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ABSTRACT. Global feedback stabilizability results are derived for nonauto-
nomous coupled systems arising from the linearization around a given time-
dependent trajectory of FitzHugh—Nagumo type systems. The feedback is ex-
plicit and is based on suitable oblique (nonorthogonal) projections in Hilbert
spaces. The actuators are, typically, a finite number of indicator functions
and act only in the parabolic equation. Subsequently, local feedback stabiliz-
ability to time-dependent trajectories results are derived for nonlinear coupled
parabolic-ODE systems of the FitzZHugh—Nagumo type.

Simulations are presented showing the stabilizing performance of the feed-
back control.

1. Introduction. In this work we focus on coupled systems consisting of a par-
abolic equation with controls, and an ordinary differential equation. This class of
systems include well-known models describing electric excitations and the propa-
gation of electric waves in nerve fibers and in heart tissue. In this context the
system of equations is referred to as the monodomain equations. Given a bounded
domain Q € RY, where d is a positive integer, with smooth boundary I' = 952, the
controlled monodomain equations read

M
%fu =vAv —av® +b® —cv — My (v,w) + f+ S wily,, ©v0)=vy, (la)

i=1

%w = —dw — My (v, w), w(0) = wp, (1b)

with Neumann boundary conditions
(za0)lr =0, (1c)

where f = f(z,t) is an external forcing, 9%; and 9, are suitable functions coupling
the two equations, n is the unit outward normal vector to I', and the constants
in {v, ,a, b, c} are all given and strictly positive. Further, {w; | i € {1,2,...,M}}is
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a family of open sets of  and our M actuators {1,,, = 1,,(z) | i € {1,2,...,M}} C
L?(R2), are the indicator functions of the subsets w;,

1o (2) = 1 ifzew,

Finally v = u(t), taking values in RM | is a control function at our disposal.

In electrophysiology, see [9, Section 12.3.3], the variable v models the transmem-
brane electric potential of the human heart and w is represents a gating variable.
Typical models include the FitzZHugh—Nagumo, the Rogers—McCulloch, and the
Aliev—Panfilov model. See [5, 15, 18, 1, 6]. The coupling 9 takes the form

()

dw + evw
= [—vv + pvQ] (2a)

where the constants d,e,, p are also given, and are all strictly positive with the
following exceptions defining the model:

o) = |

e=p=0, for the FitzHugh—Nagumo model, [FN].
d=p=0, for the Rogers—McCulloch model, [RM]. (2b)
d=0, for the Aliev—Panfilov model, [AP].

Assume that a desired heart rhythm is given as the solution of the (uncontrolled)
system (1), corresponding to a suitable initial condition (v, wy) € L*(Q) x L*(Q),

20 = VAT — av® + bv? — ¢v — My (W, D) + f, 7(0) = Do, (3a)
2w = —6w — My (W, V), w(0) = wo, (3b)
(5a0)|r =0, (3¢)

If (vo,wo) # (To,Wo), then the behavior of (1) without control can be consider-
ably different from the desired behavior of (7, W), even if (vg, wy) — (o, Wp) is small.
Here we look for a feedback control u, so that the solution of (1) goes to the desired
heart rhythm (7, w), solving (3), provided the difference (vo, wo) — (Tp, Wp) is small.

We will follow a standard idea: first we find a feedback operator which stabilizes
globally the linearization of (1) around (T, w), then we use a suitable fixed point
argument to conclude that the same feedback operator also stabilizes the nonlinear
system locally.

More precisely, by direct computations, we can see that the (controlled) lineariza-
tion around (v, w), satisfies

- M
Sy+Ay+ Ay + Sz — ; uily, =0, y(0) = wo (4a)

%z +Dz+Rv =0, z(0) = 2. (4b)

Moreover the difference (y, 2) == (v, w) — (U,w), to the targeted solution, solves the
system

~ M
Fy+ Ay + Ay + 82— 3 wily, = Ni(y, 2), y(0)=yo  (5a)

=1

224Dz +Rv=Ns(y,2), z(0) = zo, (5b)
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with the linear operators

y— Ay = —vAy +y, (6a)
with  (Ay,v) g1y, mr @) = v(VY, VU) 20y + (¥,0) L2 ()5

z+— Dz =0z, (6b)

y = Ay = —y — (—3a0%y + 2Ty — cy — ewy), (6¢)

2 Sz = dz + evz, (6d)

y = Ry = (=7 + 2p0)y, (Ge)

and the nonlinearities

(yv Z) = Nl(yv Z) = _a’y3 - (_b + 30’@)3/2 — €Yz, (6f)
(y,2) = Na(y, 2) = —py*. (6g)
Without loss of generality we may suppose that the set of actuators {1,, | i €
{1,2,...,M}} C L*(Q) is linearly independent. We also set Uy, = span{l,, |i €
{1,2,...,M}}.
Let a;, i € {1,2,3,...}, be the increasing sequence of repeated (Neumann)
eigenvalues of A = —A 41 and let Ej; :=span{e; | ¢ € {1,2,...,M}} be the space
spanned by the first eigenfunctions of A in L?(Q),

0<041§052S"'S04n§an+1_>+00 and Aen:anen-

For simplicity let us denote L? := L?(Q) and H! := H'(). We will show that a
sufficient condition for global stabilizability of system (4), and for local stabilizability
of system (5), is given by

H=Uy ® Ei;, (Ta)

BL|?
arrgr > (6 +4|P7u .

2
) |AY|L°°(R0,£(L2’(H1)’))

PovS|
B3 | Loo (Rg,£(L2)
5 )
where £ (LQ, (HYY ) stands for the space of bounded linear functionals from L?
into (H')', and £ (LZ) stands for the space of bounded linear functionals from L?

) Rl @o.2(22))

(7b)

€L
into itself. Further, szy: L2 — Uy is the oblique projection in L? onto Ups
1
along Ej;, and ng =1Id —PI}EAZI is the complementary oblique projection in L2
M
onto E7; along Uyy,.
The following regularity condition on the desired trajectory will be used.

(v,w) € L®(Rg x 2) x L=(Rg x Q). (8)

Recall that in [11] it is shown that when S = 0, then (7) is a sufficient stabiliz-
ability condition for the parabolic system (4a).
The following Theorems 1.1 and 1.2 are the main results of this paper.

Theorem 1.1 (Linearized monodomain equations). Let A > 0 and so > 0. If (7)
and (8) holds true, then there are constants C > 1 and p > 0, independent of



4 K. KUNISCH AND S. S. RODRIGUES

(s0, Y0, 20), such that the solution of the linear system

%y + Ay + Ay + Sz — ng (Ay + Ay + Sz — Ay) =0, y(so) =vyo, (9a)
224+ Dz+Rv=0, z(s0) = 70, (9b)
satisfies
(), 2(E) 22 < Ce™ 7 (g0, 20)| o s 2 50,

for all (yo, z0) € L? x L2.

Theorem 1.2 (Monodomain equations). Let A > 0 and so > 0. If (7) and (8)
holds true, then there are constants C > 1, p > 0, and ¢ > 0, independent of
(80,Y0, 20), such that the solution of the system

~ 1 ~
Dyt Ay+ Ay + Sz — PIM(Ay+ Ay + Sz — \y) = Ni(y,2),  y(s0) = b,

(10a)
%Z—FDZ-FR?J:/\@(Z/,Z)’ z(s0) = 2o,
(10Db)
satisfies
W, 20 e < CeM0 (o, ) e 2 50,
provided that [(yo, 20)| g1y 2 < €.
Remark 1. Observe that (10) is exactly (5), with u given by
M E]\J‘J ~
2 uilu, = Pyl (Ay + Ay + Sz = Ay). (11)

Furthermore, by definition Ej; is an M dimensional space, which together with (35a)
implies that the (ordered) family of actuators Uns = (Lwys Lluy, - -5 Lwy, ) is linearly
independent (with M > 1). Thus, denoting the bijection [Uys]: RM — Uy, with

M
u — Y. u;l,,, the control u as in (11) is uniquely defined, and we may write
i=1

u= [Z/IM]*lPIZ’? (Ay + Ay + Sz — \y).

