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Computer-assisted proofs of non-reachability for linear parabolic PDEs
under bounded control constraints

Ivan Hasenohr* Camille Poucholf Yannick Privat! Christophe Zhang®
November 10, 2025

Abstract

Analysing reachability associated to a control system is a subtle issue, especially for infinite-
dimensional dynamics, and when controls are subject to bounded constraints. We develop a
computer-assisted framework for establishing non-reachability in linear parabolic PDEs governed by
strongly elliptic operators, extending recent finite-dimensional techniques introduced in [26] to the
PDE setting. The non-reachability of a given target is shown to be equivalent to proving that a prop-
erly defined dual functional takes negative values. Our approach combines rigorous numerics with
explicit convergence estimates for discretisations of the adjoint equation, ensuring mathematically
certified results with tight error bounds. We demonstrate the wide applicability of our framework
on Laplacian-driven control systems, showcasing its accuracy and reliability under various types of
control constraints.

Keywords: linear control systems, heat equation, bounded constraints on the control, non-reachability,
minimal times of reachability, computer-assisted proof, rounding errors
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1 Introduction

1.1 Non-reachability issues

The context of the present work is that of constrained reachability, for linear control systems of the

form
{w) = Ay(t) + Bu(t),
y(0) = yo.
Here X, the state space, and U, the control space, are two (complex) Hilbert spaces, yo € X, A :

D(A) € X — X is an unbounded linear operator generating a Cj semigroup (S:):>0 over X, and

B : U — X is a bounded linear operator. In this setting, the solution to (S) is well-defined and satisfies
y € C°([0,00); X) N CH((0, 00); D(A)).

(S)

Definition 1. Let yo,yy € X, T >0 and U C U a constraint set. We say that yy € X is U-reachable
from yo in time T > 0 if there exists u € L?(0,T;U) such that u(t) € U for a.e. t € (0,T), and such
that the solution to (S) associated to u satisfies y(T') = ys.

Depending on the context or application, one can be interested in proving that a given target is
U-reachable at a given time 7', or instead, that it is not U-reachable at that time. Non- {/-rechability
is relevant when the purpose is to ensure that the solution to (S) cannot equal an unwanted element
(or, more generally, cannot enter a given set) at time T'. Our focus here is on the latter problem.

More precisely, the methodology developed in this work applies to

(i) establishing that a given target y is not U-reachable from yo in time 7' > 0, in the case where

U is convex, closed and bounded, (1)

(ii) in the setting of (linear) parabolic PDEs.

This paper extends the work [20], which covers the same question within the framework of (i)
above, but in the finite-dimensional case. By (ii), we mean that we will deal with a large subclass of
ma-accretive operators with a suitable associated discretisation method (of finite element type), see
Section 2 for the detailed definitions.

Example 2. As an example, consider the internally controlled heat equation (on the interval (0,1),
with Dirichlet boundary conditions)

Oy — DOy = Xw,

y(t,0) =y(t,1) = 0.

y(0) = yo.



with, say

D=1, y»=0, w=G3HuE 1), U={vel?’Q), 0<v<lael}. (2)

Let y; € L?(0,1) and T > 0 be fired; can one prove that yy is not U-reachable from yo in time T' > 07

Or, equivalently given that yo = 0 and 0 € U, can one prove that T < T™* where T* is the minimal time
T >0 for which y; is U-reachable from yo € X in time T > 07

1.2 State of the art

Constraint-free controllability for linear PDEs has been the focus of extensive study from the 70’s, lead-
ing to numerous significant results: general conditions, as the extension of Kalman’s criterion for linear
PDEs, or more specific results, such as the Geometric Control Condition for the wave equation [32],
the approximate controllability and exact null controllability of the heat equation [29] (see [10,32]
for lecture notes compiling most common results). In recent years, some papers have studied con-
strained controllability, or reachability of linear ODEs and PDEs, uncovering general obstructions to
controllability [11,20,31], due for example to comparison principles [30], or observability-based criteria
caracterising the controllability of various problems with (un-)bounded and (a-)symmetric constraints
on the control |7, 8].

In this work, we focus on the reachability analysis of linear parabolic equations, typically with
internal controls, a context that has been extensively studied, both in the unconstrained and constrained
settings. For instance, for the reachable set of the heat equation with internal unconstrained control
[14,19,23,25,27]. Constraints on the state or the control have also been considered, whether bounded
or unbounded: [2,9,12,34,10].

Numerous methods exist in order to analyse reachability for finite-dimensional linear systems, in-
cluding Hamilton-Jacobi type PDE formulations [15,33], barrier functions [28,35], and set propagation
(see the comprehensive review in [1]). To the best of our knowledge, no such method has been designed
in an infinite-dimensional setting, in such a way that it is possible to rigorously answer a question such
as the one posed in Example 2.

Our method is based on discretising an abstract necessary and sufficient condition with explicit
bounds, and using interval arithmetic. Thus, our methodology belongs to the realm of computer-
assisted proofs. It is worth noting that computer-assisted proofs based on interval arithmetic for PDEs
has been an active and developing area of research: see for example |1-0,21].

1.3 Methodology and main results
1.3.1 Separation argument

Let T > 0 and U C U be a fixed constraint set. We let
Ey = {u € L*0,T;U), for ae. t € (0,T),u(t) €U}.

It follows from the linearity of (S) that a given y; € X is U-reachable from yg in time 7" > 0 if and
only if y € Sryo + L1 Ey, where Ly : L?(0,T;U) — X is the linear continuous operator defined by

T
Yu € L*(0,T;U), Lyu= / St_tBu(t)dt.
0

Clearly, if one finds a strictly separating hyperplane between L7Ey and {y; — Styo}, i.e., if there
exists py € X such that

sup Re(z,pr) < Re(yy — Styo,py) <= sup Re(v, Lppys) 200y < Re(yy — Styo,pp)s (3)
ZGLTEM UGEZ/{



then yy is not U-reachable from yo in time 7' > 0. Introducing the notation o¢ : z + sup,cc Re(x,y)
for the support function of a set C, and the so-called dual functional

T
Vpr e X, J(py) :=og,(L1pf) — Re(yr — Styo,pf) = / opu(Sipy)dt — Re(yy — Styo,py),
0

the above condition (3) amounts to J(ps) < 0.

In fact, this sufficient condition becomes an equivalence under our assumption that U is a convex,
closed and bounded case (and hence is convex and weakly compact). A separation argument outlined
in detail in |26, Proposition 2|, which goes through here when applied in the weak topology of X |
Theorem 3.4], leads to the following equivalence

)

yf is not U-reachable from yo in time ' >0 <<=  Fpy e X, J(ps) <O0. (4)

The condition (Vpy € X, J(py) > 0), which is equivalent to U-reachability of y; from yo in time
T > 0, is not amenable to computer-assisted proofs. Its opposite, however, is. Hence, in order to prove
that y; is not U-reachable from yo in time T' > 0, we are looking for py € X such that J(ps) < 0. We
shall say that such an element p; is a dual certificate of non U-reachability (of y; from yo in time
T >0).

Remark 3. This approach straightforwardly extends to tackling the non-reachability of a full set of
targets Yy. By Yy is not U-reachable from yo in time T, we mean that for all y; € YV, yy is not
U-reachable from yg in time T'. Then, for any closed convex set Yy C X, a separation argument between
LrEy and Yy leads to, defining J(ps; Vy) := o, (Lppy) + oy, (=py) + Re(Styo, vy),

Yy is not U-reachable from yo in time T <= 3dpye X, J(ps; Vy) <O.

Remark 4. We are assuming that U is closed convex and bounded, and that the control operator B
is bounded. As can be checked, our approach works under the slightly more general assumptions that
BU C X is closed, convex and bounded, and B is an admissible operator, see [79] for a definition of
admissibility.

1.3.2 Minimal times

Let us explain how proving non-reachability at a given time 7" may lead to estimates for minimal times.
First, let us first address the obvious fact that, in the case of bounded constraints, minimal times exist.

Lemma 5. Let y be the solution to (S), with (A, D(A)) generating a Cy semigroup, and BU be bounded
by Mpy > 0. Then for all y; € X,

lyr — Sryoll > sup [|Sillzx)TMpy = yy is not U-reachable from yo in time T
t€[0,T]
Proof. For u € Eyy, there holds
T T
I967) = Seunll = vl = | [ Se-Bute,gae] < [ sr-iBateat

0 0

T

< [ sw ISilecollBult, )t < T sup [1Sieo Mo
0 te[0,T] t€[0,T

Therefore, if |lys—Styol > supsepon 15t c(x)T Mpu, there exists no u € Ey such that yy = Sryo+Lru,
which concludes the proof. O



An immediate consequence of Lemma 5 is that whenever yy # 1o, there exists a minimal time of
reachability of y; from yo under the constraints given by U, i.e.

T*(yo,yy) := inf{T >0, Ju € Ey, yy = Styo + Lru}

satisfies T*(yo,ys) € (0, 400].

In general, the set on the right-hand side of the definition of T*(yo, y¢) is not necessarily an interval,
but it happens to be when yo = 0 or y; = 0 and if there are controls u € U such that Bu = 0. This is
the content of the following lemma, see |26, Proposition 7| for a proof.

Lemma 6. Assume that yo = 0 or yy = 0, and that U Nker(B) # 0. Then for all T < T*(yo,yyf), ys
is not U-reachable from yo in time T, and for all T > T*(yo,yy), y¢ is U-reachable from yo in time T

The above Lemma allows us to derive certified lower bounds for minimal times of reachability
T*(yo,yy). Indeed, if we have proved that y is not -reachable in a given time 7', then T" < T*(yo, yy).

It is well known that, under the assumptions considered here, y¢ is reachable at T" = T™*(yo, y¢).
For a proof of this fact, based on the direct method of the calculus of variations, we refer, for instance,
to [24, Lemma 2.1] or [3].

1.3.3 Control of discretisation and round-off errors

The notion of dual certificates allows us to develop a framework in which computer-assisted proofs
can be established. Working on the functional J, our method provides a numerically certified dual
certificate py which ensures that the target is not reachable.

