition with v = 8 = 0. From Corollary we can relax
the condition of |21, 37] and show that the system (20) with w(t) = K(¥(t)) is rapidly
stabilizable in X as soon as there exists v € [0,1/2) and r € (=3/2 4+ ~,3/2 — ) such that

(30) en” < {p®r, o) x| < On™ 7.
In particular, a sufficient condition for rapid stabilization is now

u belongs to H>(0,1)

(31 [(u®1, @) 20,1y > en” /2% n e N*, for some £ > 0,

Stabilization in weaker spaces In [21] 64] the space considered is X C H?(0,1) because the
system was shown to be exactly (null) controllable under the assumption (27)) (see [12]) and if
w1 is regular the system cannot be exactly controllable in weaker spaces such as H& (0,1;C) or
H?(0,1;C) N H}(0,1;C) (this is a consequence of and . However, since with our result
we do not need anymore the exact controllability to be able to stabilize the system, we can
consider the stabilisation in weaker spaces. In particular, under the condition of [12] 21, 64]
the system is rapidly stabilizable in H?(0,1;C) N HE(0,1;C): let us now set X := L?(0,1), the
following corollary holds
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COROLLARY 3.7. Assume that ([27)) holds, then for any X > 0 there exists K € L(H7/?%(0,1);C)
for any e > 0 such that the system (20)) with u(t) = K(V(t)) is exponentially stable in H" for any
r € (3/2,9/2), where

(32) W= {f € H(0,1,C) | Y [(f, ®n)r2eon|*n® < +oo}.
neN*
In particular it is exponentially stable in H?(0,1;C) N H}(0,1;C).

Proof. Tt suffices to use Theorem and to note that H? = H?(0,1;C) N H(0,1;C) (see [21]
Section 1.1] for this last point, noting that H2 in our case corresponds exactly to H(QO) in [21]). O

In general we have
COROLLARY 3.8. Assume that there exists f € R and v € [0,1/2) such that
(33) en™? < (@1, @) 20,1y < O, for any n € N¥,
for some positive constants ¢,C' > 0. Then for any X\ > 0 there exists an (explicitly computable)
linear feedback K € L(HPTY2+e C) for any € > 0 such that the system with with u(t) =

KC(W(t)) is exponentially stable in HPT" for any r € (=3/2 +7,3/2 — ) with decay rate at least
A where H® 1s given by

REMARK 3.9 (Comparison with [37]). Since the operator involved in the example is skew-
adjoint, the results in [37] can be also invoked and the obtained condition would be with
~v = 0. This makes our condition more relaxed than the one proposed in [37].

REMARK 3.10. Note that in [64] the author uses a very different method and shows an impres-
ste quantitative estimate of K with respect to A, which allows a finite-time stabilization of this
system. Since the F-equivalence constructs relatively explicitly the control K and the isomorphism
T, it would be interesting to see if it is possible to obtain in our case a quantitative estimate on
K and T and, in turn, a finite time stabilization.

3.3. Application to parabolic systems.

3.3.1. Heat equation. Let us first consider the heat equation on a torus T = R/27Z with two
scalar controls

(34) Ou = Au + pw(t),

where ¢ = (¢1,¢2)7 such that ¢; is even and ¢y is odd and w(t) € R? (the system is not
controllable in H™(T) with a single control, see [38]) . The space of consideration is H"(T) and
the eigenvectors and associated eigenvalues of the operator A = A are

(35) A = =12, @ (7) =0 "erpsin(nz), piq(z) =n Mey, cos(na), Vo € N¥,

and the constant function p3(z) = (27)~! associated to the eigenvalue 0. Note that all eigenvalues
have multiplicity 2 except 0. In [38] it is shown that for arbitrarily large A > 0 there exists a
feedback operator K € L(H™t1/2+¢;R?) for any ¢ > 0 such that this system with w(t) = K (u(t))
can be invertibly mapped to the exponentially stable system

(36) Ou = Au — Au,
in H™*"(T) for any r € (—1/2,1/2) provided that the following sufficient condition holds:
(37) c< ‘<¢Z7<10:L>HW(T)’ <C, V(Z,TL) € {172} x N*

We recover the same with our Theorem [3.3] but with a weaker condition:
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COROLLARY 3.11. Let v € [0,1/2), if
(38) c< |<¢z790:1>Hm(']I')| < Cn’y7 V(Zvn) € {172} X N*a

then for arbitrarily large A > 0 there exists a feedback operator K & E(Hm+1/2+E;R2) such
that the system with w(t) = K(u(t)) can be invertibly mapped to the exponentially stable
system in H™"(T), and in particular it is exponentially stable in H™"(T), for any r €

(—3/2+7,3/2 — ).

3.3.2. A nonlinear system: Burgers equation. Our result can in fact generalize to a nonlinear
(semilinear) system such as the Burgers equation. Let us consider

(39) Ou = Au — udzu + pw(t),

where ¢ = (¢1,¢2)7 is taken as in the previous example. The space of consideration is L?(T)
and we consider the functions (¢},) defined in and get the following

COROLLARY 3.12. Lety € [0,1/2), andr € (—=1/4,1/2 —~). If
(40) en” < |<¢ia¢lﬁ>L2(T)\ < On"t7, V(i,n) € {1,2} x N*,

then for any arbitrary large A > 0 there exists a feedback operator K € £(H3/4;R2) (and in fact
K € L(HY?>7 742, R?) for any € > 0) such that the nonlinear system with w(t) = K (u(t)) is
locally exponentially stable in L*(T).

This can be shown leveraging the F-equivalence on the linear system and using the same on
the nonlinear system exactly as in [38]. We give a proof in Appendix To our knowledge this
stabilization result is new and is an improvement of the results of [38] (which correspond to the

particular case of Corollary when r =~y =0).

3.3.3. General diffusion equation. Our Theorem also allows to generalize this to the classical
diffusion equation:

(41) O = 0z (adyu) + bu + 9K (u), on [0,400) x [0, L],

cau(t,0) + c20,u(t,0) =0
csu(t, L) + c40pu(t, L) = 0,
where a € C%([0,L];R%), b € L*(0,L), and ¢ + c3 > 0, ¢ + ¢§ > 0. This framework could
not be considered with the F-equivalence until now, while stabilization results were known with
other approaches for some time: this system was for instance considered with Dirichlet boundary
condition and ¢ a bounded operator in the reference space X (here X = L?(0, L)) in [9] and the

authors obtained a stabilization with an optimal feedback using a Riccati approach. In particular,
the following holds

COROLLARY 3.13. If there exist c1,co > 0 and v € [0,1/2) such that ¢ satisfies

(42)

L
(43) a < /O o(x)up () dz

<con”, VYn e N,

where (un)nen+ 1S the sequence of eigenvectors of the operator A := 0,(ad;) + b, then for any
A € (0,400), there exists a bounded linear feedback K € L(HY?%(0,L),C) for any & > 0, such
that the diffusion equation f is exponentially stable in H" (0, L) with decay rate A, for any
re(=3/24+7,3/2 7).
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REMARK 3.14 (Other boundary conditions). Depending on the boundary conditions that we
consider for the system , the eigenvalues of the operator A might have simple or double
multiplicity (see |53, B0, [63], [7]). Then, by adapting the space X (see ) depending on the
multiplicity of eigenvalues, we can apply our result to get stabilization condition of the system
(41) even if we consider different boundary conditions (such as Dirichlet boundary conditions
for instance).

3.4. Application to a Gribov operator in the Bargman space. The Hilbert space X
considered in this section is the following Bargmann space

X = {f : C — C holomorphic | / e 1P| f(2)]2dz < 00 and f(0) = O} ,
C
endowed with the scalar product:
122 _
()= [ gz Vrge X,

where dz denotes the 2—dimensional Lebesgue measure on C. Let us consider the operators U

and V defined as:

U:DU)C X — X V:DV)Cc X = X
fUf=4% and { f—Vf=zf
DWU)={feX|UfeX}, DV)={feX|VfeX}

The operator U is called the annihilation operator and V the creation operator. The nonself-
adjoint Gribov operator (|I], [46]) is constructed as a polynomial of the operators U and V' defined
in the Bargmann space X as follows:

(44) A= VUPR+eV(U+ VU +EVUPP% 4. 4 R(VU)PBE 4 ...

where ¢ € C and (d)ken is a strictly decreasing sequence with strictly positive terms such that
dy = 2d; = 1. This operator appears in the Reggeon field theory which was introduced by
Gribov in [41] to study strong interactions between protons and neutrons among other less stable
particules. Notice that this operator is neither self-adjoint nor skew-adjoint operator. So the
stability analysis results stated in [37], [38] can not cover this class of operator. In view of [34],
this operator can be studied on the domain D defined as

D:=D((VU)3®?)nD(V(U + V)U).
Consider now the following evolution equation associated to it:
(45) Oru = —Au + pw(t)

where ¢ is a given function and w is the control of the system. Based on [34, section 4.2], for
small value of e, there exists a sequence (¢} )y ; such that the system of eigenvectors of A forms
a Riesz basis in X which can be decomposed in entire series as follows:

mo m i .
on(2) = — +p—=+ ) €vp(2),
n: vnl izl

for any p € (0, ﬁ) So there exists a Riesz basis (¢p)nen+ of X which is a bi-orthogonal family
of (¢n)nen+. Applying our Corollary the following holds:
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COROLLARY 3.15. Let y€[0,1), and r € (=5/2+7,5/2 — ). If ¢ is such that there exists
c1,cg > 0 satisfying

can’” <

/e_zl2¢(2)@7(2)dz < e,
C

then if € is sufficiently small, for any A € (0, +00), there exists a feedback law w(t) = K(u(t,))

with K € L'(/H%ﬂn,(C) such that the system is exponentially stable in the Bargman space X
with decay rate \.

Proof. All we need to show is that: the Gribov operator —A generates a C° semigroup and the
eigenvalues of —A satisfy assumptions (@ and and then concludes by Corollary . Based
on [34, Section 4.2, Theorem 3.2|, there exists small ¢ and a sequence (), ; such that the
eigenvalues of —A are simple and can be decomposed as follows:

Ap = =13 + 0. (1),

where O(1) := Z €'\, ~ O(le], 1/n). So the conditions () and hold with o« = 3. The fact
1EN*

that —A generates a CY semigroup is a consequence of this and the existence of a Riesz basis of
eigenvectors: one can easily check that there exists A\g > 0 such that A, — w < 0 and therefore
—A — w is dissipative and similarly thanks to the Riesz basis of eigenvectors —A — \q is surjective
for any Ag > w and we can apply for instance Lumer-Phillips theorem to conclude to the existence
of a CY semigroup.