Remark 2. Observe that Theorem 1.2 provides a result on the stabilizability to
trajectories, since it asserts that the solution (v,w) = (v,w) + (y, z) of (1) goes
exponentially to the targeted trajectory (v, w), solving (3), provided (7) holds true,
and |(vo — To, wo — Wo)| g1y 2 < €

Concerning (7b), it is proven in [17] for 1D domains of the form 2 = (0,L) C R
that for any given » € (0,1) and any given M > 1 we can place M actua-

L) remains
bounded as M increases. Furthermore, the total volume covered by the actuators
is equal rL, and thus independent of M. The extension of these results to multi-
dimensional rectangles follows from the results in [11, Section 4.8], see also [11,
Remark 3.9]. Note that, once the operator norm of the oblique projection remains
bounded remains and apr11 — +00, then we can set M large enough so that (7)
is satisfied. Thus for an arbitrary “coupling” quadruple (d,e,~, p), we can set M
large enough so that system (4) is stable.

Recall also that in [4] the stabilizability of (1.1) is proven, with a Riccati based
feedback, for the case p = 0. Comparing the results in this paper to those in [4],

L
tors 1, = 1,m, with wM C (0, L), so that the operator norm ‘Pgé‘f
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we can say that in [4] all the actuators are supported in an a-priori given subset
of the physical domain € and stability of the Riccati based closed-loop system is
guaranteed under a condition on the coupling triple (d, e, ), see [4, Corollary 3.2 and
Eq. (38)]. In this paper stability of the oblique projection based closed-loop system
is obtained for an arbitrary coupling quadruple (d,e,~,p) under a boundedness

€
condition on the operator norm of the oblique projection Pg o onto the span of the
actuators, and the placement of the actuators is supposed to be at our disposal.

Contents. The rest of the paper is organized as follows. In Sect. 2 we derive
results on the stability of linear coupled systems in an abstract setting. These
results are applied in Sect. 3 to obtain stabilizability conditions for general linear
coupled parabolic-ODE systems. In Sect. 4 we derive the stabilizability result for the
concrete example of the linearized monodomain equations, in particular, it contains
the proof of Main Theorem 1.1 in Sect. 4.1 and that of Main Theorem 1.2 in Sect. 4.2.
Numerical simulations are presented in Section 5, for both the linearized system (9)
and the nonlinear system (10), confirming the theoretical results and showing the
performance of the explicit oblique projection stabilizing feedback control. Finally
the Appendix gathers comments on the existence and uniqueness of weak solutions
for the systems involved in the main text.

Notation. We write R and N for the sets of real numbers and nonnegative integers,
respectively, and we define R, := (r, +00), for r € R, and Ny := N\ {0}.

We denote by © ¢ R a bounded open connected subset, with d € Ng.

For a normed space X, we denote by |- |x the corresponding norm, by X' its
dual, and by (-,-)x/ x the duality between X’ and X. The dual space is endowed
with the usual dual norm: |f|x = sup{(f,z)xx | * € X and |z|x = 1}. In
case X is a Hilbert space we denote the inner product by (-,-)x.

For an open interval I C R and two Banach spaces X, Y, we write W (I, X, Y) ==
{f € L¥(I, X) | 2f € L*(1,Y)}, where the derivative 2 f is taken in the sense

of distributions. This space is endowed with the natural norm |f|w (s, x,v) =
(F2er ) + |2 e yy) 2 Incase X = Y, we write H'(I, X) = W(I, X, X).
The time derivative (in the distribution sense) of a vector function v taking values
in a Banach space X will be denoted by v := %v.
If the inclusions X C Z and Y C Z are continuous, where Z is a Hausdorff

topological space, then we can define the Banach spaces X xY, XNY,and X +Y,

1
endowed with the norms |(a, b)|xxy = (|al% +[b|3) ?; lalxny = |(a, a)|xxy; and

la| x4y = inf(aXVaY)exxy{KaX, a)|xxy | a=aX + aY}, respectively. We can
show that, if X and Y are endowed with a scalar product, then also X xY, XNY,
and X +Y are. In case we know that X NY = {0}, we say that X + Y is a direct
sum and we write X @Y instead.

Again, if X and Y are endowed with a scalar product, then also W(I, X, Y) is.
The space of continuous linear mappings from X into Y will be denoted by £L(X,Y).
When X =Y we simply write £(X) := L(X, X).

If the inclusion X C Y is continuous, we write X — Y. We write X <i> Y,
respectively X < Y, if the inclusion is also dense, respectively compact.

é[aly---,ak] denotes a nonnegative function of nonnegative variables a; that in-

creases in each of its arguments.
Finally, C, C;, i =0, 1, ..., stand for unessential positive constants.
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2. Stability of coupled evolutionary systems. We shall present a stability
result for a coupled abstract system in a form which is convenient for our purposes.
We introduce the bounded time intervals

1= (s0,51), 0<s0< s <400, (12)

where the real numbers sg,s; are given. We shall utilize a a separable Hilbert
space H, which we consider as a pivot space, H = H’. Further we introduce a
subspace G C H, and two evolutionary systems

0= —Av, v(sg) = vg € G, (13)
w = —Duw, w(sog) = wo € H, (14)

in the Hilbert spaces G and H, where for suitable Hilbert spaces V C Gand W C H,
we suppose that A(t) € L(V,V’) and D(t) € L(W,W’) are operators in G and H,
respectively, with domains D(A) = D(A(t)) € G and D(D) = D(D(t)) C H,
independent of .

Furthermore, we assume that

DALV aiy SpUy  and DD WS HEW & DD,
(15)
Given linear operators & = S(t) € L(H,G) and R = R(¢) € L(G, H), we will
consider the coupled system

0 =—Av — Sw, v(s0) = vo, (16a)
w=—Dw — Ruv, w(sg) = wo, (16Db)

whose stability properties are the main focus in this section. Namely, we look for a
suitable condition, so that the stability of (16) follows from the stability of each of
the systems (13) and (14) separately.

Let us set

(17)

H=GxH, V=VxW, and M::[_A _S}

R —-D|°
Note that, since G C H is a closed subspace we may write
H =H G'=G, and H=H,
and we have
M e L(V,V'), DM)=D(A) xDD), DM)3VIHIV DM

Assumption 1. For every bounded time interval J C Ry, we have the existence
and uniqueness of:

e a (G,V)-weak solution v for system (13), for any given vy € G,
e a (H,W)-weak solution w for system (14), for any given wg € H,
e a (H, V)-weak solution z = (v, w) for system (16) for any given z, € H.

Thus, since the existence and uniqueness of solutions is not the focus of this
paper, it is simply assumed by us. In the appendix, we briefly recall the standard
procedure on the construction of weak solutions as a weak limit of suitable Galerkin
approximations. In particular we will see that the above assumption is satisfied
for a general class of operators A, D, S, and R. Applications to the linearized
monodomain equations will be given in Sect. 4.
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Assumption 2. The operators S and R are essentially bounded:

S e L®(R,,, L(H,G)) and R e L¥(R,,, L(G,H)).

S0

Assumption 3. There are pairs (C 4, p4) and (Cp, pp), both in [1, +00) x (0, +00),
so that

Uiyl < Cae 2 ol and (UG jwol, < Coe™ 2= fu
(18)
for all t > sg > 0.
Theorem 2.1. Under Assumptions 3 and 2, and if the inequality
CACD|S||||R
¢ CaCoISIIRI _ | )

HARD

holds true, then for all € sufficiently small there exists a constant D, > 1 such that
the weak solution of system (16) satisfies

(), w(t)| g < Dee™ =) (v, wo)| g (20)
independently of (vo, wp).

The proof is given below. Before we derive some auxiliary results, where As-
sumptions 2 and 3 are assumed to hold true.