In order to implement numerical methods, we must discretise the functional J. Recall that for a
given py € X, the adjoint L%, acts as follows: Lips(t) = B*S}_,py = B*p(t), where p solves the adjoint
equation
p(t) + A"p(t) =0,

{ (5)
p(T) = py.

With this notation in place, we may write

T
J(pg) = /0 o pu(Si_p)dt — Re(ys.pf)x + Relyo, Shpy)x .
6
T
_ /0 o au(p()dt — Re(yy, ps)x + Relyo, p(0)) x.

In order to evaluate J(py), not only does one need to compute a time integral and space integrals
(the inner products in X), but more importantly, it is required to discretise the adjoint equation (5)
both in time and in space — see Section 2.2 for details. Hence, in practice we will only be able to
evaluate a discretised function Jy4, defined on a finite-dimensional subspace V.

The next step, detailed in Section 3.2, relies on optimisation algorithms to find, if it exists, a
prn € Vi, for which the discretised functional Jj is negative.

Assuming such a pyy, is found, it provides a dual certificate for the non-reachability of y, provided
that both discretisation and round-off errors are small enough to certify the sign of the original functional
at Df-

For the first type of error, we derive in Theorem 11 a fully explicit bound using functional ana-
Iytic tools, while the second type is handled using interval arithmetic', thanks to the Matlab library

!Given two real intervals [a,b] and [c, d], interval arithmetic defines operations so that the result is again an interval
containing all possible outcomes of the corresponding real operation. For example,

[a,b] + [c,d] ={z +y:z € [a,b], y € [e,d]} = [a+¢,b+d]
[a,b] - [e,d] ={zy : x € [a,b], y € [c,d]} = [min{ac, ad, be, bd}, max{ac, ad, be, bd}].

Hence, the result of any basic arithmetic operation between intervals is still an interval.



IntLab [38].
In the end, we hopefully obtain a proven error bound e(pyp,ps) > 0 such that

J(py) < Ja(psn) + e(psn,pp) <O, (7)

which establishes that ps is indeed a dual certificate for the non U-reachability of ys (from yg, in
time 7).

Using this methodology, one can prove the non-reachability of targets for a large array of parabolic
systems, which we develop in Section 3. Let us now give an example of a certified result obtained with
our method in the context of Example 2, applied in the setting of parameters given by (2); in particular,
recall that we have yg =0, T = 1.

Theorem 7. Consider y; = x — 0.037sin(wx). Then ys is not U-reachable from yo in time T = 1.
Going further we may prove that the minimal time T™ to reach yy from yo under the constraints U,
satisfies T* > 1.12.

Thanks to our approach, this result is certified thanks to a dual certificate py € L?(0,1) for which
we prove J(pg;T) € [-0.0011919, —0.0000944] < 0, for T' = 1.12, and where py can be seen in Figure
2.

One of the interests of our approach is that the above result cannot trivially be recovered using the
parabolic maximum principle, since the chosen y; is below the final state reached using the maximum
allowed control u(t,xz) = 1.

Extensions and outlook on future works. Our approach relies on a few crucial hypotheses:

e convexity and weak compactness assumptions on the constraints and target set (1) and (3) to
obtain the equivalence (4)

e continuity and coercivity of —A* (see assumption (8))

e on a classical hypothesis relative to the approximation properties satisfied by the family of dis-
cretisation spaces (see assumption (V)).

Let us start by highlighting a few routine generalisations. First, since finding p; such that J(py) <0
remains a sufficient condition for non-reachability, the method can provide dual certificates for noncon-
vex target sets. Similarly, the boundedness assumptions of B and U can be combined into the weaker
assumption of boundedness of BEy := {t — Bu(t),u € Ey}. One could then consider unbounded
constraints or an unbounded yet admissible operator B € L(U, D(A*)), at the cost of more complex
formulae for oppg,, — either with a closed formula or with precise approximations.

At the expense of some generality, it might be also possible to relax certain assumptions in order
to handle specific examples that do not fall within the present framework. In particular, one could
try weakening the continuity-coercivity hypotheses, which are key to control discretisation errors with
constants that are small with respect to the final time. This could involve restricting the search for
dual certificates in a subspace where —A* is continuous and coercive, at the cost of equivalence (4),
or ignoring completely these hypotheses and try to manage constants growing exponentially with T, a
major hindrance for computer-assisted proofs. This extension could for instance be done using different
time-discretisation schemes (see Remark 10). This would in turn make it possible to accommodate other
boundary conditions, or even other classes of operators such as hypocoercive ones.

Other perspectives include major changes to the partial differential equation: an extension to non-
homogeneous non-autonomous linear systems of the form 0,y(t) = A(t)y(t) + B(t)u(t) + v(t) would
require the use of resolvents to obtain (less accurate) discretisation error bounds. A completely open
problem is to tackle semilinear or fully nonlinear parabolic equations, since our approach fundamentally
relies on the linearity of L7 to compute 07,5, One way to recycle our approach would be to come up
with inclusions of the reachable set into that of an appropriately chosen linear PDE.



Outline of the article. In Sections 2.1 and 2.2, we provide details about the functional analytic
framework of the method, as well as the different hypotheses we make both on the operator A and on the
discretisation methods. Proposition 9 outlines the error bounds associated to discretising the adjoint
equation (5). Section 2.3 contains the main theoretical result, that is, Theorem 11 which provides
precise discretisation errors incurred when approximating the dual functional J mentioned in (7) by its
discretised counterpart Jy. Finally, Section 2.4 summarises the whole method and hypotheses.

Section 3 is devoted to exploiting these theoretical results: in Section 3.1, we give precisions as to
the discretisation and interpolation methods used thereafter. Section 3.2 is dedicated to good practices
on how to find pyy, satisfying Jq(psr) < 0. Finally, in Section 3.3, we apply the methods and provide
(computer-assisted) proofs of non-reachability for several 1D heat-like equations with various sets of
constraints U, operators B and target sets V.

2 Key results and proofs

2.1 Functional analytic framework

Here, we introduce some of the needed terminology at the level of an abstract operator denoted by A.
Ultimately, if A is the operator underlying the control problem, —A* will play that role.

All along this paper, X will denote a complex Hilbert space endowed with inner product (-,-)x
and norm || - [|x. V C X will also be a Hilbert space, densely and continuously embedded into X.
Both spaces will be equipped with the norms || - || x (associated to the inner product (-,-)x) and || - ||v
(associated to the inner product (-,-)y). For ease of readability, we will drop the subscript X when
dealing with || - ||x and (-,-)x. Let us identify X and its dual X', with the associated Gelfand triple
Vcxcv.

We are also given A € L(V, V'), along with its domain

DA)={z eV, Az € X}.

Assume that A satisfies, for 0 < ag < az:

[(Av, w)| < arllvllv]w]v
Re((Av,v)) = aollv[[3-
A simple division then proves that A satisfies the sectoriality property

V(v,w) € D(A) x V, { (8)

Vv € D(A), (Av,v) € Sy:={z€C, z=0o0r |argz| < a}, 9)

with o = Arccos(f) satisfying 0 < o < §. Furthermore, applying Lax-Milgram’s theorem to

w(z1d —A) for a well-chosen w € C provides that
Vz ¢ So, 2zId—A:D(A) — X is an isomorphism. (10)

The combination of (9) and (10) corresponds to (A, D(.A)) being a so-called ma-accretive operator.
We shall need to use functions of such operators: if r is a rational fraction, bounded on S,, written in
the form

r(z) = r(c0) + Z S
with I a finite set, oj ¢ S, then we may define 7(A) € £(X) by

r(A) = r(co)Id + Z ri(o; Id —zA)~™.

Jjel

7



This definition then straightforwardly extends to functions f that may be written as the uniform
limit of such rational fractions in S,. For this class of functions, we have the important following
estimate.

Theorem 8 ( [16]). For any function f : S, — C that is the uniform limit of bounded rational fractions
on Sq,

[f(A)llzx)y < Ca sup [f(2)],
2E€Sqy
where Cp, < 2 + %

It is commonly known that the opposite of a ma-accretive operator generates a Cj semigroup.
Furthermore, the second inequality of (8) implies that A is an isomorphism from V to V' by the Lax-
Milgram theorem, with inverse A~! : V/ — V. Finally, we may define the adjoint A* € L(V, V')
of A.

2.2 Discretisation errors

We now introduce discretisation in space. Let V} be a finite-dimensional subspace of V', of dimension
denoted My}, associated to a discretisation parameter h > 0.

Let Ay, : Vi, — V}, be defined by
Yo, wp € Vi, Apvp €V, and (Ahvh,wh> = <.A’Uh,wh>. (11)

We will be considering standard assumptions concerning the discretisation properties associated
to V},: there exists Cy > 0 such that

VieX, inf |AT'f—upllv+ inf [[(A%)7Nf —onllv < Cohllf]). V1)
v EVR v EVY

Given zg € X, we are interested in approximating the unique solution z € C!((0,00);D(A)) N
C°([0,00); X) to

{z’(t) = —Az(t) 12

z(0) = zp.

Considering Euler’s implicit scheme for the corresponding discrete problem (through V},), we let Np €
N* At := NLT and for zp, 9 € V}, consider

Vn € {0, R ,NT}, Zhon = (Id —i—At.Ah)in Zh,0- (13)
The associated error can be estimated is as follows.

Proposition 9. Assume that the couple given by (A, D(A)) and V}, satisfies (8)-(V1), and let zy € D(A),
zno € V. Then, letting z = [0,T] — X be the solution to (12) and zppn,n € {0,..., Ny} be defined
by (13), we have

Vn € {O, .. ,NT}, HZ(tn) — Zh,nH < CaHZO — Zh,OH + (CQhQ + C3At) ”AZOH

where
a%Cg . I
Cy=0C1(7T+ 4In(2) 2 + Ca), o oy in general,
- 2
Cs = 4 Ca, ! ai 1/6;0 if (A, D(A)) is self-adjoint.
Qg

We do not claim any originality with respect to this type of estimate; our contribution here is to
derive it with explicit and optimised constants, a critical step for our approach to succeed. Its proof is
postponed to Appendix B.