O

4. STRATEGY AND OUTLINE

To prove our main result, the main challenge is to show the F-equivalence in each of the spaces
X, separately, more precisely:

PROPOSITION 4.1. Assume that A satisfies (A1), (6) and (7). Let 8 = (B1, ..., Bm) € R™ and
Y= (V1,0 Ym) € [0, (1 —1)/2) x ... x [0, (, —1)/2). For any i € {1,...,m}, assume that B; €

”Hiﬂi_# satisfies (13). Then for any A € RL\N, where N = {)\%—)\; | (n,p) e N*, i e {l,...m}},

Loy 1
there exists a bounded linear operator K; € E(Hfﬁ 2, C) such that K; € ﬁ(?—[fz+2+a; C) for any
e > 0 and a linear mapping T; € L(H]) which is an isomorphism from H] to itself for any

re(Bi+1/2—a; +, B +a; —1/2 —~;) and maps the system,

(46) Ou = Au+ B;K;(u), ue H],
to the system,
(47) O =Av— I, veH.

The idea is that if Proposition holds, then a candidate feedback to obtain the exponential
stability with decay rate A for the total system is K = (K7, ...., K,,,)T. To do so, the main step
is to show that the system with feedback K = (K1, ..., K;,)? is well-posed, that is

PROPOSITION 4.2. Under the assumption of Theorem and with K = (K, ..., K;)T
where the K; are given by Proposition for any T satisfying , A+BK generates a semigroup
on H" and in particular the system has a unique solution u € C°([0, +00); H").

If Propositions and hold, then Theorem [3.3| (and hence Theorem follows by choos-
ing T =T, + ...+ T,,. This is detailed in Section [5.8, while the proof of Propositions [£.1] and
[4:2] are done respectively in Sections [5.IH5.6] and Section [5.7] In the remaining of this section,
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we present the strategy to show the main Proposition and the spirit of the F-equivalence
approach.

Principle of the approach. Formally, having T; mapping the system to the system
with v = T;u means that T; is an isomorphism which satisfies the following operator equality

(48) Ti(A+ B K;) = (A= N1T;,
in some sense. Indeed, still formally, if holds and v = T;u, then
(49) o = T;0u =T;(A+ BiK))u = (A= N)Tu=(A— M\,

and conversely, since T; is an isomorphism. Because the operator equality has no uniqueness
in the solutions (7', K) —note that if (T, K) is a solution, then (a7, K) is still a solution for any
a # 0— it is tempting to add a kind of normalization on T" which would simplify . In this
regards, a good approach is often to formally add a condition of the form

(50) T,B; = B,

again in a sense to be defined (note that since B; can be unbounded and not belong to the spaces
H! on which we consider Tj, this inequality may have to be considered in a weak sense). With

(50), the operator equality becomes (formally)

(51) T,A+ B, K; = (A — \T;.

This operator equation is easier to solve than (48) since it is linear in (7', K). When X is finite
dimensional there exists a unique solution to (50)—(51)) if (A, B;) is controllable in X; (see |23, 26])
which is an additional motivation to adding the condition . When X is infinite dimensional,

the situation is much less clear, but can be translated in terms of actions of 7" on (08)ien.
Indeed, projecting the operator equality on the eigenvector ¢!, of A, we get

(52) NiTpn + Bili(en) = (A= ATy,
We set hi = Typl; K := K;(¢!) and we project on a bi-orthogonal family ((ﬁ;i)peN*

n
associated to (¢! )nen+ to obtain

)‘1i1<hiu SONPZ> + KriL<Bi7 @Z> = <~Ahlr'z7 90~p1> - )‘<hiw 90~P1>
= )\120<h:17 9/517> - )‘<h2n7 9/’517>
So we obtain, assuming that A is chosen such that (A, — )\; + A) #0, for any (n,p) € N*,

e Bi, 2,')
hl, 0,y = —K} < S
This leads to the following
, 4 o , (B, 3"y
(53) Tipp = hyy = Z (hms 09 )y = — K, Z m%)‘
pEN* pEN* p

Hence, if T; is a solution to , it has to have the decomposition . In particular, as soon
as K is chosen, the candidate transform 7; is fixed and we aim to show that it is indeed an
isomorphism from H; to itself and maps the system to the system (47)).

Outline of the proof of Proposition 4.1

The general strategy is the following
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(1) Show that the operator

peEN*

is a Fredholm operator of index 0 from H] into itself for any r € (1/2 — o, oy — 1/2).
(2) Show that ker(S;) = ker(S}) = {0} and consequently S; is an isomorphism from X; into
itself.
(3) Show that S; is an isomorphism from M/ into itself for any r € (1/2 — ay, a; — 1/2)

(4) Find an explicit candidate K; € E(HUHE; C) for any € > 0, such that T; B; = B; holds
in H;aiﬂ with
bi ()02
p*p
(55) T; : o, — KﬁPan
peEN* V4
where bl, := (B, ).
(5) Show that the linear operator T; is bounded from H;' into itself for r; € (1/2 — a; +
visa; — 1/2) and satisfies the operator equality in E(H?i/zﬁ;?-[-fai/ﬂs)

s € (—(ai — 1)/2 + v, (Oéi — 1)/2 —’yi)).
(6) Show that T; is an isomorphism from H] into itself for any r € (1/2—a;+7;, 05 —1/2—;).

for any

Step 1, 4 and 5 are similar to [37], the main difference with the duality compactness method
introduced in [37] lies in the steps 2 and 3 where the duality argument used in [37] leverages
the skew-adjoint properties and does not hold anymore and in the Step 5 and 6, where the
boundedness of T; is not straightforward when ~; # 0 while showing directly that 7; is an

ai/2

isomorphism from H, into itself as in [37] would be challenge. These steps are shown in

Section [5.1H5.6}

5. PROOF OF THEOREM [3.3]

We first prove Proposition following the outline described in Section [4] and we then deduce
Theorem (see Section and hence Theorem [3.1] Since several of the arguments of the
proof (namely steps 1, 4, 5) are similar to [37], we just explicit the novelty and refer the reader
to [37] for the remaining.

Since Proposition consist in showing the F-equivalence on each of the spaces X;, we start
by fixing ¢ € {1,...,m} and we will work in X; (resp. #). We also adopt the following con-
vention: when an operator on X; (resp. H3) is defined by its action on (¢! )nen, We extend it
to X (resp. H®) by setting its image to {0} on (¢7,)nen for any j # i. With this in mind, in
the following, we will drop the dependency in ¢ for the different quantities B;, K;, T3, B, i, Vi,
(08 nen, (A8)nen, for the reader’s convenience. We will also assume in the following that 3 = 0,
the extension to the case 8 # 0 is given in Appendix

Let us set, for n € N*,

(56) 2D Dl e wernyy _A — = Sen
peN*
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5.1. Step 1: S is a Fredholm operator. We are going to show the following:

PROPOSITION 5.1. For any r € (1/2 — a,a — 1/2), the operator S € L(H") is a Fredholm
operator of index 0. More precisely there exists a compact operator S, € L(H") such that

(57) S=X1'Id+S8S..
Proof of Proposition [5.1] O

Let r € (1/2 — a,« — 1/2). Showing that S is a Fredholm operator of order 0 in H" can be
done essentially as in [37]. The first thing to observe is the following

LEMMA 5.2. For any A € Ry\N, there exists C(X\) > 0 such that |\, —X\p+A| = C(N)| A=Ayl
Proof. For n = p the inequality is true for any constant C'(\). For n # p

o — Ap £ Al A
PnZAp TA 5 . A
(58) P W I W
From
A . A

li — < 1 =0.
n2+p12n—l>+oo [An — Ap| = n2+p12n~1>+oo C max(n,p)e—! 0
Since A, — \p + A # 0 for any (n,p) € N* by definition of N, there exists C(\) > 0 such that

[An = Ap + Al = C(A)[An = Ay

g

With this in mind, the key of this step is to notice that [37, Lemma 4.6] can still apply despite
A not being skew-adjoint. Indeed, we have

LEMMA 5.3. For any s < o — 1 we have

nS
(59) S <P log(p) +p 0, VpE N,
neN*\{p}
where < means lower or equal up to a multiplicative constant that does not depend on p or n.

Proof. From Lemma [5.2]it is enough to show that

nS
60 — Sptetel ~® Vp e N,
(60) > PUSSwESE og(p) +p *, Vp e
neN*\{p}
Since condition (@ and hold, this is exactly given by [37, Lemma 4.2]. O

We can now perform as in [37, Lemma 4.7 to show that

(61) Se : Z A on Z apn” " Z )W_QP;;_’_)\ ,

neN* neN* peN*\{n}

is a compact operator from H" to itself:

let € > 0 to be chosen, by using Fubini’s Theorem we have, for any a = > a,n "¢, € H",
neN*

Z —r Pp Z anpn
neN® peN\{n} An = Ap A An = Ap A
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Thus,
2
_apn" -
HSCG’H?[H‘E = Z ¥p Z )\ A A

peEN* neN*\{p} Hrte

(62) )
_ 2r4-2¢
2.7 2 Xn— A+ A >\ A
peEN* neN*\{p}

Hence, we can use Lemma and perform exactly as in [37, Lemma 4.7] to get the following

LEMMA 5.4. Considerr € (1/2 — a,a— 1/2). For any € € (0, min{%5%, o +r — 3}), it holds
that
2

Zp2r+28 Z )\ _)\ - S Z |Gn‘2-

peEN* neN*\{p} neNx

Using any ¢ provided by this Lemma, the following holds:

(63) ScalFprse S lanl.
neN*
Since
2
(64) S danl =1 annen)|| = llalr
neN* neN* HT

we conclude that

(65) [Seallygrre S llallar

and from the compact embedding of H"*¢ in H" (see Lemma, this implies in particular that
S¢ is a compact operator from H" to itself. Finally, noting that

(66) S=\"11d+ 8.,

concludes the proof.

5.2. Step 2: S is an isomorphism from H° to itself. Using the results of Step 1 for r = 0, we
deduce that S is a Fredholm operator of index 0 from H° to itself. Then, S is an isomorphism if
and only if ker S = {0}. The idea of this step is to show that this can be reduced to an equivalence
between the density of (S¢,)nen+ and the w-independence of (S¢y, )nen- where S is the adjoint
of S'in HY. Since S is of index 0, showing that ker S = {0} is also equivalent to (see [49, Chapter

4))

(67) ker S = {0} where S is the adjoint of S.
Let us introduce
~ Pp
68 n = _
(68) q Z pWp
peN

We first claim the following
LEMMA 5.5. The adjoint of the operator S in HO is
(69) S op = Gn.
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Proof. Indeed, consider any f = Z frnon, € H° and g = Z gnen € H°. The following holds

neN* neN*
Sf; = Z fnn, Z gn@n
neN* neN*
anz/\ _)\ 0 D Inndi
neN*  peN+ neN*

Z‘ropz)\ _/\ A Zgn‘pn

pEN* neN*

Gpfn
=22 Ty

pEN* neN~

In the same way, we have the following

f Sg HO = Z fnn, Z gnQn

neN* neN*
Z fn‘vpna Z QOp Z
_ Z Z fpgn
pEN* neN* —AntA
Thus, we have (Sf,g) = (f,Sg) for all f,g € H°. 0

In view of (66, (67), S is an isomorphism is equivalent to ker S = {0} or ker S = {0}, which

in turn is equivalent to:

V(fdn €15, fatn =06 fo=0Yn €N, or V(fo)n €1* > fuGn =0 fo=0VYneN".
neN* neN*

This means that S is an isomorphism from H° to itself is equivalent to (g, )nen+ is w-independent
in HO or (Gn)nen+ is w-independent in H°. With a classical argument (see for instance [21}, 38, [37]),
one can show that (g, )nen+ is either w-independent in H° or H-dense for any A € N. This is
done in Appendix . So, to show that S is an isomorphism from H? into itself, it suffices to
show the following Lemma:

LEMMA 5.6. (gn)nen+ is HO-dense < (Gn)nen+ is w-independent in HO.