Lemma 2.2. The weak solution of system (16) satisfies the estimate

Ca CACp||S]| CACo|S|IIRI

v < A fugl g 4+ 2PNy, 4 —AZPICTTEL, . (2

| |L1(RS°’G) ,uA| E HARD ol HAMD | |L1(RS°’G) 1)
where ||S|| = [S| v, cim.ay) @d Rl = Rlpe @, cc,m)

Proof. Using Duhamel formula, we integrate the equation in (16b) and obtain, for
t> 50,

t
w(t) = U(;,?O)wg 7/ U(;E) (R(s)v(s))ds,

and

t
lw(t)|y < Cpe~Hp(t=0) lwol 7 + C’D/ e Ho(t=9) IR(s)v(s)|y ds, (22)

50

Therefore, for t > sg, we obtain

t
o0l = U — [ UG SEuos

G

t
< Cae #4050 jug | + Ca S| / &A=y (5) |y ds (23)
S0
t
< CAe—HA(t—SO) |Uo\g + C.AOD”S” / e_HA(t_S)e_ILD(S_SO) |wo|H ds
So

t s
+CACD||S||||R||/ e”“‘(t’s)/ e m2 (=) y(7)| ; dr ds. (24)

S0

Let us consider first the case u4 # pp. In this case we obtain
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t t
/ e~ ha(t=s)g—np(s—s0) ‘w0|H ds = |w0|He_“At+/‘DSO/ olra—pp)s g
S0 S0

__|woly e~ Hat+uDso (e(uAﬂw)t _ e(#A*ll’D)SU)

pA— g
_ uLwi|zD (efyp(tfso) _ e*HA(t*SO)> (25)

and

t s
/ e_“““(t_s)/ e HD(5-7) |v(7)| drds

S0 So
t t
= / e HAtHLDT |U(T)|G/ e(HA—1D)S o dr
So T
1 t
— / e HAt+uDT (e(MAﬂm)t _ e(wv#m)T) lv()|g dr
/’L.A - /’LD So
1

t
= e Ho(t=T) _ o=ralt=7)) 1yy(7)| , dr 26
e ) ()l (26)

Now, from (24), (25), and (26), it follows

Cy CaCp|S| (1 1
|U|L1(RSO,G) < A volg+ — — | —— lwol

KA — D \HUD lTA
+o0 t
L CaColSIlIRI / (7o) — mal=n) u(r) |, dr dt
HA — UD S0 50
— % lvo o + % |wo|
pa T papp "
+o0 +o0
L CaColISIRY (7| / (e*w“*” —e*“A“*T)) dt dr,
HA — UD S0 T

that is, in the case u 4 # up we have

CaCplS|
HARD

CaCp|IS|IR]

|/U‘L1(]R < QA|’UQ|G+ |w0‘H+W|’U‘L1(RSO,G). (27)

50:G) = pa
It remains to prove that the last inequality also holds in the case puy4 = pup. Thus,
let 4 = pp and notice that we have ‘U(;E())wo‘H < COpe(ho=p)(t=s0) |wol  for
any p € (0, up), t > so > 0. We know, from (27), that

|'U‘L1(]RSO,G) = gi_fi% |U|L1(RSO,G)

; c CaCpl|lS|| CaCo|SIIRI
< }ﬂ% (;Tj |UO|G + pa(pp—p) |wO‘H + palpp—p) |U‘L1(Rs07G)) ’
from which we conclude that (27) also holds in the case p4 = pp. O

Corollary 1. If inequality (19) holds true, then the weak solution of system (16)
satisfies

(0, W) oo r,,, Gxary < De (V0 w0) G (28)

for a suitable constant D, > 1, independent of (vg,wp).



STABILIZATION FOR COUPLED PARABOLIC-ODE SYSTEMS 9

Proof. From (21) and (19) we obtain

C
J|O|

CaCop||S|
1= vlpe,,, q < P +————— |wo

HAUD ‘H .

G
Then, from (22), we arrive at

(Wl poo g,y 1y < Op [woly + ColIR[ 0l g, @)

C C1CpllS
<Cﬂmm+ﬂ—®*@ﬂM(¢ﬂmb+'Aﬂlem>

HAHD
Finally, from (23), we derive
CalS|l ‘w|L°°(]R H)
V[ o < Calvolg + -,
0]~ ) < Cat ool ”
which ends the proof. O

Proof of Theorem 2.1. Tf (v,w) solves (16), then (w(t), w(t)) = e=¢=%0) (v(t), w(t))
solves

v=—(A—e)v— Sw, 7(s0) = vo, (29a)
W= —(D—e)w — R7, wW(sg) = wo. (29b)

We also have that z solves 2 = —Az, 2(sg) = 2 if, and only if, Z(t) == e=(t=50) 2(t)
satisfies

T=—(A-¢)z, Z(s0) =z, and [7|g < Cge”Wa==s0) 5
Similarly u solves & = —Du, u(so) = g if, and only if, T(t) = e=(t=50)y(t) satisfies
U=—(D—e)u, u(so)=up, and ||, < Cpe HP=E)E=s0)|yq|

Now if (19) holds true, then it also holds
CACD|IS|IR
o _ CaColSIIRI__

(na —&)(pp —€)
for a small enough ¢ € (0, min{p4, pp}). From Corollary 1 it follows that
|(E’@)|L°°(RSO7G><H) < Dc |(vo, wo)|gx a1 (30)

for a suitable constant D. > 1 independent of (vg,wp), from which we can con-
clude (20). O

Let us now consider a perturbation of system (16) as follows, where (1°,7%) €
L?(Ry, G x H),

o= —Av— Sw+ 1, v(s0) = o, (31a)
W= —Dw — R + 1, w(sp) = wo. (31b)

Corollary 2. Under the assumptions of Theorem 2.1 the weak solution of sys-
tem (31) satisfies

(")

KmmwwnkHSDwﬂ“W(mmwmmH+@a*

LQ(R07G><H)> ’
(32)

independently of (sg, vo, wp).
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Proof. With M as in (17), by Duhamel formula we find that

t
)W) g < [V @ow)|_ +| [ U3 07 7P)(s) ds
GxH S0

GxH
and, by Theorem 2.1,

[(w(t), w(®)|gx

t
S Dce—a(t—so) |(007w0)‘G><H +Dc/ e—&‘(t—s)
S0

O f)(s)| ds

GxH
e—2e(t—s0) 2 '

< Dee™ < 720) |(vg, wo)| e + De <> (/
2¢ S0

from which we obtain (32). O

3. Stability of the coupled parabolic-ODE closed-loop system. Here we show
that the explicit oblique projections based feedback control proposed in [11] for
stabilization of nonautonomous linear parabolic equations is also able to stabilize
a general class of nonautonomous linear coupled parabolic-ODE systems, where the
control acts (only) in the parabolic component. We will prove that the coupled
system

§(t) + Ay(t) + A(£)y(t) + SEw(t) — Ko, (1) (y(t), w(t)) =0, y(s0) = yo, (33a)
w(t) + D(Hw(t) + R(t)y(t) = 0, wlso) = wo,

(33b)
with the explicit feedback

L ~
(3 w) = Ko, (y,w) = P (Ay+ Ay = Ay + Sw) , (33¢)

is stable, under suitable assumptions on the linear span of the actuators Uy, =
span{ly,, 1y, .., lw,, } and on the operators in (33).

3.1. Assumptions. We look at system (33) as an evolutionary system in H x H,
where H is our pivot separable Hilbert space, H' = H.

First we present our assumptions on the operators in (33). They will guarantee
that the assumptions in the abstract setting of Section 2 are fulfilled. Most of the as-
sumptions are standard, and concern the existence and uniqueness of weak solutions
for auxiliary systems. The only nonstandard assumption is the main stabilizability
condition given below in Assumption 10. It can be seen as a generalization of the
condition presented in [11] for the case of parabolic equations.

Let V be another Hilbert space with V C H.

Assumption 4. A € L(V — V') is symmetric and (y, z) — (Ay, z)y/ v is a
complete scalar product in V.