Remark 10. In this article, we have only considered Euler’s implicit time-discretisation scheme to
approzimate (12). A more general class of schemes consists in using Euler’s implicit scheme to discretise

{w’(t) = rw(t) — Aw(t) (14)

w(0) = zo,

and then notice that z(t) = e *w(t). This would have two main advantages: firstly, if A is ag-coercive
and ay-continuous, and if V is continuously embedded in X with constant c, then A— rk1d is (a3 + c?K)-
continuous, and if 0 < Kk < Z—S then A—k1d is (a1 —c?k)-coercive. Therefore one can apply Proposition 9
to (14) and obtain discretisation errors decreasing exponentially with time.

This idea would also help extending the method to non-coercive operators: if A — k1d is coercive
for k <0, then the same trick allows one to use Proposition 9 and obtain explicit discretisation errors
— admittedly, those increase exponentially in time and would therefore be of little use even on small
timescales.

Notice that one could also consider spectral methods: in the rare case where one has explicit access
to eigenvalues and eigenvectors of A, all discretisation errors related to the approzimation of (12) would
be avoided.

2.3 Control problem

We are now given the control problem (&), a family of finite-dimensional subspaces V}, (of dimension
denoted M},). The important assumptions for us will concern the unbounded operator A := —A*, with
domain D(A*) and the finite dimensional subspaces V}:

e (A, D(A)) satisfies (8),
e (A, D(A)) and the family V}, satisfy (V).
As before, we introduce the corresponding notation Ay, defined by the relation (11).

We recall the assumption (1) that ¢ is closed, convex and bounded. We let Mp;; > 0 be defined by

Mpy := sup || Bu|| x.
ueU

Note that we always have Mpy < ||B| 2, x) My, where My = sup,, |lullv-.
Starting from the equation (6) (and with the change of variable ¢ = T — ¢ within the integral), we
have

T
Vpre X, J(py) = /0 opu(Sipr)dt — Re{yr,pr)x + Re(yo, STos) x-

We now define the fully discretised functional Ja¢p by, for all prp € Vi,

Nt
JAt,h(pfh) = At Z UBM((Id —l—At.Ah)inpfh) — Re <yf,pfh> + Re <y0, (Id +At.Ah)7NTpfh> (15)

n=1
Then, our main result in controlling discretisation errors for the functional of interest is as follows.

Theorem 11. Assume that (—A*, D(A*)) and the family V}, satisfy (8) as well as (V1). Then for all
pr € D(A*), prn € Vi, we have

[T (pg) = Taen@rn)l < (3MpuT At + (|lyoll + MpyT)(C2h® + C3At)) [|A"py|
+ ((lyoll + MpuT)Co + llygl) lps — ponll-



Proof. We decompose the error in the form

| T(pf) — Taen(pen)| < |T(pg) — T(pg)| + 1T (pg) — Taen(psn)l,
(1) (IT)

where
Nr

Vpr € X, J(ps) =AY opu(Stps) — Relys,ps) + Re(yo, Sipy).

n=1
Estimate for the term (I). Recall that for a K-Lipschitz continuous function f : [0,7] — R, we
have the estimate

T Nrp 1
/ f(t)dt — Aty | f(kAL)| < SKTAL.
0 k=1

Our aim is now to apply the above estimate to f : ¢t — opy(S/ps). Since BU is bounded (by
Mpy > 0), opy is Mpy-Lipschitz continuous, hence we have

[f (@) = f(s)| < MpullSipy — Sipsll. (16)
Since py € D(A*), t — S;py is of class C! on [0,T] of derivative ¢ — A*Sfpy, hence

[f(t) = f(s)| < My e [A*SEpyll [t = s| < Mpul| A%pyl| [t — s, (17)
telo,

where we used that A*Sfpy = S;A*p; as well as the bound ||Sf||zx) < 1 for all t > 0 (see Theorem
27). Summing up, the above Lipschitz estimate entails

~ 1 N
(1) = I (ps) = J(ps)| = G AtMpuT || A"py||

Estimate for the term (I11). First, we write

Nr
|J(pr) = Jaen(prn)] < Atz loBu (St pr) — opu((Id +AtAL) "psa)|

n=1

+ |Re (yo, Sypy — Ad+ALAL) N pp )| + lysllps — psall-

Using Proposition 9 with A = —A*,

(Re {(yo, Stpr — (Id +AtAL) Npgy) ) < lyollllS7py — Ad+AtAL) Tpp||
< woll (Callpy — pyall + (Cah® + C3At) [|A*pyl]) -

The error related to the sum reads, still using Proposition 9 with A = —A*,

NT NT
ALY " |opu(St ps) — opu((Id + AtAR) "ps)| < AtMpy Y ||S5 pr — Ad +AtAL) " psal
n=1 n=1

< MpuT (Callps — psall + (Cah? + C3At) || A*pyl]) -

Combining all the above estimates, we arrive at the announced result.

O]

Remark 12. Following Remark 3, if the closed convex set Yy is also bounded (say by Myf), then the
updated discretisation error bound as in Theorem 11 reads

T (pr; Vs) — Jaeh (s Vi) < (AMpuTAt + (|lyol| + MpuT)(Cah® + C3At)) || A*py||
+ ((lwoll + MpuT)Co 4+ My, )llps — psall.
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Remark 13. Notice that time-discretisation constants may be suboptimal in both Proposition 9 and
Theorem 11. Indeed, they have been computed under the only assumption that A is a ma-accretive
operator, and not accounting for its coercivity. This might induce an upper-bound of the form: for
all t > 0, ||SF|| < ve™®t, with v > 1,& > 0, which would slightly sharpen the estimates of (16)-(17).
As for the discretisation errors on the adjoint equation (12), the estimates can be traced back through
Proposition 9 to (32), where the supremum of the implicit Euler scheme is taken on S,. Instead, it
could be taken on the numerical range, defined as

W(A) = {{Ax,z),z € D(A), ||z||x =1} C C.

However, although the literature about this set is extensive (see for instance [10—-15] and the references
therein), forfeiting the sectorial simplification might increase the value of the equivalent of the constant
Cy, in Theorem 8.

Remark 14. A critical choice when it comes to applying our method is that of V,. In view of the
estimate given by Theorem 11, there are two main approaches.

o The first one is to rely on simple and thoroughly studied discretisation subspaces, such as the
finite element method. Numerical computations and estimates of constants are made easier, but
we typically do not have py, € D(A*). Hence, we must interpolate pgy in some way to get
pr € D(A*), which in turn requires to appropriately bound ||ps — pg||-

e The second one is to choose Vi, C D(A*) (for instance, splines) so that we may simply set
Pf = Py, thus circumventing the interpolation problem altogether. The price to pay is that the
computation of mass and stiffness matrices is much more complex. Also, a larger dimension for
the subspaces Vy, is required to get the same discretisation parameter h, which results in increased
computational costs.

The examples studied in Section 3.3 — where A is a Dirichlet Laplacian-based operator — will be made
using the first approach, with Py finite elements.

In practice, there will be a natural basis (¢1,...,%u, ) for V3, yielding a mapping
My,
I :z € RMn Zzzlﬁl € V.
i=1

Then, the operator Ay, is equivalent to the product of matrices M 1K in the basis (¢1, ..., %, ), where
for all i,7 € {1,..., My},
Mij = (i) and - Kij = (Aibj, i), (18)
In other words, I,(M™1Kz) = A,z for all z € RM». In the finite element setting, M and K are the
so-called mass and stiffness matrices, respectively.
As a result, the numerically implemented function, as a function of z € RMr is Japn(psn) =
Jaen(Inz), where

Nt
Taeh(Inz) = ALY opy(In(Id+AtM™C) "2) — Re (yg, Tnz) + Re (yo, In(Id +AtM 1K) T 2)

n=1
In order to actually implement the above function, we will assume that B, oy, yo and yy are such that

e we may compute opy(I},z) explicitly as a function of z € RMnr,

e we may compute Re(yys, Inz) and Re(yo, Inz) explicitly as a function of z € R, which by
linearity is equivalent to having explicit access to Re(yo,¥s), Re(ys, ;) for i € {1,...,My}. In
the case of a set )y, we need to be able to compute oy, (I52) as a function of 2z € RMn,

11



2.4 Methodology

We here give the overall methodology underlying our method in full detail.

Control problem. The control problem of the form (S) is defined by the state space X, the control
space U, the operator (A, D(A)), the bounded control operator B € L(U, X), and the bounded convex
and closed constraint set U containing 0.

We are given yg € X, yy € X, and a final time T" > 0, and we are interested in establishing that y
is not U-reachable from yg in time 7.

We first need to check that (—A*, D(A*)) (with D(A*) C V, V densely and continuously embedded

in X) satisfies (8), where we must explicitly compute ag, a;.

Space discretisation. We then choose a family of approximation spaces V}, C V such that the couple
formed by (—A*, D(A*)) and V}, should satisfy (V;), where we must explicitly compute Cp.

For a suitable basis (¢1,..., %, ) of Vj,, we compute the mass and stiffness matrices associated to
the discretisation method, given by (18).

Then, letting I}, : z — Zf\i " zi1;, assuming that these can be computed explicitly, we compute
osu(Inz), Relys, Inz) and Re(yo, I 2) explicitly as a function of z € RM» — closed formulae are available
for most classical control constraints and discretisation spaces.

Minimising the discrete functional. At this stage, we have access to the discretised functional
z = Jaen(prn) = Jaen(Inz).

We perform a primal-dual algorithm (see Subsection 3.2 for more details) to try and minimise the
functional z — Ja¢p(Ip2), in order to find z € RMr guch that Iaen(Ipz) < 0.

Choosing a possible dual certificate. Assuming we have found z € RM» such that Inen(Inz) <0,
we then aim at applying Theorem 11. We hence need to come up with a possible choice of dual
certificate py € D(A*) based on pygy, := Ipz.