Proof. Assume that (g, )nens is not H%-dense. Then there exists a non trivial (f,,)nen+ € I2 such

that for any n € N* (g, f)0 = 0 where f = Z Jrnpn-
neN*

fo
(@ Mo =06 > ﬁ:o
pEN*

@’Z )\+)\

pGN*
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Thus, g oty = E Ip g _ = g ¥n E = 0, showing that (¢, )nen-
A=A+ A )\ A /\
peN* peN* neN* neN* pEN*
is not w-independent. The converse is straightforward: let us assume that (gn)pen+ is not w-

independent. Then, there exists non trivial (f,,)nen € [2 such that Z fpap = 0.

peN*
pr9p—0<z>2¢nz /\+)\
peEN* neN* peN*
& Z =0
; A )\ + A
Thus by setting f = >, cn+ fa®n, € H it holds that (f, gn)z0 = > peN /\f:/fﬂ = 0, meaning
—Ap

that (gn)nen+ is not H’-dense. O

5.3. Step 3: S is an isomorphism from H" to itself for any r € (1/2 — a,a — 1/2). The
idea of this step is to first leverage Step 2 to show that S is an isomorphism from H" to itself for
any r € [0, — 1/2), and then repeat the idea of Step 2 for negative r using that, this time, the
duality between the density and w-independence of (S¢,)nen+ and the adjoint family does not
hold in ‘H" but between H" and H™".

Let us now look the operators S, S as their extension on " defined as

S:n"on = nT g,

S:no, = n "G
Then, (n™"gp)nen+ is a Riesz basis in H" if and only if S is an isomorphism from H" to itself.
Since S is a Fredholm operator of index 0, this is equivalent to ker.S = {0}. Like in the case
r = 0 this is equivalent to show that for any (f,)nen: € (2

(70) Z fan "gn =0< f, =0Vn e N*.
neN*
So we have the following different cases:

e recl0,a—1/2),
Then (0" f)nen+ € 12. And, as (gn)nen+ is a Riesz basis in H°, it holds that

S g =060 =0 ¥ne N
neN*

S fn=0 VneN",

thus S is an isomorphism from H" to itself for any r € [0, — 1/2).

er € (1/2 — «,0) Showing the property is equivalent to show that (n7"gn)nen
is w-independent in H". We assume here by contradiction that (n="¢,)nen+ is not w-
independent in H". Then, there exists a non trivial (f,)pen+ € (? such that 3 v fan™"gn =
0. Projecting this on the vector m™"p,,, for any m € N* we get

= < Z fan™ " gn, m_r90m>7-tr

neN*
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pGN* neN*

Let us set f = > v fan on. As (fn)nen= € (2, it holds that f € H~". Since
(n"@n)nen+ is a Riesz basis of H™" and (fn)nen+ is non trivial, we have that f # 0.
Since we showed in the previous case that S is an isomorphism on H" for r € [0, —1/2),
then S is also an isomorphism from H" to itself for 7 € [0, — 1/2), as the adjoint of S.
Thus, (n7"¢n)nen+ is a Riesz basis of H" for r € [0, — 1/2). Then for r € (1/2 — o, 0),
(n"@n)nen+ is a Riesz basis of H™". In particular (n"g,)nen+ is H"-dense. This ensures
that there exists mo € N* such that (f, mggm,)»-- # 0. It follows that

fanTmg
<f ) mOQmo Z ?é 0
= An — Amg + A
which contradicts . So (n~"qp)nen+ is w-independent in H" and we conclude that S
is an isomorphism from #H" to itself for any r € (1/2 — «,0).

Therefore, S is an isomorphism from H" to itself for any r € (1/2 — o, 0 — 1/2).

5.4. Step 4: an explicit candidate for K. Recall that the overall goal is to build T" and K such
that 7" is an isomorphism and satisfies the two operator equalities (50) and . Since T given
by depends on K and satisfies (formally) the operator equality, the goal of this step is
to find K such that T also satisfies the operator equality (50). Consider r € (1/2 — o, @ — 1/2).
Let us set

(72) T: n_TQOn = bnn_r()om
with b, := (B, ¢n), and
(73) K :p,—= K(on) = Ky

For any r € (1/2—a, a—1/2), thanks to (10]), we can see that the operator T is an isomorphism
from H" to 7(H"). Notice that this last space is a priori not H" when v # 0. Thus, by seeing
that T' can be written as follows

(74) T:n"pp— —K,n "1qy,

the boundedness by above and below of K, does not suffice to conclude that T is an isomorphism
from H" to itself as done in [37]. Here, we rather see the definition of T as follows

T:n "p,+— —Knbn(i

bn,

In Section we will show that, under our assumption on 7, the operator n="¢,, + b, 'n""7q,

is an isomorphism from H" to itself and then (b, 'n~"7¢,)nen+ forms a Riesz basis of H". Note

that the latter is not obvious a priori, since 7 and S do not commute thus b, 'n~"7q, # n""qy.

From this we will be able to deduce that the operator T is an isomorphism from H" to itself if
(Kb )nen+ is uniformly bounded by above and below.

n_"Tqn).

Recall that our goal is to have T that is a solution to and . In this section we would
like to construct K, such that the normalization holds and such that (K,b,)nen is bounded
by above. The question of whether (K;,by,)nen is bounded by below is the object of Steps (5)-(6).
We first state the following Lemma
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LEMMA 5.7. There exists a unique sequence (Kp)nen+ such that for any e € (0,a — 1) the
condition holds in T(/H_%—a) and (—Knbnn_(%"'s))neN* €2
Proof. Noticing that B = ZneN* bnn € H2 with ¢ < b < con?, (recall that we assume
B = 0 to ease the notation, see Appendix for 8 # 0) it holds from definition that 7 is an
isomorphism from H" to 7(H") for any r € (1/2—a,a—1/2). Thus for any r € (—1/2—«o,a—1/2),
T(n™"¢n)nen+ forms a Riesz basis of 7(H"). Then the expression

(75) B = Z n_%_ET(n%ﬁgpn)

neN*

makes sense in T(%_%_E) for any € > 0, since (n_%_5> € [2. In particular, the equation

neN*
shows that B € 7'(7-[_%_5) for all € > 0. The condition can be expressed in a weak sense as

(76) Z —K,byTqn = Z bnon,

neN* neN*

and we yet know that its right side belongs to T(’H*%*E) for all € > 0. This means, in particular,
that the left-hand side does too. As a consequence (*Knbnni(%+€))n€N* €l?foralle € (0,a—1).
Indeed, in view of step (n%%qn) is a Riesz basis of H ™2 for any € € (0, — 1), and since 7

is an isomorphism from ”H_%_E to 7-(7-[_%_5), then T(n%—i_EQn)n is a Riesz basis of T(’H_%_E). ]

The regularity given by Lemma [5.7] is not enough a priori. To tackle this, we proceed as in
[37] and exploit the special structure of (g, )nen and the fact that (g, )neny — A™1 is more regular
than (g )nen (see Lemma [5.3). We set

(77) kn = —(Kubp + ) Vn € N*.

LEMMA 5.8. Consider r € (1/2 — o,a« — 1/2). There exists € > 0 such that the sequence
(knn®)nen+ is uniformly bounded for any e € (0,€). In particular, the sequence (K,by)nen+ defined
by 1s uniformly bounded.

Proof of Lemma[5.8 For any € > 0, it holds that (nféfs)\)neN* € [2, thus using Lemma and
(77), we have for all € € (0, — 1) that (k‘nnféfg)neN* € 12, and in particular

1 1
(78) (knn " nen- € 12, Vre <2,a - 2> .

Still using Lemma the equation ([76|) makes sense in 7'(7-[_%_5), and by expressing K,b, and
Tqy it becomes

bpp
)IRD I v s WD DLAL D DL
neN* EN* neN* neN*
This yields to the following

(79) Sy nb”pr Y kuran

neN*  peN*\{n} neN*

which holds a priori in T(H*%*E) for any € € (0, — 1). However, the equality now holds
in a more regular space than T(’Hféfs). Indeed, if o > 3/2, we can give a sense to in 7(H°)
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for 0 < e < a —3/2. To prove that, let us first notice by Fubini’s Theorem in 7'(7-[7%75) that
A _boop by
Z Z An = Ap + A ZPQOP Z nf)\p+)\
neN*  peN*\{n} peN* neN*\{p}
And it holds that

_ 1
pr@p)‘ Z )\_)\ A ZT(pas%) PA Z m

pEN* neN*\{p} PEN~ neN*\{p}

Since T(p~*@p)pen+ is a Riesz basis of 7(#?), it suffices to show that

E)\ 12
> VR Wi )\ A <
neN-\{p} Dens

to conclude that the left hand side of (79) belongs to 7(#°). Using Lemma and Lemma

we have that
2

2
1
a>\ — 25)\2
2 A=y + A 2 2 Ao — A+ A
nEN*\{} peN~ )2 peEN* neN*\{p}
2
1
2
= C cO)? Z P Z Do — A
pEN* neN*\{p} P
<) PR og? (p),
peN*

and this converges for € € (0, — 3/2). So if a > 3/2, the left hand side of holds in 7(H*)
for e € (0, — 3/2).

Consider now the right hand side of . We have that
(80) Z knTqn = Z knn®T(n"%qn).
neN* neN*

Recalling that (n7°¢,)nen+ is a Riesz basis of H® for € € (0, —3/2), it holds by the isomorphism
property of 7 that 7(n™ ¢y )nen+ is a Riesz basis of 7(#¢). Thus in view of and (80), for any
g€ (0,a—3/2),

(knne)nEN* € 2.

In particular, we conclude that if & > 3/2, (kp)nen+ € [°°. In view of (77), we have Kb, =
—(A+ ky) and since (ky)nen+ belongs to 1°°, we get that

(81) (Knbp)nen- € 1° Vo> 3/2.

Consider now 1 < a < 3/2. In this case the gain of regularity in is not enough to deduce the
boundedness of K, b,. However we are able to show that the equality holds in 7(H™¢), for
€ > 3/2 — o Indeed, similarly to the previous case, the following holds

2

D D =2 N D o

neN*\{p} nen=llz PENT neN*\{p}
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1
_C QZP Z M — Al

p€EN* neN*\{p}
< 3 p R 102 (p).
peN*
This converges for € > 3/2 — a and then the left hand side of belongs to 7(H™¢). Similarly
as before and in view of ,

1

3
(82) (knn ™ “)nen+ €17 Ve € (2 —a,a— 2) .