From now we will suppose that V' is endowed with the scalar product (y, z)yv =
(Ay, z)v+,v, which still makes V' a Hilbert space. Necessarily, A: V — V' is an
isometry.

Assumption 5. The inclusion V' C H is dense, continuous, and compact.
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Necessarily, we have that
<y7 Z>V’,V = (y7 Z)H7 for all (y7 Z) € H x V7

and also that the operator A is densely defined in H, with domain D(A) satisfying

D(4) 4 v LS g LSy LS pay

Further, A has a compact inverse A~': H — D(A), and we can find a nondecreasing
system of (repeated) eigenvalues (am)nen, and a corresponding complete basis of
eigenfunctions (e,,)nen,:

0<ar<ax < <ay <appr = +oo and  Ae, = aney.

We can define, for every 8 € R, the fractional powers A%, of A, by

+oo +oo
A'B Z YnCn = Z agynen,
n=1 n=1

and the corresponding domains D(AP) :== {y € H | A’ly € H}, and D(A~IAl) ==
D(AIlY. We have that D(A”) Sk D(A%), for all B > B, and we can see

1

that D(A°) = H, D(A') =D(A), D(4z2) = V.
For the time-dependent operators we assume the following:

Assumption 6. For almost every ¢t > 0 we have A,(t) € L(H,V’), and we have a
uniform bound, that is, A, € L (R, L(H,V")).

Assumption 7. We have W B W' and D € LOV,W) as in (15). For
any so > 0 and wy € H there is one, and only one, (H, W)-weak solution for

w(t) + Dt)w(t) =0, w(sg) = wo,

and there are constants Cp > 1 and pp > 0, independent of (sg,wp), such that the
solution w satisfies |w(t)|; < Cpe #P=%) |w(s)|y, for all t > s > s > 0.

Assumption 8. The coupling operators S and R are both in L (Rg, L(H)).

Assumption 9. There exists one, and only one, solution (v, w) € Wi (Ry,, V X
W, V' x W) for the system

®+ngAv+ngArv+ng§w =0, v(sg) = vy € Eij, (34a)
w~+Dw+ Rv =0, w(sp) = wo € H, (34b)

Note that in case Ky,, (t) = 0, we have that (33) is in the form of system (16),
with G = H and V = V. Note that (33) is in the form of system (16), with
G =FEy =P HandV=EyNV.

Let us denote (cf. Lemma 2.2)

Un S| o Um o —
|P S| = PUrS ey M RIS Rl e
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Assumption 10. The linear span Uy, of the actuators satisfies

H=Uy® Eq;, (35a)

L
E}W

B 4t <2 +2 ‘PUM

2 > _ "
=2 Cp| PSR
ap41 > inf £(H) P

Y€ERE, 2—71—7) 2=y —Y)up
(2—v1—72)>0

(35b)
where
= . (A, Y )y vz 2
== sup VE v P < ‘PEﬁArPE]tI Lo o,V (36a)
tY)eRox (L) Y Y]y 0,4,
2
=, = ‘PEM ArPEﬁ‘ (36b)

Lo (Ro,L(H,V")) |

Remark 3. Note that (7b) is a particular case of (35b), with 73 =~ = 1.
Remark 4. Recall that from [11] (by taking yo € E;; in [11, Theorem 3.6]) we know
that when & = 0, then the system 1')+ng Av+Pgﬁ4 Ayv = 0 is stable provided (35)

M M
holds true, with R = 0. In particular we observe that Assumptions 1 and 2, and
estimates (18) hold true for system (16) with A = A + Pgi”Ar and § = Pgﬁ”é‘,
M M

that is, they hold true for system (34).

3.2. The stability result. The main result of this section, which will lead to main
Theorems 1.1 and 1.2, is the following.

Theorem 3.1. Under Assumptions 4—10, the coupled system (33) is stable: there
are constants C. > 1 and p. > 0 such that

() w®)) s < Cee™ U (yo,w0) gy prs T2 50,
with (Ce, pe) independent of (so, Yo, wo)-
The proof is presented below, in section 3.2.2.
3.2.1. Auziliary results. Here we derive some auxiliary results we will use in the
proof of Theorem 3.1. We suppose that the Assumptions 4-10 do hold true. Recall
also the interval I in (12).
Notice that G = E7; is a closed subspace of H (with G endowed with the norm

inherited from H). Let us set V = GNV, which we endow with the norm inherited
from V. Observe that V is a closed subspace of V', and A maps V onto V.

Lemma 3.2. There exists a unique (E3;,V N Ex;)-weak solution for the system
b+ PpY Av+ PIMAw =0,  v(so) = v € Ey;. (37)
M M
Moreover, we have
e
Col|PL S| IR]

()3, < e =50 |y, for a suitable  p > e
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Proof. The existence and uniqueness is proven in [11, Section 3.1]. Note that we
have ngAv = Angv = Av for any v € E7;. Now, proceeding as in [11, Sec-

M M
tion 3.1], by multiplying the equation by 2v, we obtain
d o 2
a |U|H = *2 |U|V — 2<ngAr’U, U>V’,V

2
=2 |U|V — 2<PE1\7AW’ 'U>V’,V — 2<.ng.PE'MAr’l]7 U>V’,V
and for any given positive constants v; and 7o,

_ 2
=2 |U|H

d o 2 1= 02, —1|pU 2
Gl < @ =) Wl 4 Sl s | PR P,

with E; and 25 as in (36). Now from |’u|%/ > a1 |v|il, because the solution v
takes its values in Ej;, we obtain

’ = 2 39
£V 2) |’U| H» ( )
and from (351)), it follows that we can choose 1 and 5 such that

U 5
0 e afpp, = o CRIPEESUIRI
o= (2 =71 —y2)amir — Y Z1— 7 ’ gL By ‘a(v') Z2 > M—D’

which implies (38). O

d, 2 1 _
ar ol < — ((2 — 7 —Ye)anir — 7 B - ’ngPEM

Corollary 3. Given ¢ € HY (R, Er) and (vo,wo) € Eq; x H, there exists a unique
solution for system

v+ Pgi‘/’A(v +q)+ PEUi”Ar(v +q)+ Pgﬁ/’gw + ngq =0, wv(sg)=v, (40a)
M M M M
w+Dw+R(w+q) =0, w(sg)=wp. (40b)
This solution satisfies
[((t), w() gy 11

< D=9 ([0 )+ 22) 1T |30

41
L2(R0,HxH)>’ (41)
. U U U :
with || T\ = max{|T Pey | pocry ccmy | T € {PEl\ﬁ;A,PEgAr,PEg,R}}, and with
suitable constants D, > 1 and € > 0 independent of (so,vo,wo). Furthermore,

e € (0,min{y, up}), where p is as in (38).

Proof. When g = 0, the existence and uniqueness of the solution, in the space
Wioe(Rsy, (Ex; V) x W, (Ei; V') x W), is given by Assumption 9. Setting A =
ngA + P}gi"’ A, from Lemma 3.2 we have that the solution of

M M

v+ Av =0, v(s) = vy € Eqj

satisfies ‘U(t)lEIJv} < C peHalt=s0) |v0|EAi/I with (Ca,pa) = (1,p), where p is as
in (38). Then, we observe that

CaCol| PR S[IR]
= <1
HAUD
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Observe also that system (40) is in the form of system (31), by setting ¥ = Rq
and 7’ = ng Aq + ng Ag+ ngq. Then, from Corollary 2, it follows
M M M

|(U(t)a w(t))‘EAlle

< Dm0 (un, w0+ (26)7

b
(’,n") LZ(ROEWH)) :
which implies (41). O
3.2.2. Proof of Theorem 3.1. Let us set qo = Pg,, Y0, Vo = PE,ﬁyO, and q(t) =

e t=50)gy. Then we also set the solution (v, w) for system (40), given by Corol-
lary 3, with the initial condition (v,w)(so) = (vo,wo). We start by showing
that (y,w) = (¢+v,w) solves (33). Indeed, with y = ¢+ v, we can rewrite (40a) as
o U U Unm & Un
0= y—q—|—PElﬁVjAy—i—PEbﬁ;Ary#—PEgSw—l—Pqu
that is,
. 3 E3; Ej; Ey & Ei; .
0=y9+ Ay + Ay +Sw — Py Ay — Py M Ay — Py M Sw — Pl g
~ L ~
— 4+ Ay + Ay + Sw— P (Ay+Ary+Sw—)\y) :

L L L
because ¢ = —Aq and Pgﬂ’/‘[lq = P(if/‘fPEMy = P(}Ejf‘fy. Therefore, we conclude
that (y,w) solves (33), with K as in (33c). Finally, we notice that (v(t),w(t)) is
orthogonal to (¢(t),0) in H x H, because v(t) € E1; is orthogonal to ¢(t) € Earin H.