In this case, we are faced with the following alternative:

e if V}, C D(A*), then we may directly choose py = pyp,, in which case we directly apply the estimate
of Theorem 11 since |[ps — pn|l =0,

e if the above inclusion does not hold, we interpolate into pys into some py € D(A*) by an appro-
priately chosen procedure. In this case, we need to bound ||ps — pya|| explicitly.

In both cases, we end up with a bound

|J(pr) — Jaen(prn)| < C,

where C' is known explicitly.

Checking that the proposed certificate is valid. Once p; has been chosen, we compute the
quantity Jagn(psn) + C by means of interval arithmetic. This computation leads to an interval, and if
its upper bound is negative, so is J(py), thereby concluding the proof that y; is not U-reachable from
Yo in time T

3 Application to 1D parabolic problems

We now apply the general methodology outlined in Subsection 2.4 to several 1D parabolic equations
and systems with the Dirichlet Laplacian as the main operator.
We shall demonstrate the versatility of the method with different examples, namely

12



e the 1D heat equation with Dirichlet boundary conditions and internal control, with two different
types of constraints: symmetric L? constraints, then nonnegativity and L constraints,

e on a underactuated system of 1D coupled heat equations, where only one equation is internally
controlled (with bilateral constraints).

3.1 Preliminaries on discretisation methods

To apply our method to the aforementioned examples, one need to choose appropriate discretisation
spaces V3, compatible with the hypotheses underlying Theorem 11. First, we need the couple formed
by (—A*,D(A*)) and V}, to satisfy (Vy).

Since we will be dealing with (variations around) the Dirichlet Laplacian, we will be using stan-
dard P; finite elements. Estimates for these are readily available, albeit usually not with explicit and
optimised constants.

For problems involving the Dirichlet Laplace operator, these will lead to functions psp ¢ D(A*).
As mentioned in Remark 14, we will then employ interpolation to obtain py € D(A*) from psp. This
procedure will be carried out using cubic splines; the rationale behind this choice is Lemma 16 below.

Discretisation using P; finite elements

Let us gather the few main results needed regarding P; finite elements — we refer for instance to [30,
Section 3| for a more precise setup. First, in view of the fact that the main operator of interest will be
the Dirichlet Laplacian, we shall recall the following standard estimates with explicit constants.

Proposition 15. Let N, > 1, h = Nih and x; = ih fori € {0,..., Ny}. Denoting by (Vi)ieq1,... N, 1}

the usual Py finite element basis (with Dirichlet boundary conditions), we have for all f € H?(0,1) N
H(0,1),

Nj,—1 b
'f— z; f (@)t 1 < EHJCNHLQ,
i= H}
and
Np—1 32
‘ < ="l (19)

F=Y fla)
=1

L272\@

The proof is postponed to Appendix A.

Interpolation using cubic splines

A function pyy, obtained by the Py finite element method satisfies psp, € H{(0,1), and hence is not in
D(A) = H?(0,1) N H(0,1) in general (here, A stands for the Dirichlet Laplacian).

As already explained, it will be necessary to interpolate this function to build p; € D(A) so as to
make use of Theorem 11. Such an interpolation should be done while making the discretisation error
negligible. For a given choice of discretisation parameters At, and h, this will be all the more likely
that both terms ||p; — psu|| and ||A*py| are small. If A = A, then by the estimate (19), |lpf — psall L2
can be controlled by [|p|pz.

All in all, a natural requirement is to interpolate pg, into py in a way that makes Hp’]ﬁH 72 as small
as possible. Using the following Lemma (see |22, Chapter V, Theorem (5-7)| for details), we are then
led to using cubing splines.

Lemma 16. Using the notations of Proposition 15, given a vector (q;)icqo,... N, }, the following optimi-
sation problem

inf o
T

ViE{O,...,Nh},f(xi)Zqi
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has a unique minimiser given by a cubic spline (that is, it is a cubic polynomial on each (i, x;y1),
i €10,...,N, —1}). Furthermore, it is a C*([0,1]) function satisfying f"(0) = f"(1) = 0.

As a result, if py, € H(0,1) is a function associated to P; finite elements, we choose the cubic
spline associated to previous lemma, imposing ps(0) = ps(1) = 0 and py(x;) = pyu(x;) for all @ €
{1,...,N, — 1}. The resulting function is of classe C?> and vanishes at the boundary, hence it is
in D(A).

3.2 Finding py, satisfying Ja.n(psn) <0

Given the discretised functional Ja, ) defined by (15), a key step is to efficiently find py, € Vj, at
which it takes negative values, if it ever exists. This can be a computationally challenging step that
must consequently be carried out with care. First, it is a crucial feature that this step can be done
completely independently from certifying the negativity of J(py): any method and acceleration available
to minimise Ja;, can (and should) therefore be used.

In particular, one should not minimise the functional within interval arithmetic, which considerably
slows computations down. Instead, interval arithmetic should only be used once the pair (psp,ps) has
been determined to certify the value of Ja¢p(psn) and of J(py).

Another trick to help with the minimisation process is noticing that ultimately, Ja;p is nothing
more than a proxy to get to J. Intuitively, it follows that if for A > 0, V}, is well-enough crafted, an
optimal py, € Vj, should be ‘close’ to a good candidate py € D(A*). Along this line, it can greatly
improve the efficiency of the minimisation process to first minimise Ja¢, 5, to obtain a numerical pyy, ,
which can then be interpolated into py € D(A*) using the methods mentioned in Section 3.1, and
discretised again into pyrp, € Vi, to evaluate the much more finely discretised Ja¢, p,, With 0 < he < hy
and 0 < Aty < Aty. For example, the dual certificate in Corollary 21 has been computed with hy =
1072, Aty = 5-107%4, then reinterpolated so that the final result has been computed with discretisation
parameters hy = 1.6 - 1073, Aty = 9 - 107%, a mesh size that would have significantly slowed the
minimisation stage.

Fenchel duality context. First, let us notice that one can address the question of finding p; € X
(in the non-discretised setting for now) by considering the optimisation problem

d:= inf J(pg) = inf op, (Lrps) — Re(ys,pf) + Re(yo, Stpy)-
preX preX
It is critical to see that J is positively 1-homogeneous: as a result, if there exists py such that J(ps) < 0,
then d = —oo. If not, then d = 0. In other words, we are faced with the following alternative: d = 0 if
and only if yy is U-reachable from g in time 7', and d = —oo if and only if it is not.
Now, this optimisation problem is the Fenchel-dual to the following primal problem

= ueLgl(%f,T;U) Or2, () Oy —srao} (L)
where 0¢ is the convex indicator of a set C' (taking the value 0 in C, and +oo outside of C'). By
our previous arguments, we have d = —m; such a strong duality can also be proved by using the
Fenchel-Rockafellar theorem. This duality structure calls for tailored minimisation algorithms: across
this section, we shall use the Chambolle-Pock primal-dual algorithm [13].

Because the functional J is unbounded below in the case of non-reachability, we do not have con-
vergence guarantees for this algorithm. Hence, some stopping criterion must be chosen in order to
chose pyrp. In practice, two such criteria are used in the numerical experiments: a numerical check of
whether Ja¢ j seems negative enough, and another of whether the algorithm is still moving, in the sense

that H”?ﬁ — ﬁ” is small enough. The result of that ‘minimisation’ step will abusively be called

‘minimiser of Jazp .
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Regularisation. Recalling that the discretisation error ultimately depends on how smooth p is (more
precisely, it is controlled by the quantity ||A*p||, see Theorem 11), one might consider a regularisation
of the primal-dual problem. Notice that such a regularisation might provide convergence guarantees of
minimisation algorithms as well. An interesting choice is to consider the following dual functional (and
its discretisation):

* )\ *
Vpr € D(AY), Ja(ps) = J(ps) + §HA prll?, (20)

where A > 0 can be thought of as a regularisation parameter. In that case, one can show using (8) and
the continuous embedding of X into V' that we have the existence and uniqueness of a minimiser? of
Jy on D(A*).

The major advantage of choosing such a regularisation term can be seen in Theorem 11. Indeed,
the computed-assisted proof of non-reachability essentially boils down to

Iaen(Drn)
| A*py]|

where C > 0 is a constant depending on several parameters, including At and h. This follows from an
upper bound of ||ps —pys|| using (H1). In that context, it is natural to try and minimise |[A*p¢|| as well,
hence the regularisation term above. However, since both Ja;p and py — ||A*ps|| are 1-homogeneous,
the important component of py is not its norm, but its direction. One can thus wonder if it is possible
to optimise the choice of A: as it turns out, the following lemma proves that the choice of A does not
influence the direction of the minimiser.

I(psn.pf) € Vi x D(A"), < —C,

Lemma 17. Let H be a Hilbert space and f,g : H — R U {400} be two convexr continuous functions
such that

flaz) = af(x)
glaz) = a’g(z).
Assume furthermore that g is positive outside of 0. Then, denoting S, = {s € H, g(s) = 1}:

A

int (o) + () = 5 sup (min(/(5),0))

VYa >0, Vz € H, {

and if the sup is reached, then:

A A
GpeH, YA>0,3r>0, f(rp) + §g(rp) = 1g£f(x) + 59(3:)

The proof is postponed to Appendix A. Therefore the choice of A > 0 has no influence over the
direction of Jy’s ‘minimiser’. Note however that choosing a ‘reasonable value’ of A may have numerical
advantages — increasing its value in turn increases the strong convexity of the functional and thus the
rate of convergence of minimisation algorithms.

3.3 Examples of computer-assisted proofs

First, let us recall that Lemma 5 provides a basic estimate for the reachable set and hence a benchmark
we can compare our approach to. The corresponding bound can easily be turned into a computer-
assisted proof, but its interest for us will be to make sure that all the results we obtain are coherent
with this estimate, and to prove ‘new’ results, namely results that were not already known by applying
this basic rule.

In this section, all examples will be made using real initial states, targets, operators and controls,
and thus so will be the dual certificates. We shall therefore drop the Re on the scalar products in this
subsection.