We can see that we obtain (« — 1) gain of regularity between and . So in the following,
we will make an iterative principle to gain at each order this (o — 1) regularity in order to prove
Lemma So let us go back to the equation and expressing 7qy,

Z _Knbn n‘pn + Z )\ p;\Pp+)\ _ Z bn(Pn-

neN* pEN*\{n} neN*

Replacing — Kb, by (A+ ky,) in the first term only and using Fubini’s Theorem in 7(H~27°) we

get:
LIRS v vy A+)\ =0

neN* peEN* neN*\{p}

Since (¢n)nen+ is a Riesz basis, we have by identification that

T = b, Z JW WY vYm € N*.
neN*\{m}
Thanks to the fact that b, # 0 for all m € N* and K, b, = —(\ + k), this implies that
A+ ky
km = —A _— vV N*.
m 2 oy Tme
neN*\{m}

Let us now set A = €Y and k,, = kU. It holds that

el + k0
(83) km=-XA > " VYmeN.
neN*\{m} An = Am + A

Thus k, can be rewritten as ky, = e}, + k., where

0 0
| €n 1:_ kn *
==X Y pw———— ==X > pW— Y ¥m € N*.

neN*\{m} m neN*\{m}
And using Lemma [5.3] we have that
(84) lel | <m!™@logm +m™* < 1.

So, we focus on the regularity of k!. We define gq := % — «a and we have

i 5
R TR P VR v v

meN* neEN*\{m}
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Using Cauchy-Schwartz inequality and Lemma we get

- \ K32 !
[ “dmlle £ 30 w7 (3 | Y

meN* neN*\{m} neN*\{m}

Then applying Lemma (5.3) and Fubini’s theorem, we have

kO 2
Nkl € 3 moHadogm |3 Al

meN* neN*\{m} An = Am|
—2e+1—a
m logm
DL DY -
[An = Aml
neN* meN*\{n}
5 Z ’k,g‘Qn—Q(a—l—&-a)—&-a,
neN*

for any o > 0. As kY = ky and in view of (82)), for any ¢ — (1 — @) € (3/2 — a, e — 1/2) (i.e.
e € (5/2—2a,1/2)) there exists o > 0 such that this converges. Thus for a@ € (1,3/2], the
following holds

(85) (kD )ene € 12, Ve € (Z %, ;) .
If a > 4, we have e1 = 2a — 2 > 0 and then (n°k})pen+ € (2 for all § € [0,£;). This ensures
that (kl),en+ is uniformly bounded. And combining with ., it ensures that (k,)pen+ also is
uniformly bounded. Therefore (Kb, )nen+ is uniformly bounded because Kb, = —(A + ky).
fl<a< %, the uniform boundedness of Kb, cannot be immediately deduced, but we need to
iterate again. So using the definition , we have from k0 = k,,, that

eV + k0
k= —\ _“nT 0
Z A= A+ A

neN*\{m}
el kn,
=2 D W W D A — A+ A
neN*\{m} neN*\{m}
el 1 e + ko
N I M Y DY
)\n - )\m )\ >\n - /\m )\ n )\
nelm\{m} * neNm {m} AL e *

Referring to the definitions of e} and k., it holds that
1

kl
ke = €k — A L 7
€m Z Mo — A+ A Z o — A+ A

neN*\{m} neN*\{m}

(86) = ey, + €0 + ki
where

el kL
— S g2y P ypen
> N A, N > oA, x E
neN*\{m} neN*\{m}
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Since ky, = el + kL, we have in view of that k. = e2 + k2,. This means that if (€2,),en
and (k2,)men are uniformly bounded, then (k. )n,en is and consequently (Kp,)men. Let us first
notice that combining and Lemma , we have

‘6,2.”’ < ml=e logn+m~* < 1.

For the (kp,)men, we use again Lemma (5.3) and Fubini’s Theorem to have, similarly as previously:
2

kl
—£1.2 —2 n
[(m ™k )l < Z m= Z Mo — A A

meN* neN*\{m}
S Z |k;711 |2n—2(5—1+a)+o’
neN*

for any o > 0. In view of (85)), there exists o > 0 such that this converges for any ¢ — (1 — a) €
(% - 2a, %) meaning for € € (% — 3a, % — a) . Thus, for a € (1,3/2],

7 3
(N k2 )pen €12, Ve e (2 — 3a, 5 a) .
If a > 7/6, then g2 = 3a — 5 > 0 and (n°k2),en- € 1, for any 6 € [0, ). This ensures that
(k2)nen+ is uniformly bounded and then (k2)nen+ is. Thus, (Kb, = —(€) + e}, + €2 + k2))
is uniformly bounded.

neN*

fl<a< %, we can continue the induction and have k!, = ei*! 4+ k+1 for all i € N where

i+l Cm_ gkl ) — " Y N* i € N.
e > pw v UL > o meNie
meN*\{n} meN*\{n}

And for any n € N*,

i
Knby=— |k, +) e} |, VieN
=0
Thus, based on the previous computations, we obtain by induction the following;:
(87) lel | <nl™logn +n"* <1,
(88) H(niek:’jrl)nEN* 2 S Z ’k;‘2n72(571+a)+0 log2n

neN*

for any o > 0 and converges for ¢ € (—¢;, —¢;_2) with ¢, = (o — 1)i — g9, with g9 = 1/2, for
all 4 > 2. It is worth stressing that there exists a finite ig € N such that ¢;, > 0. In this case we
have (n°kot1),cn+ € 12 for any § € [0,¢;,) meaning that (k0F1), cn+ € 1°°. Combining this with
we conclude that

(89) Knbp=— | KD+ el €1 VYac(1,3/2].
neN*

Therefore we conclude Lemma from and . O
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REMARK 5.9. The control feedback such defined is defined by its action on (op)nen+ and one
could wonder when this operator can expressed more simply. This could happen in particular
cases where an explicit value of the sum can be derived such as in [83]. In other cases, however K
might not have a more simple expression, this is a price to pay to have a feedback control K that
takes values in a finite-dimensional space rather than an infinite dimensional space. Another, but
related, interesting question would be to see what would happen with a control feedback K where
ky, is replaced by O after a certain step, which would only require knowledge of by, and A, up to a

certain N € N* (see Section ).

5.5. Step 5: T is bounded from H" to H" and satisfies the operator equality. In this
section, we would like to prove that the F-equivalence transformation 7' is bounded and the
operator equality holds at least in some H?® space. More precisely, we prove the following
Lemma:

LEMMA 5.10. The operator T given by 1s a bounded operator from H" to H" for any
re (1/2—a+vy,a—1/2). Moreover, we have the following operator equality,

—1 -1
(90) T(A+BE)=(A— )T in LOHY>s /%) ys e <_a2 +%a2 _7)'

Proof. We recall here that for any r € (% —a,a — %) —and therefore for any r € (f —a+vy,a 1)*
the operator T' is defined as T': n™"¢,, — —n~" K, 7q, with 7 an isomorphism from H" to 7(H")
and (Kp)nen+ uniformly bounded. Since the space 7(H") is neither equal nor included in H" a
priori, what we are able to say is that T is defined from H" to 7(H"). Here we will exploit the
regularity on Kb, to first show that T is well defined from H" to itself and then deduce that it
is bounded.

Let 7€ (3 —a+7y,a—3)anda= Y ann"p, € M, the following holds

neN*

- Z anKnn_TTQn

neN*

- Y
)\ — )\ + A

neN* peEN*

_X Z an Kpyn™ "bpon — Z anK,n~" Z N p;\op+)\
neN* neN* peN*\{n}

- _i Z anKnbnn_rSOTL - Z anKnn_TTSC(SOn)'

neN* neN*
By setting

1 _ _
Tia = -3 Z an Knbyn™"pn,  Tha = — Z anK,n™"1S:(pn),
neN* neN*

one has Ta = Tia + Tha. Notice that since (an)nen+ € 12 and (Kpbp)nen+ € 1%, the term Tia
belongs to H" and in particular we have:
(91) | Thallzer S 1 £l

So, it suffices to show that the second term Tha belongs to H" to conclude that T'a € H". We
have the following claim.
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CLAIM 5.11. For anyr € (% — o, 00— %) and s > 7, the space T(H"+%) endowed with the norm
(92) £l ersy == 177" fllagrss

1s a Hilbert space, continuously embedded in H".

Proof. For any ¢ € R, since 7 is an isomorphism from the Hilbert space H? into 7(H?%), the
space 7(H""®) is a Hilbert space with the norm . Consider g € 7(H"%), there exists f =
Z fan "%, € H'P such that g = 7(f), thus
neN*
g = Z (fnbnn_s)n_rgpn-
neN*
From (with 8 = 0) and the fact that v < s, we have b,, < can®, and we observe that
9l = I Fabun™nen e = D fabun ™ S 3 1fal = llgll7 ey

neN* neN*
and this concludes the Claim B.11] O

Going back to the norm of Tha now, we have based on Claim

Z anK,n~"1S:(¢n)

neN*

S Z anKnmSc(n™"pp)

neN*

[Taall3r =

HT T(HTH)

From and Lemma S, is a continuous operator from H" to H" ¢ for any € € [0, min{(« —
1)/2,a +r —1/2}). Since r € (1/2 —a+v,a —1/2) and v € (0, (e — 1)/2) by assumption, =y
belongs to [0, min{(a—1)/2,«+r—1/2}) and S, is a continuous operator from H" to H" ™7 and,
using the isomorphism property of 7 and , one has

Z an Kpn1Sc(n™"¢p) <

neN*

Z an Kpm(n™"pn)

neN*

T(H+) T(H")

Using that (7(n™"¢n))nen+ is a Riesz basis in 7(H") and (K;)nen+ is uniformly bounded, we get

S Z \ananz < Z |an|2 = |lal[#r-

T(H") neN* neN*
and combining this with , it holds that,
[Tallyer < Nlallaer,

Z an Kpm(n™"pn)

neN*

and thus T is a bounded operator from H" to itself.

It remains now to prove the operator equality to conclude the lemma. As, from Lemma
m the equality holds in 7(H~*/?*s+7) for any s € (—(a — 1)/2, (a — 1)/2 — 7), and in
particular, from Claim it holds in H~*/2*%. Thus proving amounts to show that for
any s € (—%3" +7, %" —)

(93) TA+ BK = (A _ )\I)T in E(rch/}i—s’ /H—a/2+5)‘

Observe first that all terms make sense : indeed, K : n_(o‘/2+5)g0n — n_(o‘/2+s)Kn is a bounded
operator from H%/>*5 to C for any s > —(a—1)/2. On the other hand, B € H~%/? by assumption
and in fact in H /%5 for any s < (a—1)/2—~ from So B can be formally seen as an operator
from C to H~*/?%* for any s € (—(a—1)/2, (a—1)/2—7). Thus BK is a bounded operator from
HO/2H5 to H~/2Hs for any s € (— (o —1)/2, (a — 1) /2 — ). Similarly, one can show that AT and
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T A are bounded operators from H®/>+s to H=%/2+5 for any s € (—(a —1)/2+7, (a —1)/2 — ),
since 7' is a bounded operator from H" into itself for any r € (1/2 —a +v,a —1/2).