Therefore |(y(t), w(0) gz = (00 w(E) 51 + 1@(8),0) 7, zr and, using (41) in
Corollary 3, we arrive at

|(y(t)7w(t))|H><H

< Dm0 (un, w0l + 24T |30 00) e [go]

L2(]R0,H2))
2y1 — —s
< Dce—s(t—so) |(U0’w0)‘H><H + (Dce_a(t_sﬂ)(%)% ”TH +e A(t o)) |CI0|H

< Eceiuc(tiso) ‘(yOv w0)|H><H

with g = min{e, A\} and D. = max{D.,1 + DC(3$\”\52)% I'71I}- The proof of Theo-

rem 3.1 is finished. O

4. Applications. Stabilization of the monodomain equations. Assume that
the desired trajectory (U, w) is given as the solution of the uncontrolled system (1).
As mentioned in the Introduction, the difference (y, z) = (v, w)— (v, W) satisfies sys-
tem (10), with the operators defined as in (6). In this section we prove Theorems 1.1
and 1.2 which concern the stabilization of systems (9) and (10), respectively.

4.1. Proof of main Theorem 1.1. Theorem 1.1 will follow from Theorem 3.1.
For this purpose we discuss Assumptions 4-10, for the choice

H=L*(Q), vV =H'(Q), and  D(A) ={he H*Q) | (Zh)| =0}.

Assumptions 4 and 5 are satisfied and due to (8) Assumptions 6 and 8 hold true.
It is easy to see that Assumption 7 holds with W = H and (Cp, up) = (1,9).

Proposition 1. If (8) and Assumption 10 are satisfied, then Assumption 9 holds.
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The proof follows from standard arguments. A few details are given in the
Appendix. Thus, under condition (8) and Assumption 10, all the assumptions in
Section 3.1 are satisfied. By Theorem 3.1 this implies the following Corollary, which
in turn implies Theorem 1.1. From Remark 3 we recall that condition (7), which is
assumed in Theorem 1.1, implies that Assumption 10 is satisfied.

Corollary 4. Let A > 0 and so > 0. If (8) and Assumption 10 hold true, then
there are constants C > 1 and p > 0, such that the solution of the linear system (9)
satisfies
(@) 20D [ ser < Ce ) (yo, 20) prepy s T2 50

for all (yo,20) € H x H. Here the constants C and p are independent of the
t?’iple (503 Yo, ZO)'
4.2. Proof of main Theorem 1.2. To deal with the nonlinear systems, we will
need strong solutions. We can prove that such solutions exist due to the fact that
the reaction operator A, defined as in (6) satisfies

Ar € LOO(R07£(V7H))3 (42)
if (8) holds.
Proposition 2. Let (8) and Assumption 10 be satisfied, let p be as in Corollary /,

and (yo,z0) € V X H, with sg > 0. Then the solution for (9) is strong, that is,
(y,2) € Wiee(Rs,,D(A) x H,H x H). Moreover, we have

S0

w(+—so0) <C .
Sup e (y,2) W (6,500 D(AY X HLHXE) = (Y0, 20) |y e 11

The proof, which relies in part on known arguments, is sketched in the Appendix.
The next lemma gathers estimates on our nonlinearity N' = N (y) = N'(¢,y). Let
us write, for simplicity,

H=HXxH, V=VxH, and D(A) =D(A) x H.

Lemma 4.1. There exists a constant 6’1 > 0 such that for all pairs p = (y, z)
and p=(9,%2) in D(A) x H,

N (B) = N (B)fis < Culp — B, (1+[pI + [B1) (IplDa) + 1Bl )
+Cilp = Bl (P + [BIY) - (43a)
Further for any given ¢ > 0 there exists 52 > 0 such that
W(P) = N(D),p —P)ur << [p—Bly + Co(1+ pIY
+ Pl + |P|123(A) + ‘IN)‘IQD(A))h)_f)@Ia (43b)

with
{e1,62} € [0,400) and {e3,e4,65,66} € [2,+00). (43c)

Proof. Recall that from (6), we have N (y, z) = (—ay® + (b — 3a0)y? — eyz, —py?),
which we write as

4
_ . wi gl (yv Z) = (_a’y37 0)7 g2(y> Z) = ((b - 3a@)y2a O)a
N = ; g]’ th { g3(y7 Z) = (Oa _py2)a g4(y7 Z) = (62/2’7 O)

We will argue that (43) holds with A replaced by G; for j = 1, ..., 4. This implies
that (43) holds for N = ijl G;. From [16, Section 5, Examples 1 and 2], we can
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conclude that (43) is satisfied with A replaced by G; and G involving only the PDE
component y of the solution and the PDE coordinate of the nonlinearity. Recall that
the component y of the solution lives in D(A), for (almost) every time ¢ > 0. This
regularity is not necessarily satisfied by the ODE component z, so we must check the
details with the monomial term yz in G4. On the other hand G3 involves the ODE
component of the nonlinearity, so also in this case we will check the details.

Concerning G4 we proceed as follows: estimate (43) is trivially satisfied for e = 0,
thus we consider only the case e # 0, then with ({y,(.) =p—-pP= Yy —9,2—2) €
D(A) x H, we find

%1G4(p) — Ga(®)Ifr = lyz — #21H < 2 (I¢21% + 19¢:|%)
<2 (¢l 7 l21H + G H 517 ~)
(Ga(p) = Ga(P), P — Pl = Wz — U2,y — D)y = ((uz + U=, )y
<Gyl FalzlL2 + 16yl L2 I¢a L2 3] Lo -

Next we consider the case d = 3, that is, 2 C R3. An analogous argument can be
followed for d € {1,2}.

From suitable Sobolev embeddings, the Agmon inequality, and suitable interpo-
lation inequalities, we obtain

1
e

516:(0) ~ Ga(B) < Cr (16 lo1 + 1 BalilB ) )
< C1 (I = Bl Pl + Ip — BlAIBI ) )
< Cs (Ip ~ Blbay PRy + 10— BBl )
C

1 3 ~ ~
< (Ga(p) = G4(P). P — D)y < CulGy 71y 32| + Cilp — PlflFIp(a)
CalGy 3|2l + <1yl + 2Cilp — Bl (1+133.a))

IN

for any given ¢ > 0, and for suitable constants C; > 0, Cs > 0 and C5 = C5(s) > 0.
Therefore we can conclude that the inequalities in (43) also hold true for G,.
Finally, concerning G3 we proceed as follows: First

Gs(p) — Gs(P)|f1 < |y — 9% ly + Gli= < Cillp — PlE(IPID(a) + [BlD(a))
for Cy > 0 independent of p and p in D(A) x H, second we find that
2(G3(P) = G3(B)p—Plu = (V' — 7% 2 = 2) = (G +9), &)y
<y +3llz=1¢ylz2Cl L2 < Cily + Flpaylp — Pl
< Ci(1+[ylday + 915 a)) P — Pl
Thus (43) holds true also for N replaced by Gs. O

Lemma 4.2. If (8) holds, then the feedback operator in (33c) is bounded: Ky,, €
L>(Ry, L(H x H, H)).