2Indeed, one can show that .Jy is strongly convex and continuous on the Banach space D(A*) endowed with the graph

norm ||¢||grapn == (|lll% + ||A*g0||§()1/2. It thus follows that J\ has a unique minimiser on D(A*).
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3.3.1 1D heat equation

We here consider the 1D heat equation with Dirichlet boundary conditions, namely

Oy(t, ) — Opzy(t, ) = xou(t,z) (t,x) € (0,T] x [0,1],

y(O,x) = yO(‘T) HAES [07 1]7 (S)
y(tv O) = y(ta 1) =0 te (OvT]
The control problem is set with X = L?(0,1), V = H}(0,1), A = 8,, is the Dirichlet Laplace

operator with domain D(A) = H?2(0,1) N H}(0,1), and the control operator is B = ¥, so that
U= L%*0,1).

First, it is classical that —A* is self-adjoint, namely —A* = —A with domain H2(0,1) N HE(0,1),
and that it satisfies (8) with ag = a; = 1, and hence is ma accretive with o = 0.

As mentioned in the previous section, we shall discretise —A* using P; finite elements, in which
case Proposition 15 yields Cy = /2. We will now present the versatility of our method on different
possible constraints. To avoid confusion, we will sometimes highlight the dependence of the functional
J with respect to the target or the final time, by writing J(p;yy) or J(ps; T).

Toy example. The goal of this example is to consider a situation where we may compare our approach
to known results obtained by basic calculations. To that end, we consider the system (S) with
w=0, w=0, U={uel, |ulv <1} (21)
In this setting, note that B = Id and Mpy = 1, and a simple calculation provides
YveX, opyv)=|v|]x.

Finally, we focus on the case where y; = Ay, with A € R and ¢y, := sin(kn-). In this simplified
setting, we obtain an explicit characterization of non-reachability.

Lemma 18. The following statements are equivalent:
e \y. is U-reachable from 0 in time T > 0

o There holds
1—e —k*m2T

k272
Proof. We first prove the direct implication, assuming that Ay is reachable, through some control .
Let us decompose u(t, z) as follows: u(t,z) = a(t)yr(x)+ B(t)v(t, ), where the function v(¢, -) satisfies
the orthogonality condition: for a.e. ¢ € (0,7, (¢x,v(t,-)) = 0. Then

|)\| <>\* —fMBu

Y T
5 = W), 0) = (Truh) = (L) = [ (a(t), S5 i)
0

T
/ a(t)e_kQWZ(T_t)dt.

0

N =

T
= [t + Beyele, ). e T Duar =
0
Moreover, from the constraints (21), we have that for a.e. t € (0,7), |lu(t)|| < 1. Thus, for a.e.
€ (0,7), |a(t)| € vV2Mpy, which implies that
T k2 2 T e_kz 2T
Al < \@MBM/ - Ddt = \[MBMT =: AL
0

We have thus shown that if Ay, is reachable, then [A| < A7. The converse implication follows easily by
computing Lpu, for u defined by u(t, z) := ,\%\/éMBmZJk- O

16



Building upon this analytic upper bound, we discuss the effectiveness of the method in Figure 1. In
this table, we calculate certified upper bounds /\kAt’h of A} using the aforementioned method for different

discretisation parameters, for T'=1 and M = 1. Those )\kAt’h are computed as a close upper-bound of

inf {\ > 0, Jaen(Vr)as v = Mok) + er((r)a) + e (i, At h) < 0}.

| k [ + [ 2 [ 3 [ 4 [ 5 | 6 [ 7 | 8 |
y AL [ 0.1433 ] 0.0358 [ 0.0159 [ 0.009 | 0.0057 [ 0.004 | 0.0029 | 0.0022 |

(At,h) = (5e—4,1e-2) | 0.1797 | 0.1810 | 0.3438 | 0.5953 | 0.9298 | 1.3486 | 1.8561 | 2.4584
(At, 1) = (1.25e4,5e-3) || 0.1525 | 0.0721 | 0.0975 | 0.1541 | 0.2328 | 0.3317 | 0.4502 | 0.5886
(At,h) = (26 5,2¢3) || 0.1449 | 0.0418 | 0.0291 | 0.0322 | 0.0420 | 0.0562 | 0.0740 | 0.0951
(At,h) = (5e-6,1e-3) | 0.1437 | 0.0373 | 0.01920 | 0.0148 | 0.0148 | 0.0170 | 0.0207 | 0.0255

Figure 1: Comparison of theoretical and numerically certified upper-bounds of non-reachability of Ay

As we can see, the method is very effective for small frequencies, but its precision decreases quickly
with higher frequencies. This can be easily understood since the error term in Theorem 11 depends on
the second derivative of the interpolant, and thus increases with the square of the frequency. Here, no
minimisation process was required to find an optimal dual certificate: indeed, one can show that in this
context, if yy = Ay, py = ”zﬁ satisfies J(pg;yr) < 0 if and only if y; is not reachable. Actually, one
can easily show that py = yy = 9y, (or any positive multiple thereof) is an optimal dual certificate of
non-reachability. Let us emphasise that this is only the case because of such simple control constraints,
and especially because B = Id. This result is confirmed by numerical experiments: when minimising
Jaen(+;¥k), the algorithm stabilises around the direction given by vy, very quickly.

L™ constraints. Let us now consider a more involved example associated to the control problem (5),
where we let

y0:07 w:(%,%)U(%,l), (22)
and
U={uelU, 0<u(z) <1 forae ze€l01]}. (23)

We also compute that Mpy = /|w| = \/g We compute (letting z; = max(z,0) for z € R)

Vo e X, opy(v) = sup(u, x,v) —/ sup yv(z)dx = / vy (x)de.
uel w 0<y<1 w

In this context, aside from the dual method introduced in this article, two sufficient conditions can
help determine whether a given target is non-reachable.

e First, the crude inclusion of the reachable set in a ball of centre Sty based on Lemma 5 shows
that |lyr — Styol| < MpyT is a necessary condition for y; to be U-reachable from 0 in time 7T'.

e Second, the parabolic comparison principle leads to Sty < y(T') = Sryo + Lru < Sty + Lru
for all controls taking values in U, where u(t,z) = 1 for a.e. t € (0,7), z € (0,1). In the case
where yo = 0, this yields a necessary condition for a target y; to be U-reachable from 0 in time
T > 0, given by

0 <y < Ly, (24)
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For simple enough subsets w of [0,1], one can easily approximate Lpu with L% estimates, thus
allowing for proofs of non-reachability using the parabolic comparison principle. Therefore, to empha-
sise the usefulness of our method, all the computer-assisted results of non-reachability we will provide
below satisfy (24), at least numerically.

That is why we will here focus on the case where y; = Ay, with A > 0, which is not — for A
small enough — trivially non-reachable using the parabolic comparison principle. We first present some
results of non-reachability of half-lines: the following lemma proves that if yo = 0 (in which case 0 is
reachable) then for any non-reachable targets yy, so is the full half-line starting at yy and moving away
from 0.

Lemma 19. If 0 € U and yo = 0, then for all y¢, py such that J(ps;ys) < 0, we have J(pg; Ayr) <0
for all X > 1.

Proof. If 0 € U, then Yv € U, oy(v) > 0, and thus J(ps;yr) < 0. This implies (ys,ps) < 0, which
leads to J(pg; Adyy) < J(pgiys) <O. O

Its corollary below has been computed with a discretisation of 2,000,000 points in time, and 2,000
in space:

Corollary 20. For the system (S) with operator B associated to w given by (22) and constraints (23),
the target \ipy is not U-reachable for T =1 if X > 0.035. Indeed, there exists ps € L*(0,1) such that

J(pf;0.035¢1) € [-0.000718, —0.000111] < 0.

The dual certificate py associated to the previous result is shown in Figure 2.

0.04 4

0.03

0.02 1

0.014

0.00

—0.01 1

—0.02 A

003 — ¥ w —y —p — LT

T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Figure 2: Target and optimal dual certificate associated to Corollary 20.

Notice that, unlike the results proved in (3.3.1), the dual certificate py is quite different from the
target y; (see Figure 2). This is mainly due to the presence of the operator B = x,,, which introduces
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higher space heterogeneity. The optimisation step tends to create a dual certificate negative on w, so
as to reduce the value of op, (L}ps), while maximising (ys,py), which translates in maximising the
values of py on [0, 1]\w, since here yy =11 > 0.

The result proved in Corollary 20 happens to be near the limit of what can be done with the
computer-assisted proofs developed in this article, in the sense that the very fine discretisation allowed
for very small discretisation errors (approximately 2.72 - 10~%). However, a more precise discretisation
comes at the cost of higher computational costs (here, several hours on a standard desk computer),
and often with higher rounding errors: here, they amounted to 3.13 - 107°. In general, it is a general
feature of our method that a compromise must be found to balance discretisation and rounding errors.

Another interesting application of this method is to compute certified lower-bounds of minimal times
of reachability, which has been proved with a 500, 000-point discretisation in time, and 1000-point in
space:

Corollary 21 (of Lemma 6). Let yy = o51b1. With constraints (22) and (23), the minimal time
T* € (0,400] needed to steer (S) from yo = 0 to yy satisfies T* > T = 0.13. Indeed, there exists
ps € L*(0,1) for which

J(ps; T) € [~0.000192, —0.0000268] < 0.

The dual certificate py associated to the previous result is identical to the one of corollary 20 shown
in Figure 2.

The method can also be applied to less smooth targets, such as absolute value based functions (see
Figure 3). However, minimising J(-;y¢) might provide less smooth dual certificates pyj,, which would
lead to huge [[A*ps|| after interpolation into py. Indeed, as stated before, the minimiser p; will try to
maximise the scalar product (yf,ps), and therefore mimic the regularity of y¢. To circumvent this, one
might minimise the regularised functional introduced in (20).

For example, the minimisation of J and Jy for y¢, leading to the non-reachibility result of Propo-
sition 22 can be seen in Figure 3. One can calculate that J(py) ~ —0.0014 and J(pl}eg) ~ —0.0013,
as expected since p;ceg is obtained through the interpolation of a minimiser of Jy with A = 1072, but
|A*ps|l ~ 1350 where HA*p}egH ~ 125. Overall, although ps is a better minimiser of ./, the massive
difference of discretisation error simplifies the proof of non-reachability of y;.