To show , it suffices to check that it holds against n=%/ 2=sp, for any n € N* and s €
(—(a—1)/24+7,(a —1)/2 — 7) which in turn amounts to show that it holds against any ¢, as
the operators are linear. From the definition of T' (see (55])) we have (in Ho/2s)

[TA+ BK — (A= X)T)pn = \Teyn + BK, — (A= X)Ty,

bp

= M\ (—K, —2F __ | BK,

SR D s o Z)\—/\Jr/\
peEN* peN*

= (—Ky) Z bppp + BEy,

peEN*
= 0.
REMARK 5.12. In fact, the operator equality (93] also holds for s € (——, “Tfl — ) . This 1s
the consequence of the fact that for any s € (— 252, =252 + ), (93) holds in L(HO/?Hs 1 (H/2+9))

and both BK and (A—XI)T belong to E(?—la/2+s, 7—[ a/2+s). As a consequence, one can show that
T is in fact a bounded operator from H" to itself for any r € (1/2 — a, a0 — 1/2) (see Appendix

3.

g

5.6. Step 6: T is an isomorphism from H" to itself. To show that 7" is an isomorphism
from H' to itself, we first show that ker T = {0} in H~%/2, then we deduce that (K,bp)nen is
bounded by below and we deduce that an intermediary operator (7 given below in Lemma
is an isomorphism and further that 7' is an isomorphism from A" into itself. In other words, we
first show the following Lemma

LEMMA 5.13. ker T* = {0} in H /2.
Proof. For that aim, we will perform the proof originally used in [21] for the Schrodinger equation

and more recently in [38, [37]. The idea is to prove the following steps

e There exists p € C such that A+ BK + Al 4 pI and A+ pI are invertible operator from
HY/2 to H—/2,

e For such p, if ker T* # {0}, then (A+ pI)~! has an eigenvector i which belongs to ker T*.

e No eigenvector of (A + pI)~! belong to ker T*.

From the two last steps, it holds that ker 7% = {0} in H /2. Since the same argument is already
presented in [21] [38], B7], we postpone the rigorous proof in Appendix .
O

Now, we want to show the following Lemma:
LEMMA 5.14. For anyr € (1/2 —a+~,a —1/2), T is an isomorphism from H" to itself.
Before proving this, let us first show the following:

LEMMA 5.15. For anyr € (1/2 — o+ v, — 1/2), the operator 7 : n™ "y, in*"ﬂjn s a
Fredholm operator of index 0 and an isomorphism from H" to H".
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Proof of Lemma[5.15 Letr € (1/2—a+~v,a—1/2), and f = Z fan "n € H". Tt holds that

neN*
DI
n_ Tqn
neN* n
Z fn T bpep
neN* /\n -+ A
fn =T p‘Pp
)\Zf”n oot Z 2 Ao — Ap + A
neN* nEN* peN*\{n}
= Xf + 7~-c(f)

where
=Y S Y
nen- © petinygpy T A A

We first show that 7. is a compact operator on H". Using Fubini’s Theorem it holds that

fn - fn n" b
2 2. A—p;\pp+A 2| 2 A—§+A

neN* " peNt\{n} peN* neN*\{p} b

Let € > 0 to be selected. So we have

n, - b
L D D B D e e

n

2

pEN* neN\{p} qyrte
2
, fn - 1
— ZPZ +2€|bp|2 Z )\ — +>\
pEN* neN*\{p} e

Since (1/by)pen+ is uniformly bounded from (recall that here 5 = 0), we get that

2
2r 42 Jan™"
Fe(Pllerre S D007 D M= Ay A
pEN~ neN*\{p}

As |b,| < con?, still from this yields

2r4-2e+2y
7ol £ S p > s
peN* neN*\{p}

Since r € (1/2 — a + v, — 1/2), we have that v < a +r — 1/2 and consequently v < &, :=
mln{o‘ La+r— 5} since v < (o — 1)/2 by assumption. So, considering for instance ¢ =
(er —7)/2, 2 we obtain from Lemma [5.4] that

242427 Jan ™" < 2
2P o] S 2

peEN* neN=\{p} "~ p neNx
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This ensures that

17e(Pllagr+e S N ll2ers

which in view of Lemma [2:2] concludes that 7. is compact from H" to H". Consequently the
operator 7 is a Fredholm operator of index 0. Thus, 7 is an isomorphism from H" to H" if and
only if ker 7 = {0}. From the expression of 7,

= Z fan Ton EkerT & Z “g—nT(n*’”qn) =0.

neN* neNs

The equality at the right hand side holds in H" and in particular in 7(H") since H" C 7(H"). So
using the fact that (7(n7"gy))nen is a Riesz basis of 7(H"), we have

Z g—nT(n_an) =0 & In _ 0, VneN*

n bTL
neN*
& fn=0 VneN~

Thus, we have shown that ker7 = {0}, hence, 7 is an isomorphism from H" to itself for any
re(l/2—a+vy,a—-1/2). O

We are now able to state the proof of Lemma [5.14]

Proof of Lemma[5.1] In view of and Lemma we may rewrite now T as follows
T:n "pp = —Kpby7(n "pn).

Based on Lemma [5.15, 7 is an isomorphism from H" to H". This ensures that (7(n""¢p))nen+
is a Riesz basis in H". Since (n™" ¢y )nen+ is also a Riesz basis in H", and (Kb )nen € [*° from
Lemma we just have to prove that (K,by)nen is uniformly bounded from below to conclude
that 7" is an isomorphism in H". From Lemma ker T* = {0} in #~%/2. In fact, from the
decomposition ([77) and the fact that 7 is a Fredholm operator of order 0, we can deduce that
T is a Fredholm operator of order 0 from H~%/2 into itself (see Lemma in Appendix .

Hence, ker T = {0} in H~*/2. Let us assume by contradiction that there exists ng € N* such
that K, b,, = 0. We have

T(”ET%O) = Knobno%(narsono) =0.

This means that n, "¢, € kerT, and since kerT = {0}, ng"¢n, = 0 which is a contradiction.
Therefore for any n € N*

(94) Kby # 0.
Recall that from Lemma (j5.8]),

[Knbn| = [A+ knl,
and (k,n®)pen< € [ for some € > 0, which means that k, — 0 when n — +oo. Then, there
exists V(A) > 0 such that for any n > N(A),

A

(95) |Knbn| > 5 > 0.
Combining with it holds that for any n € N*,

A
| Kby | > min {Q,nin]\if?)\)\[(nbn\} > 0.
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Therefore, K, b, is bounded from below and this concludes the proof of Lemma O

5.7. Step7: Well-posedness and proof of Proposition Since, we have built the isomor-
phism T and the feedback law K, for which and hold, we need to show the well-posedness
of the closed loop system . We will adapt the method given in [26] for the well-posedness
of closed loop water tank or in [37] for the well-posedness of closed loop systems described by
skew-adjoint operators.

Since, this method relies on the semigroup theory of the operator A + BK, we first provide a
description and some properties about its domain:

LEMMA 5.16. For anyr € (1/2 —a+~v,a —1/2 —~), the domain D,(A+ BK) of A+ BK
18 a Hilbert space, dense in H" and

(96) D,(A+ BK) =T Y (H ).
Proof. Recall that, what we call D,(A+ BK) for r € (1/2 —a+v,a—1/2—~) is the following:
D,(A+BK):={feH" ,(A+BK)f ¢ H"}.

We start by showing (96). For any f € D,(A+ BK) C H", we have Af € H"~* and then by
definition of D, (A + BK) this implies that BKf € H"™*. Asr < a—1/2 —~, there exist € > 0
such that BK f € H~1/2-7=¢. This shows that K f € C because B € H~Y/277=¢ for any & > 0.
Since K f € C, it holds that BK f € H~1/277=¢ for any ¢ > 0. Combining this with the definition
of D,(A+ BK) ensures that either

o r<—1/2—~y—cand Af € H',

eorr>—1/2—~—cand Af € H /2772,
In the first case, this gives f € H"t* and since r+a € (1/2,a—1/2—y—¢) C (1/2—a+vy,a—1/2),
HHe = T~H(H™+) from Lemma which ends the proof. In the second case, Af € H~1/2-7¢,
for any € > 0. If A is invertible, we get directly f = A1 Af € H*1/2777¢ for any e > 0. If
A is not invertible, then there exists a unique ng € N* such that \,, = 0 and, defining A1
on Span,, ., (17 "py), we get f = (f,ng" ong)1rng Pn, + A TAf € H*"Y277=¢_ In both cases,
this shows that D, (A + BK) C HO~1/2=7=¢ So in view of the operator equality , for any
e€(0,(a—1)—27),a/2—-1/2—~v—c € (y—(a—1)/2,(e— 1)/2 — ) and therefore it holds
that

T(A+ BK)f = (A—X)TfeH /*77¢ VfeD,(A+ BK).

Notice that by the property of T' and the definition of D, (A + BK), T(A+ BK)f € H" for any
f € D.,(A+ BK), and hence (A — AI)T'f € H". So the operator equality holds in the following
appropriate setting: for any r € (1/2 —a+v,a —1/2 — ),

(97) T(A+ BK)f = (A—M)TfeH", VfeD,(A+BK).

Consider now f € D,(A+ BK), we get from that (A — AI)Tf € H", and then T'f € H" .
This implies that f € T~ (H"T®), and thus show that D, (A + BK) C T~}(H"%).

Conversely, let us consider f € T—1(H"+*) C H". Then, since r < a — 1/2 — ~, there exists £ > 0
such that for any € € (0,&), f € H—1/2=2=7 S0 by considering ¢ small enough we can apply the

operator equality to f and get
(98) T(A+ BK)f =(A—-XTY.

Notice that f € T—1(H %) implies that Tf € H ™%, and thus (A — A\)Tf € H". This ensures
from that T(A+ BK)f € H". Since T is an isomorphism from H" to itself, it then holds



32 A. HAYAT AND E. LOKO

that (A+ BK)f € H". Hence f € D,(A+ BK), meaning that T~ (H"*%) C D,(A+ BK). This
concludes the proof of .

Since T is an isomorphism from H" to itself, and from the density of H" ¢ in H", it immediately
holds based on that D,(A + BK) is dense in H" (note that for any f € H" there exists
g € H" such that f =T"1g).

It remains now to prove that D,(A + BK) is a Hilbert space to conclude Lemma For
that, we just need to prove that D, (A + BK) is complete since D,(A+ BK) C ‘H" which is a
Hilbert space. So, let consider any Cauchy sequence (f,)n, C Dy(A+ BK). It holds that

| fn = follDyavBry  —2 0.

nap—H—oo
Recall that || f, — prDT(AJrBK) = | fu — follur + |(A+ BK)(fo — fp)ll%r, we have
(99) | £ = Follzer + A+ BE)(fa = fy)llaer | — 0.