Proof. Indeed, proceeding as in [11, Proof of Theorem 3.7] we find
|ICUM |L°°(RO,K(H><H,H))

Pg,,

Unm

< ‘PEJ@

1 ~
b A y +3] Ay 2
[,(V/,H) (QM + | |L (R07£(Hav )) + ‘ LOC(R()7L(H,V/)) + al >
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and from (8) and (6) it follows that A, € L (Ro, L(H, V")) and 8 € L**(Rg, L(H)).
Therefore we have the following Corollary, which in turn implies Theorem 1.2,
because (35), assumed in Theorem 1.2, imply Assumption 10. See Remark 3. O

Remark 5. We are now prepared to provide the proof for Theorem 1.2, which relies
on fixed point arguments. With two modifications, we can rely on the arguments
utilized in [4, Section 3.2] (see also [16, Section 3]). First, the feedback operator in
these references is obtained as the solution of a suitable differential Riccati equation,
in place of Ky, as in (33c). However, thanks to the estimates in Corollary 4 and
Proposition 2 we can replace the Riccati-based feedback operator in [4, Section 3.2]
by Ky,,. Second the conditions on the nonlinearity A in [16, Section 3] are slightly
stronger than those available here.

In fact, in [16, Section 3|, instead of property (43b), the following stronger as-
sumption is assumed:

(6,(p) = G,(P). P~ P (44)
~ . ~egy L 2 2 1 . -
< Co(1+[ply + PR7)2 (1 + [Plpay + [Plp(a))? [P = Blv [P — Ply
~ - 2 2 2
+ Co(1+[pl + [PI?) (1 + [Plpa) + [Plpay) [P — Pl -

It is clear that that the last estimate implies (43b), because 2 |p — ply, [P — Plg <
B~ tp— Plg+8lp— f)|3,, for arbitrary S > 0.
Since Assumption 10 is implied by (7), Theorem 1.2 follows from the following.

Theorem 4.3. Let (8) and Assumption 10 hold true. Then there are constants C >
1 and € > 0, independent of (so, Yo, 20), such that the solution of the system (10)
satisfies

(), 2(D)ly < Ce™ ) [(yo, 205, ¢ = s0, (45)
provided that |(yo, 20)|y, < €, where pp > 0 is as in Corollary 4.

Proof. We follow the main argument sketched in [16, Section 3] and [2, Section 4].
Let us consider the system

§=—Ay — Ay — Sz + Ku, (4, 2) + 91, y(s0) = yo €V, (46a)
2=—0z—Ry+ g, z(s0) = 20 € H. (46Db)
A O}

with g € L%((so0, 80 + 1), H). Multiplying the dynamics by £z, with £ = [O 5

and D(£) = D(A), gives us
2 2
[ 2o (50,50 +1),v) T (U5 2)L2((50,50+1),D(A))
2 2
< D(T) (1 2) (503 + 1913 (prs0 000 ) (47)

with the constant D3(T") depending on [A|;ww, rov.my)s [Kva|poe ®o,coxm my)
and T, and independent of sg and (y, z)(s¢). Here we use Lemma 4.2.
For simplicity we next denote

H=HxH  V=VxH  and D(A)=D(A) x H,
and we write (46) as

v+ Lv+Cv—Fv=yg, v(sg) =vo eV (48)
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with vo = [Zg} g= Lg]j, ¢ = [Aorc 7‘2}, and § = [3%’1) 3(6’2)]. In particular,

notice that |S|LOO(RO7£(H)) = |ICUM|LM(RO7L(H7H))- Here §(1,1yy == Ku,, (y,0) and
3(172)2’ = ’CUM (O, Z)

We will look for a solution of the nonlinear system in a subset Z)) C Z# of the
Banach space

Zh = {v e 12 (R,, H) ‘ V]2 < oo}

endowed with the norm |v|z. = sup |eu(-f We also set

> Va1 D) H)”
T~80

i
Zloc loc

= {V € L}, (R, H)) ’ ‘e“('_s")v’ < oo, for all r > so} .

W((r,r+1),D(A),H)
For a given constant ¢ > 0 we define the subset Z.' as follows.
Zh = {v e ZH| |V|22u, < Q|v0\%,}.

Further we define the mapping ¥: Z' — Zl
to the solution v of

V4+Lv+ev—Fv=N(¥V), v(sg) = vo. (49)

v — v, taking a given vector v

® Step [i]: a preliminary estimate. Proceeding as in [2, Section 4.2] we can conclude
that the solution of the system (48) satisfies, for a suitable constant C,

k+1
sup |e#('_50)z(')‘%/V((r,r-&-l),D(A),H) <C <|z0|%, + Sup/ e4ﬂ(s—so)|g(8)|%{ ds>
>0 keN Jk
(50)
® Step [ii]: Existence. The fized point argument. Proceed as in [16, Section 3], by
using (50), with NV (V) in the place of f, and using (43a), we can conclude that

e U maps ZY into itself, if |zo|v < €1, where € is small enough, and
e U is a contraction, if |zg|v < €, where € < ¢; is small enough.

Therefore, we can conclude that if zg € V is sufficiently small, |z0|%, < €, then there
exists a unique fixed point z = ¥(z) = z € Z; for ¥. That is,

V+Eev+Cv—Fv=N(v), v(0) = vyo. (51)
Necessarily B} i= v solves (10). Further, notice that (45) follows from z € Z/.

(® Step [iii]: Uniqueness. We show now that a solution for (10) in the space
Z =L} (Ro,D(A)) N C([0,400), V) D Z4 is unique. Indeed, let z; and z; be two

solutimg)sC in Z, for (51). Then e := z; — 2z solves (49) with g = N(z1) — N(z2) in
the place of N'(z). Using (43b), and following standard arguments, we can obtain
el < CalL+ [l + a2l + I + loala)) el
which implies |e(t)|f{ < elon 9045 |e(so)|i1, for all ¢ > sg, with
G(s) = Ca(1+ () + [22()[) (1 + 22() b + 2205y ) -

Using e(sg) = 0 we find 25(t) — 21 (t) = e(t) = 0, for ¢ > s¢. This ends the proof. O
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5. Numerical simulations. Here we present simulation results for (9) and (10).
As actuators we will take suitable (piecewise constant) indicator functions {1, |
i€{1,2,...,M}} C H. In this section H := L?(f2). In Figure 1 we can see the
placement of (rectangular) actuators’ regions. Recall also that the possibly repeated
eigenvalues «; of the Laplacian, under Neumann boundary conditions increase likely
linearly, as we would expect from Weyl asymptotic formula [21]. See also [10, §].

Q a;
7
6
5
4
3
2
1
% 5 10 15 20 25 30
-6 -4 0 2 i
(a) The (triangulation of the) (b) First 29 Neumann eigenva-
domain €. lues of —A.

FIGURE 1. The domain Q, and the (computed) first Neumann
Laplacian eigenvalues.

The following simulations were carried out using a finite elements based spatial
approximation of our equations, with a Crank—Nicolson time discretization.

We will set the parameters in the FitzHugh-Nagumo, Rogers—McCulloch, and
Aliev—Panfilov models so that we will have 3 constant steady states (0%, @'), i €
{1,2,3} and so that the first (PDE) components are 3 = 0, v = 1, and v3 = 2. As
we will see:

— for 9 as in (2)-([FN] or [RM]):

(ﬁlyﬁyl) = (070)’ (627'&72) = (L 10), (637@3) = (2’20) (523)
— for 9 as in (2)-[AP]:
(ﬁlyﬁyl) = (070)’ (627'&72) = (1’5)’ (%\37@3) = (270) (52b)

We will argue that for all 3 models:

e the linearizations around the steady state (v7,w;) and around the steady
state (03, ws) are stable,
e the linearization around the steady states (U, ws) is unstable.