Considering a discretisation of 5,000, 000 points in time and 3, 250 points of space, we have obtained
the following result. In particular, it is interesting because it has only H& regularity overall, and analytic
regularity exactly outside of the control support: this is a pivot case where the reachability of the target
is unknown for unconstrained controls (see [11]), let alone for the constrained case.

Proposition 22. Consider the target
15 : 4
yf::I:r—> ET{B szngg
H(B—5z) ifi<az<l

reg

Then yy is not reachable from yo = 0 in time T' = 1. Indeed, with Py plotted in Figure 3, we have that
J(pl}eg) € [-0.0017,—0.0009] < 0.

Once again, the limits of our computer-assisted method showed: such a precise discretisation induced
high computations and rounding errors (=~ 2 - 107%), of the same level as discretisation errors (~
1.8 -107%). It follows that a finer discretisation probably would likely not have allowed us to prove a
stronger result.
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Figure 3: Target and optimal dual certificates for Proposition 22.

3.3.2 Coupled 1D heat equation

In this section we shall consider the following dynamical system

Ory1 — K10zey1 = ay1 + by (t,z) € (0,7] x [0,1]
Orya — K20z2y2 = cy1 + dya + xwu  (t,z) € (0,T] x [0,1],
yi(0,z) = yo,i(x) ie{1,2}, z €0,1],
yi(t,0) = yi(t,1) =0 ie{1,2}, t e (0,7

Here, the control problem is set with X = (L?(0,1))2, V = (HZ(0,1))?,

K10z +a b
A= < c K204y + d)

with domain D(A) = (H?(0,1) N H(0,1))%. Finally, U = L?(0,1) and the control operator is defined
by
YueU, Bu=(,2,) and  VY(y)€ X, B*(y)=xwy-

Xwl

We consider the case where

w=(0,3), U:=={uelU, —1<u<2}.

Hence, we have My = 2, and Mpy = My+/|w| = v/2. With the notation z; = max(z,0),
z_ = min(z,0),
VG EX, oml(3) = [ (2ula) -y
w

Here, we discretise by using P finite elements. Letting W), C H}(0,1) be the discretisation spaces
associated to P; finite elements, this means we set Vj, := (W;,)2 C V.
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Proposition 23. Let (a,b,c,d) € R* and k1,k9 > 0. Let omax denote the largest singular value® of
(2%), and for i € {1,2,3}, Amax(S;) denote the largest eigenvalue* of the matriz S; defined by

g = a b+ ¢l g 2aK1 |br1 + cKal g — 2ak1 |ck1 + bko
L 510+ d 27 \|br1 + cra 2dka 37 ek + brg| 2dks :

Let us assume that the coefficients a, b, ¢, d, k1 and ke are such that

)\max(Sl) Sﬂ—z min(/ila 52)

max ()\maX(SQ), )\max(S:g)) < 472 min(/{%, /@%)

A possible choice of the continuity constant ag and the coercivity constant aj introduced in (8) are

A S
ap = min(ky, ke) — max <maX§1), 0)
T
Omax
ar = max(ki,k2) + —5
0

If ap > 0, (—A*, D(A")) is hence ma-accretive with o = arccos( g

). Furthermore, (V1) holds with

1
Co = P <\/47T2 min(k?, £3) — max (Amax(S2),0) + \/47r2 min(x?, £3) — max (Amax(93), 0)> .
Proof. Recall that here the state space is X = (L?(0,1))? and V = (H}(0,1))2.

Computation of a;. Using the Cauchy-Schwarz Poincaré inequalities®, one can prove for all (v, w) €

D(A*) x V
= (o () o (22)) = (5 5) (2)- (o)
< max(ir, i) [ollv wllv + K(b fl) @) ’ (Z;M

< max(r1, £2)|[v]lv [wl][v + omax|[v][[|w]

(o}
< (max(r, 52) + 725 Jollv Jwllv-

3In other words,

1
Omax — ——= a2+b2+c2+d2+ a2+b27027d22+4ac+bd2.
ik Vi P+ i(ac + b

4In other words,

Amax(S1) = %(a +d++/(a—d)?+ (b+c)?),

Amax(S2) = ak1 + dr2 + /(ak1 — dk2)? + (bk1 + ck2)?,
Amax(S3) = ar1 + dkra + \/(am — dk2)? + (ck1 + bre)?.

5Recall that for every v € Hg(0,1), there holds

7"2||”H2L2(0,1) < ||UIHQL2(0,1)

and the constant 7 on the left-hand side is sharp.
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Computation of ag. For v € D(A*), we compute

Re({(—A*v,v)) = /{1H3xvl||2Lz + /4;2”895112”%2 << ) ( > ’ <Z;)>
v v
> k1| 0pv1 |22 + Ko Opva|2s — < 1 <\{v;”) (\!v;”>>

> k1| 02011 + K2l|Opv2 ]| — Amax(S1)[0]1?

(S1)
> <min(/‘61,/€2) —maX( max(51) ;0 > o]l
Computation of Cy. First recall that Proposition 15 gives us,

. h
Vg € H*(0,1), Jof g = onllmy < —=lg" ez,

V2
which translates into, since Vf € D(A), A 1f €V and (A*)71f € D(4*)

h
Ve X, b AT ol inf (AT =l < s (10 (AT D 1k ((AD 7 D) - (25)

It follows that it is enough to show
VieX, (10u(A7 NI + 1022 (A) NI < CoV2I£]-
To this aim, by setting g = A~ f (resp. g = (A~1)*f) we will prove that

Vg € D(A), min(||Agll, [ A"g]) > —Z(|0uall-

\f
Let g € D(A). We write

14g]1* = K3l10seg1 172 + K3110ssg2]I72 + lagy + cgall7z + [Ibgr + dga|72
— 2051|821 72 — 2dr2]|0292(172 — 2(bk1 + ki) Re(rg1, Dnga)
> 63100091172 + #31|0sg2ll72 — 208110091172 — 2dkol|Ozgall72 — 2|br1 + ch2|[(Dsg1, Dzg2)]

2am b+ omal) (10sgilliz) (191112
> ( Oagt |22 + K3 Opagal)? )— << ! ,
2 FilPeagullze + relOeagallze bra +enal  2dmz ) \9ag2ll12) " \[19ag2 ]2
> (13192091122 + 311002l 72 ) = Mnax(52) (1921172 + [19:272).

Since g1, 92 € H}(0,1) both are continuous and satisfy fo ,gi(t)dt = gi(1) — gi(0) = 0, using the
Poincaré-Wirtinger inequality, we have [0,9i]/12 < 5=/0229i 72, and thus

1
“ 5 max (/\maX(S2)7 0) (Hamng%? + Hamg2H%2)-

14911 = (310m091 122 + R l02agell3e ) — 1

It follows that

) 1
I4g] > \fmin(s2, 1) — g max (s (92)0) e, (26)
In a similar manner, one can show that
* . 1
4%l > (8. 13) — 1Ly i (551,01 (21)

Applying (26) with g = A71f and (27) with g = (A4*)71f to (25) yields (V) with

Co = 2771\@ <\/47r2 min(x?, k3) — max (Amax(S2),0) + \/47r2 min(x?, £3) — max (Amax(93), 0)) .

O
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Figure 4: Initial and final state without control, target, control domain and dual certificate for Propo-
sition 24.

For the following examples, we will use the constants

a by (-1 2 k1 (1

c d o -2 —-1)° K2 o 1.5)°
In particular, these coefficients satisfy the hypotheses of Proposition 23 and we have Cy = v/2, ag = 1,
a; = 1.5+ V3. Notice that in this context, because of the competition term induced by ¢ < 0 < b,

w2
no comparison principle is applicable. Therefore, aside from our methodology, only Lemma 5 provides

reachability estimates in this setting.

Non-reachability of a ball: in the spirit of Remark 3, we shall here try to prove the non-reachability
of sets of targets. For example, consider, for yy € X, € > 0, the set

Ve={ye X, |ly—ysll <}

One can then apply Remark 3 with My, = |lys|| + ¢ and use the same method to try and prove the
non-reachability of all elements of Yy under the constraints 3.3.2. In this context, one has that

Vpr e X, oy (pr) = (s pp) +elpsll

The following result was computed using a time-discretisation with 11,300 points and a space
discretisation with 750 points.

Proposition 24. Let

Yo = (Sm((;r')> ., Yyr=0 and e= 1072

The set Yy :={y € X, |yl < e} is not reachable in time T = 0.32. Indeed, for p; = (b} ), whose graphs
are pictured in Fig. 4, we have that

J(ps; Vs, T) € [—0.0262, —0.0014] < 0.

Notice that once more, the dual certificate (1} ) tends to resemble V¢ 4+ {—Sryo} so as to minimise
oy, (=py) + (Styo, py), while staying close to 0 on w, in order to minimise fOT oBu(Sipy)dt. Also note
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that discretisation parameters to prove this result are rather large: yet, discretisation errors (here,
8.1-1073) and round-off errors (4.2 - 1073) are of the same order of magnitude. This is mainly due to
the additional term S7py which considerably increases discretisation errors, and to the fact that space
discretisation has doubled complexity with respect to the single equation case: two intervals [0, 1] are
discretised with 750 points, thereby increasing rounding errors.

Remark 25. In the spirit of Lemma 0, since ker(B) NU # 0 and ||Swyl| < ||y|| for all y € X and
t >0, one can show that such a time T is a certified lower-bound of the minimal time T™*(yo, Vy) needed
to reach Yy from yo, where “minimal” means that for any time t > T*(yo,Yy), the target set Yy is
U-reachable from yg in time t.

Non-reachability of an unbounded set );. Based on Remark 3, one can also tackle the non-
reachability of an unbounded set. As an example, consider the case where we want to make sure that,
at time T, the first equation is not equal to some y; € L?(0, 1), without any restriction when it comes
to the second equation. In other words, we set

Vi i={y} x L*(0,1).