Since (fn)n C Dr(A+ BK), by using the operator equality , this implies that
(A= AT fo. = Tfp)llar = IT(A+ BK)(fn — fp)llaer S N(A+ BE)(fn = fp)llar - — 0.

n,p—-+00
This combining with , ensures that
JATSn = Th)lber = 0, and |Tfu=Thlw  — 0.

n,p—-+00

Thus, we obtain

1T fn = Thpllggrea — 0.

n,p——+00

This shows that (T'f,,), is a Cauchy sequence in H" . Then, since H" " is complete, there exists
g € H""® such that Tf,, — g in H"™®. As T is an isomorphism on H", and H"™® C H" there
exists a unique f € H" such that T'f = g and ||T'f,, — T'f||3yr+« — 0, which in turn implies, from
the compact embedding of H"** in H" and the isomorphism property of 7" in H"

(100) 1fn = fllar — 0.

n—-+00
We also have, since f € T-'H™* = D,(A+ BK) and using
[(A+ BEK)(fo = fllar SNT(A+ BE)(fn = f)llar
(101) ~ WA=ADT (o = Dl S ITho = TSl — 0.

Combining ((100) and ([101)), it holds that:
1o = FliDrarBr) = 1fn = fllar + (A + BE)(fa = f)ller — 0.

n—-+0o

Hence, D, (A + BK) is complete and therefore a Hilbert space. U

As we know now that the domain D, (A + BK) is a Hilbert space and it is not an empty set,
we are able to state the following lemma:

LEMMA 5.17. The operator A+ BK with domain D,(A+ BK) generates a C° semigroup on
H".

Proof. Let us first notice that for any r € (1/2 — a+ v, —1/2 —~), D.,(A = XI) := {f €
H', (A=) f € H"} = H"T2. Since A generates a C° semigroup on H", then A — A\l generates
also a C° semigroup which we denote by e~ Let us now define the following C° semigroup
on H",

(102) S(t) := T 1 AAMT v >0,
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Since T is an isomorphism on H", the fact that D,(A — XI) = H"t* and Lemma it holds
that

_ A=)
{fG’HT, lirglJrS(t){f exists in HT} = {fG’HT, lim 71 (e L) Tf) exists in ’HT}
t—

t—0+ t

HA-ND),
= {(f = Tﬁlg) eH, lim 7T ! (699> exists in ’HT}
t—0+ t

HA-ND)
= {(f = Tﬁlg) eH", liI(I)l+ <etgg> exists in HT}
s

={(f=T""'g), g€ D,(A— ) =H""}
_ T—l(Hr-i-a) _ Dr(.A"i‘ BK)

This shows that the domain of the operator which generates S(t) is D, (A + BK).
Moreover, for any f € D,(A+ BK), we have Tf € H"t* and then it holds that

SWf~f _ o p (e“f‘”)Tf - Tf)

t
=T YA - \TY.
So using the operator equality (since f € D, (A+ BK)) we get that
t —
i S0 =1

t—0t

— (A+ BK)f.

Hence, the operator A + BK with domain D,.(A + BK) is the generator of C° semigroup S(t)
and this concludes Lemma O

Proof of Proposition[[.3 Based on Lemma , we know that for any ¢ € {1,--- ,m}, the oper-
ator A+ B;K; generates a CY semigroup S;(t) on M for any r; € (1/2 — oy +vi, 06 — 1/2 — ;).
Note that (S;(t))i=o refers here to what was referred to as (S(£))¢>o in the proof of Lemma [5.17]
since we do not drop the index i anymore for the proof of Proposition [.2] Now, we would like to

m m

show that the operator A+ BK = A+ B;K; with domain Dy(A+ BK) := Y D,,(A+ B;K;)
i=1 =1

generates the C° semigroup

(103) S(t) =) _Si(t)

on H :=H" + -+ HIm. Recall that S;(t) = T; ' AMT; and since Tyl = 0 for any i # j,
it holds that Si(t)wgb = 0 for any i # j. So for any f7 € H"J, we have that S;(t)f’ = 0 for any
i # j. This ensures in particular that S;(t)S;(s)f* = 0 for any i # j, k € {1,...,m} and s,t > 0.
Combining this with the fact that (S;(t)):>0 is a C? semigroup on H}?, it holds that S(¢) is a C°
semi-group of H”. Looking at its domain:

e SOF=f o
— J G O _ j 7
f—g fE’H,%g% " exists » = f—E fE’H,%g%

j=1 j=1

Yo Silt)f — f
t

exists
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] I
=Jf= jg_l fleH, %111(1) ;_1 — exists

S 1 (AF A L .
_ _ j G ‘s
= f—z;f E’H,%gr(l) ; exists Vi € {1,--- ,m}
‘7:
= Dri(.A—i-BiKi) = D#(A+ BK).
i=1

This shows that D(A + BK) is the domain of the corresponding generator to S(t). Moreover,
for any f € Dz(A+ BK), there exists (f1,---, f™) € H} x --- x H such that f =>", f% and

lim =1
t—0+ t t—0+ t
B lim Sit)f —f

(A+ B;K;)f' = (A+ BK)f

I |

Therefore, we conclude that the operator A + BK generates a CY semigroup on " and this
concludes the proof of Proposition O

5.8. Proof of Theorem [3.3] Theorem [3.1] follows from all the previous steps and the following
Lemma, which is an immediate consequence from the fact that N is countable.

LEMMA 5.18. For any Ao > 0 there exists A > A\ such that A € Ry \ NV.

Proof of Theorem (3.3 Let A\g > 0, and A > 0 given by Lemma [5.2] From Proposition there
exists K; € L(HAT1/2He.C) and T; € L(HPF7) such that T; is an isomorphism from H% " into
itself for any r; € (1/2 — ;i + i, s — 1/2 — ;) and maps the system to . Setting

(104) K= (Ki,..K.))T, T=Ti+ ..+ Tp,

we know from Proposition that the system is well-posed in HOT for any 7 satisfying

(14). It remains to show that T is an isomorphism from " to itself which maps the system
(11) to and that, as a consequence, the system is exponentially stable. T' belongs clearly

to L(HPHT). We define T~ := (T + ...+ T;,1) € L(HP+). Recall that Tjpl, = 0, T ') =0

m

and K;o) = 0 for any j # i and n € N*. Thus, for any f = ST figh € ”HE+F,
i=1neN*
(105) T =T (Z > féTi%> => > fwen=1
i=1 neN* i=1 neN*

hence T is an isomorphism from 7—[5“7 into itself with inverse 7-!. To show that 7" maps (11 to
it suffices to show that the operator equality —which currently holds in E(H?i/ s JH,; i/ 2+Si)
with T}, B; and K; for any i € {1,...,m} in fact also holds in £(H¥/?*5 H~%/>+%) with T, B
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and K where
(106)
o; — 1 a; — 1
a=(at,...,om), §=(51,.y8m), Y= (V1,--sYm), 8 € (—(12) + 7, ZT —’Yv:> :

This is a consequence of the fact that, by definition, Ticp% = 0, Kigof‘@ = 0 for any ¢ # j and
any n € N*: let f = Y7, f* with f* = > nen Jnwrn and consider its smooth approximation

fi= 25:1 fiot . Observe that Kf= (Klfl, ...,Kmfm)T and BK f = > B;K; f*, thus we have
i=1

(107) T(A+BK)f =T (Z Aft+ BKf) =Y TAf + BK:f'
i=1 i=1
where we used that, for any i € {1,...,m} and s € R, we have A € E(Herai,’Hf). Thus using

for each i € {1,...,m},
(108) T(A‘FBK)JZ:ZTi(A+B¢Ki)fi :Z(A—)\)Tifi: (A_)\)Zﬂﬁ: (A= ADTF.
i=1

i=1 i=1
Note that one can pass to the limit (in 7—[*&/2“) N — 400 in each of this terms since f €
H%/2+s and the operator equality holds in ﬁ(H?i/QJrS, 'H;ai/%s) for any i € {1,...,m}. As
a consequence,
(109) T(A+ BK) = (A~ )T in L(HY>T3, H~%/2+%) with (106).

Finally it remains to show that for any p > 0, A\¢g can be chosen large enough such that the
system is exponentially stable with decay rate p. Since A generates a CY semigroup with
finite growth bound on HA*" (see Lemma in Appendix , there exists M > 1 and w € R
such that for any f € HPT,

(110) 1€ f llyy47 < M| fllyyz47, ¥ t € [0, +00),
and in particular for A > A\g > u + w,
(111) e A f L e < MeT | £l ¥t € [0,400).

Let uy € 7—[5“7, the (unique) solution in C’O([O,—f—oo);’;’-[g“?) to the closed loop system is
u : t — S(t)up and, using (102))

(112)
Hs(t)UOHHE-»-r = ||T716t(A7AI)Tu0||H§+F < |’T71H£(H§+F)HTH[;(H[?-FF)MeiutHu0||7.tﬁ+r“7 Vte|[0,+o0).
This ends the proof of Theorem O

6. CONCLUSION AND PERSPECTIVES

In this paper, we extended the F-equivalence approach (sometimes called generalized back-
stepping), to a wide class of linear systems. This includes systems that are not necessarily
skew-adjoint or self-adjoint provided that the differential operator involved has a Riesz basis of
eigenvectors (hence not necessarily orthonormal) and is of order larger than one. We obtain
conditions that are less restrictive than the ones proposed in [37, [38] and we show that we can
get nice rapid stabilization properties even when the system is not exactly controllable and the
control operator is not admissible in the space of stabilization. We illustrate these results with
the rapid stabilization of several examples such as the Schroedinger equation, a general diffusion
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equation, Burgers equation, and a system that is neither self nor skew adjoint. For Schroedinger
equation and burgers’ equation, in particular, we obtain less restrictive conditions on the control
operator than what was obtained in [21], [64], [38]. This result makes the F-equivalence one step
closer to a general theory. Nevertheless, it is still a young approach and there are many questions
that remains open and that would be interesting to consider

e If A only has a generalized basis of eigenvectors (and not a Riesz basis of eigenvectors
which we assume here), is it still possible to extend this method? This is interesting in
particular for systems of PDE, where A does not always has a Riesz basis of eigenvectors.

e What happens if the eigenvalues ), are infinite dimensional? In particular, this could
be useful for multidimensional systems. While Theorem and [3.3] are not limited to
1D systems, in several multidimensional systems the eigenvalues A, may have infinite
multiplicity (think of the heat equation for instance). What happens if « = 1 ? In this
case, only a few F-equivalence results exist and only in particular cases [83, 26], while
there is a large literature on the controllability and stabilization of several such systems,
for instance the wave equations [47, [77].

e Can these linear results be extended to (very) nonlinear (i.e. quasilinear) systems? This is
all the more important that for infinite dimensional system the stability of the linearized
system does not necessarily imply the stability of the nonlinear system, even locally [30]
when they are at least quasilinear, and there is so far no general method to stabilizing
these systems.

e Is it possible to further relax the conditions on B?

e Can the method be used for systems with a bilinear control (such as in [2]) ?

e What happens if we have only partial knowledge of the eigenvectors and eigenvalues and
we can only construct in practice K that depends only on a finite-number of eigenvalues
and b,? If the system is parabolic, because high frequencies are stable, one can expect the
system with control feedback law K to still be stable. When the system is not parabolic
however, the question is more complicated.
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APPENDIX A. APPENDIX

A.1. Proof of Lemma We start by proving that || - [+ is @ norm on H". Let f € H",

by definition there exists (f,)nen+ € [ such that f = Y fu.p, and therefore | f| g is well-
neN*
defined. Besides, since (¢p)nen is a Riesz basis, f = 0 is equivalent to f, = 0 for any n € N* and

consequently to || f|lyr = 0. Also for any pp € C

2
(113) ufllzer = 1Y~ mfaallrer = |ul (Z n2’”|fn\2> = [l fllaer-

neN* neN*

Finally, since (32, n?"[ fn + gn|?)1/? < (32, 02| )12 + (32, n%"|gn|?)!/? for any (gn)nen- € 12,
I - % is indeed a norm. One can easily check that it derives from the inner product given by
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. Since there is an isomorphism between [?(N*) and H" given by
(114) vt (fa)nens — Z fan ™" on,
neN*

such that for any (fn)nen+ ||t(fn)nen+ |l = || fnlliz, then H" is also complete and hence a Banach
space. Finally, since || - ||%r is associated to the inner product (-, )y it is a Hilbert space.