We will consider the systems (9) and (10) with two choices as reference trajectories.
The first one is the unstable steady state

(5(t), W(1)) = (B2, @), (530)

the second one is spatially and temporally dependent and is defined as follows: we
consider the time-dependent vector function 7 = (71, 73): Ry — R?,

Oy + (t—2[%]) (05 — 02) ifo<t¢t—2[%] <1,

L] - 1)y —13) if1<t—2[5] <2,
@+ (¢ =215 )) (@5 — @a) if0<t—2[L] <1,
TQ(t)_{@3+(t—2L;J—1)(@2—@3) if1<t—2lL] <2
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where |s| € N stands for the smallest integer which is smaller than s < |s] < s+1.
Then we define our reference trajectory (v(t,z),w(t,z)) as

(O(t, x1,22), W(t, x1,22)) = (T1(t) + T1(t, w1, 22), T2(t) + Za(t, x1,22)), (53b)
with
Tl (t, Zq, .TQ) = 0.001

sin(mt) (cos(ﬂt +0.1(x1 —22)) + (22 — 1) sin(0.2x1)) ’R ,

To(t,x1,22) == 0.1

sin(7t) (Sin(” +0.1(zy — x3)) +0.1(23 — 3x2)> ’R

Notice that (v,w) is periodic in time with period 2, (T(t + 2,z),w(t + 2,2)) =
(O(t, z),w(t,z)) for all t > 0. Furthermore, for any given nonnegative integer m € N,
(T(2m,x),w(2m, z)) = (Va,W2) and (T(2m + 1,z),w(2m + 1,x)) = (U3, ws). That
is, the trajectory (v,w) “oscillates” between the unstable steady state (U2, ws) and
the stable steady state (vs, ws).

The initial condition in all the simulations, unless otherwise explicitly stated, is
the constant

(vo, wo) = (=1, -1). (54)
In the feedback (33c), we have set the parameter
A=1. (55)

5.1. The linearized FitzHugh—Nagumo model. Here we consider the linear
system (9), with the parameters in (6) set as

v=1, 5 =0.01,
a=1, b =3, c=1, (56)
d=0.1, e=0, ~v = 0.1, p=0.

We can see that the vectors as in (52a) are constant steady states of the uncon-
trolled and unforced nonlinear coupled system (1) (i.e., with u = 0 and f = 0).
Indeed we can see that for a constant vector (v, w) we have Av = 0 and that

~ v, W av® — bv* + cv + dw + ewwv
f(v,w) _ fl(/\ A) — T s
& (0, W) oW — Y0 + po
satisfies, for v € {0, 1,2},

. |dw . la—b+c+dw+ew
. [8a —4b+ 2cH+ dw + 2ew

Therefore with the parameters as in (56) we find that

0
£(0,0) = £(1,10) = £(2,20) = M ,
which shows that the vectors as in (52a) are constant steady states for system (1).

Observe also that the linearization (4) is stable around (0,0) and (2,20), and is
unstable around (1,10). Indeed, the linearization around a constant vector (U, o)

reads
o |yl _ A 0|y —3av? + 200 — ¢ — e —d—ev| |y
ot [z] o {0 0] [z} * [ v —2p0 -4 z|’ (58)

and we find that with the parameters as in (56):
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e For (v,w) = (0,0), the eigenvalues of the matrix {;c :g] are characterized

by (=1 —=A)(=6 — A) +dy = 0, that is, A2 + (1 + J)XA + & + dy = 0. Therefore,
2A = —(1+0) £ /(1 +6)2 — 4(6 + dy). It is clear that both eigenvalues have
strictly negative real part, because (1 + 6)% — 4(6 + dvy) < (1 +§)2.
—12a +4b—c —d

are

y =

again characterized by (—1 — A\)(—=d — \) + dy = 0, that is, they both have
strictly negative real part.

e For (0, w) = (2,20), the eigenvalues of the matrix {

e For (v,w) = (1,10), the eigenvalues of the matrix —3a +72b_ ¢ _; }
are characterized by (2 — A)(—=d — ) + dy = 0, that is, A\ + (6 — 2)\ —
20 +dy = 0. Thus 2\ = (2 —8) £/(2—6)2—4(-25+dy) = (2—6) +
V(2 +0)2+4(0 +dy). It is clear that the largest eigenvalue have strictly
positive real part, because (2 + )% 4+ 4(§ + dy) > 0 and (2 — &) > 0.

5.1.1. The case of the constant unstable steady state. Here we consider the time-
independent trajectory (v,w) = (1,10), as in (53a), which is the constant unstable
steady state for the FitzHugh—Nagumo model.

In the figures below the annotation “dyn=feed” refers to the dynamics under
the feedback control and “dyn=free” to the free dynamics (without control). The
annotation “model=...” specifies the type of the monodomain model defined by the
selection of parameters (cf. (2)).

In Figure 2 we see the performance of our feedback control, which is able to
stabilize system (9). The slope of log(](y, z)ﬁqu) is approximately 2:3=38 = —0.02
for time ¢ > 5, which means that |(y,z)|y,  decreases exponentially with rate
approximately —d = —0.01.

Recall that the explicit feedback has been constructed to stabilize the PDE com-
ponent, and as a corollary the stability of the ODE component follows as well.
Consequently we cannot expect to obtain a rate of decay for the ODE component
which is better (smaller) than —¢.

In Figure 2 we can see also the curve illustrating the squared norm |y|%; of the PDE
component versus the squared norm |z|% of the ODE component. The configuration
at initial time (¢ = 0) is the starting point of the curve located at (|yo|%,|20]%) ~
(42,42) (the red dot). The configuration at final time (¢ = 30 in case of Figure 2)
is the end point of the curve (the green dot).

Further notice that the free dynamics is exponentially unstable, the norm is

1120

increasing exponentially with rate approximately 55 = 2.

5.1.2. The case of a time-dependent trajectory. We consider the time-dependent
trajectory (U,w) as in (53b). In Figure 3 we observe that after time ¢ > 5 the
norm of the solution of the linear system (9) decreases exponentially with rate
approximately —§ = —0.01. The free dynamics is exponentially unstable with norm
increasing exponentially with rate approximately 1.

5.2. The nonlinear FitzHugh—Nagumo model. We consider again the time-
dependent reference trajectory as in (53b), but now for the nonlinear system (10).
In Figure 4 we see that the norm of the controlled nonlinear system also decreases
exponentially to zero with rate —0.01. The free dynamics is not stable, the norm
of the solution does not decrease as time increases.
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log(|(y, 2)[2
. (0 ) B

Tdyn=feed |
46 { model=FN !

log(|(y, 2) )
[dyn=free |
120 {model=FN

|2[3

0 5 10 15 20 25 30 0 0 20 0 40 50 60 0 5 10 15 20 25 30
time ¢ [yl time ¢

FIGURE 2. Norm of solution. Linearization around the steady state.

log(|(v, 2)[3 | | log(|(y: 2)lir i)
e (Y 2) [ cn) |yl versus 2[4 20 HxH

{dyn=feed | 50
i mod N |

Tdyncfes ]
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FIGURE 3. Norm of solution. Linearization around the time-
dependent trajectory.

Loy 2)[3 , ,
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[dyn=feed
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FI1GURE 4. Norm of solution. Around the time-dependent trajectory.

5.3. The linearized Rogers—McCulloch model. Here, in system (9), we take
the parameters

v=1, 6 = 0.01,
a=1, b =4, c=2, (59)
d=0, e=0.1, v =0.1, p=0.