In this context, we find

1 1 : 2

P (y1,pp) ifps=0
Vps = f)eX, o = f f
" (pfc s (Ps) {+oo if p2 £ 0,

Since J now takes infinite values, we shall consider its restriction to X; := L?(0,1) x {0} on which it

takes finite values. Denoting y; = (% ) we still have

T
Vpy € X1, J(pﬁyf):/o ou(Lppy(t))dt — (ys, py),

for which the estimates of Theorem 11 can be applied. Using this result, one can prove the following
proposition, computed with 80,000 points in time, and 1000 points in space:

Proposition 26. Let
1
Y = —%sin(Qﬂ-) and Yy = {y1} x L*(0,1).

Yy is not reachable in time T = 1. Indeed, for py = (%), we have that

J(ps; Vy) € [—0.0262, —0.0008] < 0.

Here, we have computed the functional for py = (¥} ), which might not seem optimal. How-

ever, notice that this dual certificate does minimise oy, (—py) at fixed norm, and has low value of

fOT oBu(Sipy)dt. The ‘true minimiser’ of J(-, Yy) is very close to ps, with p; very slightly modified so
as to account for the time-integral term.

Acknowledgements. All four authors acknowledge the support of the ANR project TRECOS, grant
number ANR-20-CE40-0009. We express our sincere gratitude to Michel Crouzeix for the time he
devoted to us and for his valuable insights on the use of sectorial operators in numerical analysis.
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Appendix

A Proof of minor results

Proof of Proposition 15. Let p = S.N7" f(x;)¢, and let i € {0,...,N — 1}. Remark that p/(z) =
feie) =/ @) g q]) 3 € (74, 7i41). Since f is in H?(0,1), it is in C!([0,1]) and the mean value

Tiy1—T4

theorem then guarantees the existence of 6; € (z;, zi4+1) such that f'(6;) T P (z) for all

x € (zj,xi+1). The Cauchy-Schwarz inequality then entails

Tit1 Tit+1 Tit1 r 2
[ i@ =s@ra= [ 1@ - reopar= [ [ a4
< [ 0; — BTz 2ded

/ | w!/ei!f(t) td

1 2 2 Titl " 2
<3 (G =00+ @) [ 1o
< %(l‘z‘ﬂ — ;)2 /_Pr1 £ ()] dt.

Summing over ¢ achieves the first inequality. The second one is a direct consequence of the first, using
the Cauchy-Schwarz inequality on two subintervals to reduce the constant:

Tit1 %($i+517i+1) Tit1
[ @ - pleyas = [ £@) —pla)Pdat [ 7 (@)~ pla) s,

% (zit®it1)

where

2

%($i+xi+1) %($i+xi+1) x
| £(0) — pla)Pde = | | oo - v a

%(Ii+:v¢+1) T , , 9
s/ |x—xi|/ () — p(0) Pdeda

HE— / | TR — PP

ZT; — X 4 Tit1

IN

IN

i

Similarly, one can prove the same upper-bound for the integral on the second subinterval, which leads

to
[ 1@ - ppar < C [T g

Summing over i and taking the square root, we arrive at the second inequality. ]

Proof of Lemma 17. Since g is positive outside of 0, for all x € H such that g(x) < 400, there exists
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r > 0,s € S, such that x = rs. Letting A > 0, we may write

A _ A
xlgff( r) + 59(%) = ééﬂfq f(:v)+§g(x)
g(z)<+oo
>‘ 2
= nf i)+
s€Sy

= inf inf rf(s) + ;72

SESg >0
-1
= inf 55 (min(7().0))"
= g5 sup (min(7(5)0)"

Therefore, should the infimum be reached, the minimiser’s direction is independent of A, which concludes
the proof. ]

B Proof of the main results

The content of this section is drawn almost entirely from personal correspondence with Michel Crouzeix,
to whom we are grateful for generously providing his personal notes. Our main contribution is to
compute and optimise as much as possible all constants involved in the process.

Throughout this section, we assume that we are in the setting of Section 2, with an operator
(A, D(A)) and discretisation subspaces V}, satisfying (8) and (Vy).

Let a and 3 satisfy 0 < a < a + 8 < . Recall the sectors defined by equations (9) and (10),and
thus that A is a ma-accretive operator. A classical consequence of the Lumer-Phillips theorem is that
—A generates of a semigroup of contraction, and thus for all ¢ € Sg, the function S; := exp(—tA) is
well defined.

Before considering the discretisation of (5), we will first prove some theoretical results regarding its
solution.

B.1 Theoretical results on solutions of the adjoint equation

Theorem 27. For allt € Sg, witht # 0 and 0 < a < a+ 3 < §, and for every integer k > 0, the
operator Sy € L(X,D(AF)). Moreover, the map t — Sy, from Sg_a into L(X), is holomorphic on the
interior of Sg—m and we have the estimate:

k!

vt >0, ||S ||£(X) = || A* Stlleex) = tk cosk o

Proof. (a) Let f(2) = (14 2)*e™**. Since fj, is the uniform limit in S, of (14 2)*(1+tz/n)™", we can
define fi,(A) € L(X). Since e = (1 + 2) ¥ f(2) and (Id +A)~* € L(X, D(AF)), we get:

Sy = (Id+A)"F fi.(A) € L(X, D(AR)).

(b) Let Ky = sup{|¢?e¢¢|,( € Satp}. For t, s € Sg, both nonzero, the Taylor expansion yields:

Ky 1
Vz eS8 , —tz _ _—sz t— —sz <
2€ 8, e e (Ems)ze 2 0%e21 |zt 4+ (1 —x)s

’2|t— s|?.

Using Theorem 8:

_ < a
1St = Ss + (t — 5)ASsll(x) < Ca 20<x<1]:rt+(1 )8\2‘t

9
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so t — Sy is differentiable with S} = —AS;, and by induction:
VkeN, S% = (—A)ks,.

(c) Fix t > 0, let 5(0) =t + re®, with r = tsin g, 6 € [0,27). Then s(0) € Sg. For u,v € X, define
©(z) = (S,u,v). From the last paragraph, ¢ is holomorphic in Sg, and:

Vze8p, e < IS:llecxllulllloll < llullllvll-

Cauchy’s residue theorem gives:

1 L[ o(s(h
a0 = o [ B ase),

leading to:

| 2w !
) < 2 [ 1l Rl

21 rk (tsin B)k”
Since o) (t) = <St(k)u,v>, we conclude:
k!
)= s
Letting 8 — § — « yields the result. O

k
1S3 2ox

Theorem 28. Given 29 € X, the unique solution z € C*((0,00); D(A)) N CY([0,00); X) to

'(t) = —Az(t
2(0) = 2o
satisfies z € C*°((0,00); D(AF)) for all k € N. Moreover, if 29 € D(AY), then z € C°([0,00); D(A?)) N
C([0,00); X) and
k! ’

( )< WHA zol|-
Proof. Tt is clear that ¢ — z(¢) is a solution of (P) since S} + .AS; = 0. The C* regularity on (0, c0)
follows from Theorem 27, while continuity at ¢ = 0 in X results from the strong continuity of the
semigroup. Since the problem is linear, to prove uniqueness of the solution to (28), it suffices to show
that zo =0 implies z(t) = 0. Indeed, if z is a solution of (28) and zy = 0, then:

H (OIF = (2/(), 2(1) + (2(t), 2'(t)) = 2Re(/(t), 2(t)) = —2Re({Az(t), (1)) < 0.

It follows that ||z(¢)[|?> < ||z(0)||*> = 0, hence uniqueness.
Now, if z9 € D(.A), one easily verifies that:

Vi, 0> 0,V >0, |20 (@)] = [AR:0 (29)

£\t t N\
(Id —i—A) Azg = A <Id +.A> 20,
n n
and by induction:
t \ " t N\ "
<Id +A> Azp=A <Id —i—A) 20-
n n
Passing to the limit (recalling that S; = lim;,, o (Id —i—%A) _n), we deduce:

ASt zZ0 — StAZ() .

Similarly, if zg € D(A?), then:
ALS;2 = SpA 2.

We then observe that z() is a solution of problem (28) with z replaced by (—.A)z, from which it
follows that z() € C°(]0, 00); X). Estimate (29) then follows from Theorem 27. O
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B.2 Discretisation of the adjoint equation

In this section, we consider the discretisation described in Section 2, developing time- and space-
discretisation estimates, ultimately providing the the proof of Proposition 9. First, the following lemma
proves that a consequence of (1)) is the approximation in a O(h?) manner in the weaker X-norm for
u € D(A). In a similar manner, one could prove the same lemma for v € D(A*).

Lemma 29. Under (V1) and the hypotheses on Vi, and A, described in Subsection 2.2, we have

VEeX, [[(AT'= A Pfl < Cih?|Ifll, ()
where e
22
_ a1y aj CO , . o
Ci = @ (resp. C, = N if (A, D(A)) is self adyomt).

Proof. We shall only prove the lemma in the first case. If A is self-adjoint, the adjusted constant follows

from the exact same method but using Céa’s Lemma which yields C. = ,/ Z—é, and noticing that (V)

simplifies into
) B 1
Vie X, inf |AT'f—unllv < =Cohlf].
Uh e‘/h 2

Let P, : X — V}, be the orthogonal projection onto V4, so that by definition
V(v,wp) € X xVp,, P eV and (Ppo,wp) = (v,wp).
Let f € X. Applying Céa’s Lemma to the maps

o VxV—=C I V —-C
(v, w) = (Av, w) '

we get

AT f — A Pufllv < Ce inf JATF —up, (30)
v EVY
with C, := g—é Notice that for all vy, € V},

(AATf = A Pof),vn) = (f,on) — (AAL Py f,on)
(f.vn) — (ApAy ' Py f,vp) since Ay ' Pyf €V
(

favh> - <thavh>
0.