A.2. (gn)nen- is either H%-dense or w independent in H°. The following argument is clas-
sical. It was first provided in [2I] for the Schroedinger equation, and recently in [38] and [37] for
the heat equation and skew-adjoint operators respectively. We detail it here for completeness.
We assume that A\, # 0. The proof can be easily adapted to the case where A\; = 0, since the
resolvent A, defined below is well defined and invertible on #°.

Recall that ¢, € HY1/27¢ for any £ > 0. We define r,, := (An +A/2)71 and we obtain by
definition of ¢, in that

(A=A=X)gn=—> @p=h, inH/>*
peN*
which becomes by assuming without loss of generality that \/2 belongs to the resolvent set of A,
AxGn = Tnqn — T ANk in HOoL/2me
where
Ay = (A+2/2)7L

Let us now assume that the family (g, )nen+ is not w independent in H°. Then, there exists non
trivial (cp)nen+ € [2 such that

Z cnqn =0 in HO.
neN*

By applying A, to this equation, we get

Z CnTnGn = <Z cnrn> Ayh in HO

neN* neN*

which is well defined since (7,),, € [%. Applying again Ay, we get

Z cnriqn = (Z cnr721> Ayh + <Z cnrn> Aih in H°

neN* neN* neN*

By induction, it holds that

(115) Z CnTy qn = Z <Z Cnrvrzn—’—l_i) Az)\h = Z Cm+17iAf\h in Hoa

neN* =1 \neN* =1
where
Cj = g cnrl, < oo, j €N
neN*

Let us now distinguish two cases:



38 A. HAYAT AND E. LOKO

e The {C),} are identically zero. Then we define the complex variable function
G(z) = Z CpTne’ ™.
neN*

This function is holomorphic and since {C,} are identically zero, we have
G (0)=0, VmeN.

Thus G = 0, and therefore ¢, = 0 for all n € N*. This is in contradiction with the
definition of (c,)nen+. Hence, (gn)nen+ is w independent in HO.

e The {C),} are not identically zero. Let us denote mg := inf{n € N* C,, # 0}. Then,
starting with m = myg, we have based on by induction

(116) AV € span{qp fnen+, Vm € N*.

Suppose that the family (g, )nen+ is not H%-dense. Then there exists a nonzero d =

Z dnn € H such that
neN*

(9,d)30 =0, Vg € span{gn }nen-
which in particular yields,

(ATh,d)gp =0, Vm € N*.

Noticing that h = — Z ©on € H7L, we get that
neN*
(117) > durp =0, VmeN
neN*
We define the complex variable function,
G(z) :== Z dprne’™*, VzeC.
neN*
This function is holomorphic and from (T17), G (0) = 0 for all m € N*. Thus G = 0,

and further d,, = 0 for any n € N* which is a contradiction. Therefore the family (g )nen+
is either H°-dense or w independent.

A.3. Extended regularity of 7. From Lemma and the first part of Remark we can
deduce the following:

LEMMA A.1. For anyr € (1/2 —a,a —1/2), T is a bounded operator from H" to itself.

Proof. From Lemma[5.10] the only cases that need to be dealt with are r € (1/2—«,1/2—a+7].
Let r € (1/2—a,—1/2—+), and set f € H". Since the eigenvalues are simple (recall that we are
working in the whole proof on one of the subspaces of the decomposition ) there exists at most
one ng € N* such that \,, = 0. Assume that this is the case (the proof is the same otherwise,
with (f, on,)yo = 0 instead),

(118) f = <fa Son0>’}-[0(;0no + fla

where fi € {f € H" | (f,¢n,) = 0}. Note that one can define A~! on this space and g :=
ALt e H™T Since r + a € (1/2, — 1/2 — ), one can apply to g and have, using the
definition of g,

(119) Tf'=-BKA'f' + (A-ATA ',
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and this equality holds in H". In particular

T f e < (Bl 1K || 2o my AT 2 20+

(A = AD) || gpr+a a1 T lagr+a AT £z 2aray) 1 ll2er
where we used Lemma the fact that T is bounded on H"+* since r +a € (1/2,a—1/2 —7),
as well as the fact that » < —1/2 —~ and therefore B € H". Since X is continuously embedded in

H" forr < =1/2—7, [|[Tongl|l1r < || Tpn,llx, hence, there exists a constant C' (possibly depending
on r) such that

(120)

(121) ITfllzer < C (n5l{f, enodmol + 1LF ll3er) < Cllflrer-
Thus T is bounded from H" into itself for any r € (1/2 — a,—1/2 — 7) and since —1/2 — v >
1/2 — o — 7 since v € [0, (aw — 1)/2), this ends the proof of the Lemma. O

A.4. Proof of Lemma We proceed as presented in Section Before doing that let us
first show that

LEMMA A.2. For anyr € (1/2 — a + v,a — 1/2), the operator T is a Fredholm operator of
index O from H" to itself.

Proof. Looking at the definition of T' given by and , we have for any n € N*

T‘p”:Azkn A bpfp A
" open+t " N p+
(122) = ATn + ko Ty,

where 7 is given by Lemma and k is defined on H" by k : n™" T, — kyn~"Te,. Notice
that the operator k is a compact operator. Indeed, let f € H". Since, 7 is an isomorphism from
H" to itself, it holds that (n™ "7, )nen+ is a Riesz basis of H" and in particular there exists

(fu)nen+ € 12 such that f = Z fan "Ten. Let € > 0 to be chosen,

neN*
k(f) = Z knfnniT%(Pn = Z knnefnnirisi-@n-
neN* neN*

Since from Lemmal5.8] there exists € > 0 such that (k,n®),en+ € I°°, we have that ( fknn®)pen- €
I2. And this ensures that k(f) € H"*¢ and, in particular,

1k()[3r+e = Z knn® fan™" " “Ton

neN*

S knn® fullie S W fnllie S 1L 1l
Hrte
Thus, k is compact in H" from Lemma Combining this with the fact that 7 is a Fredholm
operator of index 0 (Lemma |5.15)) and thanks to the expression (122)), T" is a Fredholm operator
of index 0 in H" thanks to [I6, p. 169]. O

e Let us define z := A + p, where p € C. We assume without loss of generality that
the operator A is invertible. Otherwise, since its spectrum is countable, there exists
sufficiently small § # 0 such that A + 61 is invertible. So showing that A + BK + 21 is
invertible amounts to show that I + A~'BK + 247! is invertible. We now consider the
following two distinct cases:
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(123)

(128)

(a)
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K(A™'B) # —1.
We can check that for any f € H®/2, the function ¢ € H*/? defined by
A™'B(K
1+ K(A-1B)

is the unique solution to
(I+ A 'BK)p = f.

Thus, the operator I + A 'BK is invertible. Since A is a differential operator,
then A~! is a continuous operator. And then, thanks to the openness of invertible
operators, there exists € > 0 such that for any |z| < ¢
I+ A 'BK 4+ 247!

is invertible in H /2.
K(A™'B) = —1.
For any v € H*/?, it holds that

(I +A'BK)v =0+ v=-A"'B(Kv) € span{A~'B}.

This ensures that 0 is an eigenvalue of I + A~'BK with multiplicity 1 and the
corresponding eigenspace is generated by A~!B. Thus, there exist small open neigh-
borhoods €2 and 2 of 0 in C satisfying:

(I + A'BK + 2A Yy(2) = M2)y(2)

y: 2z y(z) € H?, is holomorphic

Az A(z) € Q, is holomorphic

A0) =0, yo:=y(0)=A"'B
in such fashion that for any z € Q, A(2) is the unique eigenvalue inside Q. Since
A(0) = 0, either A is identically 0 in €2 or there exists small neighborhood w such
that A\(z) # 0 for any z € w \ {0}. Let us show that X is not identically 0. For that,

we assume by contradiction that it is. From the holomorphy property of y, there
exists a sequence (yx)ren+ € H*/? such that

y(z) = > b,
keN*

with yo = A~'B. Then, in view of (124) and from assumption that A = 0, it holds
that

(I+A'BK +2A71) Z ypz® =0, in HO/?
keN*

which ensures by the unicity of the development in entire function that
(I +yoK)ye + A yp_y =0, in H*?, Vk e N*.
By applying K to this equation and noticing that Kyy = —1, we get
KA Yy 1) =0, VEeN"< KA 'y)=0, VkeN
Applying now K A™! to the same equation , we get
K(A y) + K(A Yyo) (Kyg) + K(A 2y, 1) =0, VkeN*
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and then
K(A 2y 1) =0, VkeN*< K(A%y,)=0, VkeN
By induction, applying KA~ to , we get that
K(A"y,) =0, VkeN,neN".
In particular
K(A ™) =0, VneN,
which implies that

> bmf{’” =0, VI>2
meN* m
Using the holomorphic function technique in Appendix we get that b, K, =0,
which is a contradiction. Therefore, there exists € > 0 such that A\(z) # 0 for any
z € Qand |z| < e. Since A(z) is the unique eigenvalue inside Q, I + A~ BK + zA~!
is invertible.
In the two cases, there exists at least a sequence of (zx)gen converging to 0 such that
I+ A'BK + 2, A~! is invertible from H®/? to H~%/2. Since the spectrum of A + pI
is discrete, we can find p := 2z — A such that both A+ pl and A+ BK + A\ + pl =
A(I + A"'BK + 2, A™1) are invertible operators from H®/? to H~/2.
We assume here that ker T* # {0} and we want to show that (A* + pI)~! has an eigen-
vector h in ker T with p defined above. Recall the operator equality

T(A+ BK) = (A— AIT.

Based on Lemma this equality holds at least where the operator are seen as acting
on H*? to H~*/2. Then, for any p as in above, the following holds:

T(A+BK + M +pl) = (A+ pI)T.
Since, A+ BK + M + pI and A + pI are invertible, we get
(A+pI) T =T(A+ BK + X +pI) "

As ker T* # {0}, we can select h # 0 such that h € ker T* and h € H~*/2. So, from (129),
for any ¢ € H~%/2, it holds that

0= ((A+pl) 'Tp —T(A+ BK + X + pI) " ¢, h)y/—as2

= (@, T* (A" + pI) " h)gg-arz = ((A+ BEK + M + pI) " 0, T*h) g a2

= (@, T*(A" + pI) "' h) gy
This ensures that T*(A* + pI)~'h = 0 in H~*/2, and thus (A* + pI)"'h € ker T*. We
have then shown that for any f € ker T*, (A* + pI)~'f € ker T*.
Because ker T* is of finite dimension (recall that 7" is Fredholm, hence T™* is) and not
reduced to {0} therefore the restriction of (A* + pI)~! to ker T* belongs to L(ker T*)
and is an operator on a space of finite-dimension, therefore there exists an eigenfunction

h € ker T* of (A*+pI)~!, associated to an eigenvalue u # 0 (since the operator (A+pl)~!
is invertible). Then we have

(A+pl)~th = ph,
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which in particular implies that

(130) Arh = 1Py,
/J
and h € H®/2. This ensures that h is an eigenfunction of A* associated to the eigenvalue
(1 — pp) /. As the subspaces of H~%/2? which are the eigenspaces of A* have dimension
1, the dimension of eigenspace associated to (1 — pu)/p is one. Since (n®/%@,)pen+ forms
a Riesz basis of H~%/2, there exists ng € N* such that Big((1 — pu)/p) = span{ng/zgono}.

In view of (130), h € Eig((1 — pu)/p), then there exists C' > 0 such that h = Cng/zgono.
So, we have finally shown that if ker 7% # {0}, there exist np € N*;C > 0 such that
C’ng/ %oy € ker T* and C’ng/ %o is an eigenfunction of (A* + pI).
e From what is done above, if kerT* # {0}, there exist nyp € N*,C' > 0 such that
C’ng/2cpn0 € ker T*. So for any ¢ € H~*/2,
2 " 2
0= (T, 5" pno)pg-os2 = (0, T (15" Py

In particular for p = B = Z bnn we have
neN*

0= (TB, 02" ong)3y-ar2

which combining with the fact that TB = B in H~%/2, ensures that

a/2 bn
0= <B7n0/ (Pn0>?-l*a/2 = a;JQ.
YD)

This is a contradiction due to assumption (L0]). Hence, ker T* = {0}.

A.5. A generates a semigroup on H". We show the following

LEMMA A.3. Under the assumption of Theorem A generates a C° semigroup on H™ for
any r = (11, ...,Tm) € R™.

This is due to the intrinsic link between the definition of the spaces H" and A (see Section .
We explicit this below. Given the definition of H" it suffices to show that for any i € {1,...,m}
and r € R, A generates a C° semigroup on H!. We define for any ¢ > 0

Hi — H;
(131) 8i,r<t) : Z fn‘/):z — Z e)\;tfn(/)ir
neN* neN*

Since A generates a C° semigroup with finite growth bound, there exists w > 0 such that
leAnt| < et for any n € N* and therefore S;,(t) € L(H") for any t > 0. Clearly, S;,(0) = Id
and for (¢,8) € Ry, S, (t+s) = Si,(t)S:i,(s). Finally, using the fact that 7, : ¢!, — n="¢ is an
isomorphism from 7-[? to H] which commutes with .4 and satisfies

(132) SixrTr = 750,

and the fact that A is the infinitesimal generator of S; o on 7—[?, we deduce directly that S; , is a O
semigroup and that A is the infinitesimal generator of S;, with domain D,(A) := 7.(Dy(A)) =
HT

7
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A.6. Extension to the case [ # 0. Suppose that Proposition holds for # = 0, then it
also holds for B # 0 exactly as in [37]. To do so, it suffices to define B = 3" n’b,p,, apply
Propositionwith B to obtain a feedback operator K and an isomorphism 7". Then Proposition
holds for 5 # 0 with 7' := M~'TM, and K = KM where M is the isomorphism from #+*
to H® for any s € R defined by

(133) M :n P, — on.

We refer to [37] for more details.

A.7. Proof of Corollary

Proof. The corresponding operator A for the system is the following Sturm-Liouville operator
A = 0;(ady) + b,

defined on the domain

(134) D(A) = {f € H*([0,L]) | e1.f(0) = —c2f'(0), e3f(L) = —eaf'(L)}.

This is classically a self-adjoint operator and the family (u,,),en+ of its eigenvectors forms an
orthonormal basis in L2(0, L) and its eigenvalues (\,)nen+ are simple, real, discrete and forms a
non-decreasing sequence [36].

We choose X = L?(0,L). Since the eigenvalues are simple X1 = X := L2,

Let us now determine the eigenvalues of the operator A and show that they verify the assump-
tions @ and . For any eigenpair (A, u,) of A, it holds that

Auy, = My, < 0 (adyun) + buy, = Apuy,
& 0zx(a0zup) + (b — A\p)uy = 0.
By the following change of variables

(135) y(x) := /Ox \/:(T)ds, on(y) = a(@) u,(z), Vzelo,L)],
we get that
Or(a(2)dpun(@)) + (b(x) = An)un(z) =0, Vo €[0,L] & pn(y) + Qu)en(y) = Anpn(y),
vy € [0, M],
where
32la(x(y)/" Lo
(136) Q) = blar(y) ~ S, M= /0 O

With the change of variables (135)) and , we have the following boundary conditions on ¢,
¢19n(0) + €20y, (0) =0

137 ~ ~
( ) c3on(M) + C48y<Pn(M) =0,
where
/ /
&1 = c1a(0) M4 - 20 (0) Gyim — 2 G csa(L)" 1 — adlh) .. G

1005747 7T q(0)3/A da(LypA T QLA

Note that since a has only positive values, & +¢&3 > 0 and & + & > 0. Let us define the following
operator

A::(?;-&-Q
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on the domain
D(A) == {f € H*([0,M]) | &1 £(0) + &0, £(0) =0, &3f(M)+ ésd,f(M) = 0}.

The eigenvalues A, are invariant under the change of variables . In order words, any eigen-
value A, of A is also an eigenvalue of the operator A and conversely, only the eigenfunctions
change. Thus, it suffices to know the eigenvalues of A to know the ones of A. From [36], the
eigenvalues satisfy the following asymptotic estimate

(138) A = —cn? +0(1) Vn € N¥,

where c is a positive constant independent of n. Thus, the assumption @ immediately holds for
o = o= 2.
Notice that the assumption holds for any n = p € N*.
Then, we consider now, n # p € N*, and we have
An — Ap| = |en? — ep? + O(1)).
Since

(139) lim |n? — p?| > lim  |p+n|=+o0,
p2+n2—+o0,p#n p2+n2—+oo

there exists 77 > 0 such that
(140) |An — Apl Zn]nQ—pQ\,Vn,pZ 1.
This ensures that
Vn,p =1, [An = Al Z nl(n+p)(n —p)|
> nn|n — pl,

which makes fulfilled for o; = av = 2.
O

A.8. Proof of Corollary Corollary follows from using the same transformation and
feedback as in the linear system and dealing with the nonlinearities as in [38]. Let consider first
the system without its nonlinear part ud,u. Then, it becomes exactly the heat equation
and in view of Corollary (g =a =2, By = ¢, r; =1, 7 = ) since holds, there exist
an invertible operator T' € L(L?(T), L*(T)) and feedback operator K € L(H?3/*(T),R?) which
transform the linear system to and then make it exponentially stable in L?(T). Due to
([0), ¢ = (¢1,¢2) € H*(T). This combining with the fact that K € L(H3/4(T), R?), allows to
apply [38, Lemma 5.5|, to the nonlinear closed loop system

(141) Ou — Au + udyu = K (u),

and then concludes that it has a unique solution u for any initial condition uy in L?(T). In
particular there exists w € R such that,

u € C%([0, +00); L*(T)) N Line((0, +00), H'(T)) N Hyoe (0, +00); H~H(T)),
and
(142) lult, M ezery < elluollzz(ry, VE > 0.
Let 7 > 0 and up € L?(T) with [uollz2(r < 0, (0 will be chosen later). Applying the transformation

T to (141)) yields
(143) 0Tu — TAu+ T(udyu) = ToK (u).
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As (40) holds, ¢ € H~Y(T), and by construction the operators 7' and K satisfy the operator
equality as
TA+ToK = (A - XNI)T.

At least, this equality holds in L(H(T), H~(T)). Since u € C°([0,7); L*(T)) N L2([0, 7); H'(T))
then the following equality makes sense in L%([0,7); H1(T))

TAu+ToK(u) = ATu — NTu.
Then, it follows from that for almost every ¢ € (0, 1),
XTu(t, ) — ATu(t,-) + NTu(t,-) + T(u(t,-)dpu(t,-)) = 0 in HY(T).
By setting z(t, ) := Tu(t,-) € H'(T), we get for almost every ¢ € (0,7) that
rz(t,) — Az(t,-) + Xz(t, ) + T(T 2(t, )0, T 2(t,-)) = 0 in HH(T).
Thus, we have
SO0 3y = (28, 0pa(2, )
= (2,Az — Xz = T(T7 120, T '2))
Since (z,Az) = —(Vz,Vz) = —HVZH%Q(T) = HZH%Q(T) - HzH%{l(T), it follows that

1 _ _
§3t||z(t7')”%2(1r) = 2oy = 12l F ey = M2llz2emy — (2 T(T ™20, T712))

<—(A- 1)HZ||%2('JT) - HZH%p(qr) + Cllzll 2y 1T~ 28, T 2| L2y
< == Dlellzmy = 217 + %HZ’HB(T)H%((TAZ)Q)”L2(1r)
< —( =Dz = 1217w + %”ZHL?(T)H(T_lz)QHHl(T)
<~ = Dlelagry ~ Ielmnge) + Slelzz el

where C is a constant that can change between lines but does not depend on z or t. Thus,
considering |[2[|z2(y small enough on [0, 7) (for instance if supjy ;) [|2(¢, )| L2(r) < 1/C), we get
that

1
502t Fary < == Dlla(t ) Zacay,

and in particular

()\fl)t|

12t ) 2(my < e |20l z2(T), VYt €[0,7)

with [|2]| 12ty small enough. Using the isomorphism property of 7', we get,
(144) Ju(t, Mrz2ry S e_()\_l)tHUOHLQ(T)? vt € [0,7)

with [|lul|z2¢r) small enough. Since the solution w is unique and satisfies (142), it suffices to
consider [[ug|| sufficiently small to have [|u|f2(r) small enough. Thus, there exists do(7, A) such
that for any § € (0,40), we have |luo|[z2(r) and the solution of satisfies the exponential
stability estimate (144)). Actually, using a classical argument (see for instance [38, Section 6.2]),
the estimate can be extended to [0, +00) in the following sense: there exists small 1 (A) > 0
such that for any ¢ € [0,01), if [|uo| z2(my < ¢ then

HU(t, ')”LQ(T) SJ ei(Ail)tHUOHL%T)a vt e [07 +OO)
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This concludes the proof.
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