Using the Aubin-Nitsche trick, we let g € X such that ||g|| = 1 and write

(9. A7 f = A P f) = <WA3 AT — APy f)

(A g — vh,A(Aflf — A,:lth» Yoy, € V3, using (31)

CLIH(A*) — ol AT = A Pl Vo € Vi,
ar A7 f - Aﬁlphf\\vvglelgh 1(A*) g — onllv-

<
<

Hence

AT f = A Puf || = sup (g, A AN — A P
g
lgll=1

<ai| AT = AP f v ‘Slnlp inf H(A*) g — vnllv.
lgl=1"vn
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Using the bounds (V1) and (30), we obtain

JATf — A Pofll < arl| AN — A P fllv ”Shlp Cohllg|| using (V1)
gl|=1

= a1Coh|| A7 f — A P fllv
< a1CyCchy/agh ine | A~ f — wp||v using (30)
VREVH

< a1CiCh?| f|| using (V1).

. . . 2 o a%Cg
The result is proved, with C; = a1C5C, = L. O]

ao

The time approximation described in the following Proposition 31 first requires a complex analytic
lemma, which could be avoided at the cost of higher constants.

Lemma 30. Let z € C such that Re(z) < 0. Then

1
1—2z

e’ — < =

-2

1
[,

Proof. Define

1/, 1 !
F(Z)::z2<e_1_z> for=20. and - FO)=5.

A standard series expansion yields that 0 is a removable singularity so that F' is holomorphic on the
half-plane {Re z < 0}. Fix R > 1 and consider the rectangle

Rr:={r+iy: —R<z <0, |yl <R}
By the maximum modulus principle, the maximum of |F| on the compact set Ry is attained on its
boundary OR . Let us estimate |F| on each part of ORR.
On the imaginary side x =0, y € [-R, R]. For z = it with t € R, t # 0, a direct computation yields

(1—it)e —1 5 t24+2(1—cost—tsint)

F(it) = 21— 1) and  |F(it)]" = 11+ 12)

To prove that |F(it)| < 1, it suffices to prove that 4(t* +2(1 —cost — tsint)) < t4(1+¢?) for all t € R.
Define
G(t) == 4(t* + 2(1 — cost — tsint)) — t*(1 + ¢?).

A direct differentiation gives
G'(t) = 2¢(=3t" — 2> — dcost +4) = 2¢(—=3t" — 2t + 4(1 — cost)).
Since 1 — cost < %, we obtain
—3t* — 21 + 4(1 — cost) < —3t* — 212 + 21> = —3t* <0,

so G'(t) < 0 for t > 0. Since G(0) = 0 and G’ < 0 on [0,00), we have G(t) < 0 for all t > 0. We

conclude by using the evenness of G.

On the left vertical side x = —R, |y| < R. For Rez = —R, we have |e?| < e~F. Also

1 1 2

< <
1=z = [zl =17 [7]

1
1—2z
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for R large, say R > 2, so

_ 2
|€Z_ 11z| ~€ R"’m-
Thus on this side | ) |
e — — e B 2
F 1=z — ——0
F )] 2 SRR now

On the top and bottom horizontal sides —R < x < 0, y = £R. Write z = x £ iR. Then |z| > R and
le| <e¥ < 1. Also |1/(1 — z)| <2/|z| for R large, so

1+2/]2] 2
F <——F—F—7 < — —0
FEIS = =g wom

uniformly in z € [—R, 0].

Combining the three last inequalities, the maximum of |F| on Ry is 1/2 whenever R is chosen large
enough. The expected conclusion follows. O

Proposition 31 (Time approximation). For 2y € D(A), we consider

{z«(t) = —Az(t)
2(0) = zo.

Define Np € N*, At = le and forn € {0, ..., Nr}, t, = nAt. Discretise the system using the implicit
Euler scheme:

20 — 20
(Id+AtA)zp41 =2, Vne{0,...,Np—1}.
Then

Ca
o IV n) — 2n] <A .
Vi€ {0, N1}, [a(ta) = 2l < At~ Az

2
where Cp, < 2+ ek
Proof. By definition, for all n € {0,..., Ny}, we have
2(tn) — 20 = [e7A — (Id+ALA) "] 2.

Hence me may write

2(tn) — 2n = Atpn(AtA) Az,
where for n € N*, the function ¢, is defined for z € S,, by

e — (142"

pn(z) = P )
extended by continuity at z = 0 by ¢, (0) = 0.
Using Theorem 8, we find
I2(tn) = 2all < Atllen(AtA)lleex) [ Azoll < AtCa sUD fen(2)[]Azoll- (32)

Let us finish with the proof that sup,cs. |¢n(2)] < —2—. Let 2 € Sy, 2 # 0 (the case z = 0 is obvious).

cos(a) "

Then Re(z) > 0, hence by Lemma 30 applied to —z,

1. 1 1
= — | <=2
1)) = [ Hz]_2|zr
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Since

[y

R

n—k—1

we get
lon(2)] < 5 IZIZ\B’Z

We may write z = pe?, where p > 0, 6 € [, a]. Tt follows that

1+z

11+ 2] = |1+ pe®| > |1+ pe’®| > 1+ pcos(a).

Thus
1

~ 14 pcos(a)

1
1+ 2

Since 0] < o < 7, cos(a) < cos(f), we get

|
—

n

—pcos(a)
P (e ) <1 +pcos(a)> '

0

len(2)] <

N
=~
I

Since pcos(a) > 0, we have

1
peos(a) > | mpeosta) < —
¢ >1+pcos(a), e = 1+ pcos(a)

Finally

1 1
lon(2)] < Spn T
2" (1 + pcos(a))™—

and maximising the right-hand side for p > 0 yields the desired rebult ifn>2 Asforn =1, if
|2 <2 the upper bound from Lemma 30 proves that |[p1(z)] <1 < and similarly and if |z| > 2,

l1(2 )’< <1< O

Cos( )?

= cos(a)

Proposition 32 (Spatial approximation). Let zp 0 € Vi, 21, : t = Sy p2n0, where Syp = exp(—tAp).
For zg € D(A), z(t) = exp(—t.A)zy, there holds

41n(2)
_ < —
Wt> 0, 2(t) = zn(t)] < |20 zhao“+<6+cos(a)

> CthHAZOH

Proof. For t > 0, we write
lz(t) — Prz(t)|] < ||z(t) — A#PhAz(t)H since .A,:lPh.Az(t) eV
= [I(A™" = AL ) (Az(1)]
< C1h2|| Az(t)]|| using (Hq).
Similarly,

12'(#) = P2’ ()] < 112(8) = A" PuAZ ()] < C1h? | A2 (2)]
C1h?
t cos(a)

IA

|| Azo|| using Theorem 28.

Using the triangle inequality, we deduce the upper bounds

C1h?

I(Pa = A7 PA)=(B]) < 2002 A0 and[(Py = A7 PA)Z (1)) < 2 s

[ Azl (33)
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Denote ey, : t = A, ' P Az(t) — 2,(t). Thus
12(8) = za (O] < llen (@)l + 12(t) = A PoAz()]| < llen(®)]| + Crh? || A=()])-
Let us bound ep(t). Since z;,(t) = —Apzi(t), we have
6;1(15) + Aheh(t) = A}_LlPh.AZ/(t) + Ph.AZ(t) = (A}:IP}ZA — Ph)Z/(t).

Duhamel’s formula yields
t
en(t) = St,heh(o) +/ St_mh(.A;lPh.A — Ph)Z/(O')dU =: K1 + Ey + Ej,
0

where By = Sien(0), B = [}y Sion(A, PrA — P)p/(0)do and Ej = 28, o n(A PLA —
Pp)Z' (0)do.
First, we have, using [|Syn|lz(x) < 1 (see Theorem 27 applied to Aj) and (H1)
1B < llen ()]l = llzno — Ay ' Padzoll < ll20 — znoll + [I(A™ — Ay ) (Az)|
< 20 = znoll + C1h?|| Az

Secondly,
t t
||E2|| < // HSt_th(Aglph.A — Ph)z/(o')HdO' < // H(.A}:lph.A — Ph)z’(O')HdU
t/2 t/2

b C1h? 21In(2
< [ 29 azlio = 220z,
tj2 0 cos(a) cos(a)

where we used (33).
For the last term FEs3, we first integrate by parts, then use (33) to uncover

t/2
St/Q’h(Agl.PhA — Pp)z(t/2) — Sch(Aglph.A — Pp)z(0) + ; AhSt_gvh(Aglph.A — Pp)z(o)do

1B =

t/2
S201h2HAZOH+201h2H«420H+201h2H«420H/ | ARSt—onll £(x)do
0

It follows from Theorem 28 that

1

T
IARSt—onllcx) < (t — o) cos(a)’

hence 21n(2)
n
Ial < (44 2520 ) €k Al
cos(a)
Gathering all the estimates, we obtain
2 In(2) 2
12(t) = zn ()] < [ EL]l + |1 B2l + | E5l| + C1h7[[Azoll < llz0 — 2nll + 6+4COS(a) Crh|| Azl
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Proof of Proposition 9. We keep the notations of the previous proof. Given n > 1, we have

[2(tn) = 2amll < Ex + E2 + E3
By = ||z(tn) — St n Ay PrAz||
with = H(Stmh - (Id +AtAh)_n)A}:1Ph.AZOH
Es =||(Id +AtAh)7"(A;1Ph.Azo — zn0) |l

It follows from Proposition 32 with zj, 9 = A,ZIP;L.AZO and () that

41n(2)
cos(a)

) CiR|| Az < (7 L 4n@)
cos(a)

Ey <|lz0 — A}_LlPhAZ()H + (6 + > Clh2HAZOH.

Using Proposition 31 with A replaced by Ay,

) At
Ol An A7 Py Azg || < ———Co| Azo-

cos(a)

At

By, <
2= cos(a)

Using Theorem 8, (1), and since sup,cg, | =1,

1
=
B3 < Co|| A PuAzo — 2|
< Ca(ll A, ' PrAzo — 20| + [|20 — 2noll)
< Ca01h2H.AZoH + CQHZQ - Zh,OH'
Finally,

41n(2)
cos(a)

Co
l2(tn) — zhnll < Callzo — znoll + <01 <7+ + Ca) h? + . At) || Aol

os(a)

Noticing that a = arccos(32) in the case we consider, the final result is obtained, with the constants

a a
Cy=C) <7+ 41n(2)=* + Ca> . C3=—Ch,.
ago ago
]
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