Note that from (57), with the parameters as in (59), we find

£0,0) = €(1,10) = 2.20) = |
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which shows that the vectors as in (52a) are constant steady states for system (1).
For the linearization around a constant steady state (58), we find that with the
parameters as in (59):

e For (0,@w) = (0,0), the eigenvalues of the matrix {;C _g} with d = 0 are
given by {—c, —0}. Thus both eigenvalues are strictly negative.

e For (v, w) = (2,20), the eigenvalues of “l2a+db—c—2 —d- 26} are

5y -0
characterized by (0 — A\)(—=0 — A) + 2ey = 0, that is, A2 + A + 2ey = 0.
Therefore, 2\ = —§ 4= /02 — 8e7y, and we can conclude that both eigenvalues
have a strictly negative real part because §% — 8ey < §2.
—3a+2b—c—1 —d—e

¥ —6
characterized by (2—\)(=d —A) +ey = 0, that is, A2 + (6 —2)A — 20 +ey = 0.
Thus, 2X = (2 —40) £ /(2 — §)? + 44, because from (59) we have ey = 4. It is
clear that the largest eigenvalue has a strictly positive real part.

e For (v,w) = (1,10), the eigenvalues of are

5.3.1. The case of the constant unstable steady state. Here the reference trajec-
tory (U,w) = (1,10) is as in (53a). In Figure 5 we can see that the explicit feedback is
able to stabilize the system (9) exponentially with rate approximately —§ = —0.01,
while the free dynamics is exponentially unstable with rate approximately 2.

log(|(y, 2)[3 (| (y, )%
e (v 2l c) —, o log(|(y, 2)[frn1)

I Ty o 50 I
i dyn=feed ! I T T B dyn=free !
| i dyn=feed | i i
46 - 2 -
Lrﬁo,dflfl}il,d‘ 3 model=RM || 2 ! model=RM 1

[ 5 10 15 20 25 30 0 0 20 %0 40 50 60 0 5 10 15 20 25 30
time ¢ [yl time ¢

F1GURE 5. Norm of solution. Linearization around the steady state.

5.3.2. The case of a time-dependent trajectory. We consider the time-dependent
trajectory (U,w) as in (53b). In Figure 6 we can see that the explicit feedback is
able to stabilize the system (9) exponentially with rate approximately —§ = —0.01,
while the free dynamics is exponentially unstable with rate approximately 1.5.

5.4. The nonlinear Rogers—McCulloch model. Here, we consider the time-
dependent trajectory (U,w) as in (53b), and consider the corresponding nonlinear
system (10) with the parameters as in (59). In Figure 7 we see that our explicit
feedback is able to exponentially stabilize system (10). The norm of the controlled
system decreases exponentially with rate approximately —6 = —0.01. Notice also
that the free dynamics is unstable.
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FIGURE 6. Norm of solution. Linearization around the time-
dependent trajectory.
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FIGURE 7. Norm of solution. Around the time-dependent trajectory.

5.5. The linearized Aliev—Panfilov model. Here we consider the linear sys-
tem (9), with the parameters

v=1, 0 =0.01,
a=1, b= 2.5, c=1, (60)
d=0, e=0.1, v =0.1, p = 0.05.

Note that from (57), with the parameters as in (60), we find

0.0 = €015 = .0 = |

which shows that the vectors as in (52b) are constant steady states for system (1).
For the linearization around a constant steady state (58), we find that with the
parameters as in (59):

e For (v,w) = (0,0), the eigenvalues of the matrix {_VC :g] are {—c, —0}.

They are both strictly negative.

—12a+4b—c —d —
v —0.2 -0

acterized by (=3 — \)(=8 — A) +2e(y —0.2) = 0, that is, A2 + (3+35)A+8 = 0.

Therefore, 2\ = —(340)+ /(3 + §)? — 40, and we have that both eigenvalues

have a strictly negative real part.

e For (v,w) = (2,0), the eigenvalues of { e] are char-
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—3a+2b—c—% —d — ds
0 -0
given by A € {4, %}, that is, the largest eigenvalue is strictly positive.

e For (v,w) = (1,5), the eigenvalues of are

5.5.1. The case of the constant unstable steady state. Here we consider the time-
independent trajectory (v(t),w(t)) = (1,5), is an in (53a). In Figure 8 we see
that our explicit feedback is able to stabilize system (9). The norm of the solution
decreases exponentially with rate approximately —4 = —0.01. The norm of the free
dynamics is exponentially increasing with rate approximately 0.5.

log(|(v, 2)[3 | | log(|(y: 2) i1 )
s (1 (Y: 2) i) — i
’ 2

idyn=feed | |
| o Tdyn=foed |
jmodel=AP | “ {model=AP |

Izl

0 5 10 15 20 25 30 0 5 10 15 20 25 30 3 40 45 g 5 10 15 20 25 30
time ¢ [yl time ¢

FIGURE 8. Norm of solution. Linearization around the steady state.

5.5.2. The case of a time-dependent trajectory. We consider again the linear sys-
tem (9), with the time-dependent trajectory (v,w) as in (53b). In Figure 9 we
confirm that also in this case the feedback is able to stabilize system (9). The norm
decreases exponentially with rate approximately —6 = —0.01. The free dynamics is
not stable. The norm of the solution is not converging to zero, and is “close” to a
periodic behavior.

1 22
" osl@ i) Iyl versus |2 .
i dyn=feed :
i model=AP |
[E—————

log(I(y, 2)f7.cx1)

[dyn=free |
! {model=AP |
i] o4s e

0 5 10 15 20 25 30 0 s 1015200 25 %0 35 40 45 T 5 10 15 20 25 30
time ¢ [yl time ¢

FIGURE 9. Norm of solution. Linearization around the time-
dependent trajectory.

5.6. The nonlinear Aliev—Panfilov model. We take the time-dependent tra-
jectory (U, w) as in (53b), and the corresponding nonlinear system (10), again with
the parameters as in (60). For Figure 10 we ran the simulation for time ¢ € [0, 30]
as in previous examples. In this situation the results do not allow us to conclude
that the feedback is stabilizing. The norm seems to decrease but, we cannot yet
clearly see a rate of stability.
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Therefore we ran the simulation for a larger time interval and the results are
shown in Figure 11. Again we observe that an exponentially decreasing rate is
achieved. In fact, it is approximately —J = —0.01 (the slope for time ¢ > 100 is
approximately —0.02).

We also observe that the norm corresponding to the free dynamics is not con-
verging to zero, that is the free dynamics is not stable.

log(I(y, 2)lin) ) 2 log(|(y: 2)[fr.n)
5 [yliy versus |z[f

Fiynctead 1|
i model=AP i
[ ———

[dyn=feed |
i model=AP 1
R

80 100 120

0 5 10 15 20 25 30 o 20 40 502
time ¢ yl%

F1cURE 10. Norm of solution. Around the time-dependent trajectory.

log(|(y: 2) )

i dyn=free
i

log 2 ;
i o8 1, 2) ) —— .

fdyn=feed !
{ model=AP !

0 50 100 150 0 20 40 0 80 100 120
time ¢ yl time ¢

FicUrE 11. Norm of solution. Around the time-dependent trajectory.

5.7. On the sign of the leading coefficient a. In the above examples the lin-
earization based feedback control is able to stabilize the nonlinear system for the
initial condition (—1,—1), as in (54).

Notice that in the models above, the sign of the leading coefficient a = 1 of
av® — b%v? + cv is positive, and in this case we may say that is has the good
sign, in the sense that such sign somehow favors stability of the nonlinear system,
for example it may guarantee the existence of global solutions (cf. [7, Chapter 5,
Remark 5.1], for the uncoupled parabolic equation). The positive sign of a may
explain why the feedback still works for the nonlinear system for such a “large”
initial condition.

Recall that simulations in [16], for a single uncoupled parabolic equation, show
that the feedback is able to stabilize the nonlinear system only if the initial condition
is small enough. This is also the statement of Theorem 4.3, concerning the coupled
system.

Below we will consider the “a—” model where we take a negative leading coeffi-
cient a. Notice that our results are independent of the sign of a. We will consider

b2
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the following parameters

v=1, 5= 0.01,
a=—1, b=0, c=—1, [a—] (61)
d=0, dy=01, ~=01, p=005.

which roughly can be seen a variant of the Aliev—Panfilov model with the negative
sign for a and ¢ and with b = 0. In such situation we may expect the uncontrolled
solution of the uncoupled corresponding parabolic system to blow up in finite time.
See [7, Chapter 5], [12], and references therein. Therefore we may expect the solution
of the corresponding coupled system to explode as well.

5.7.1. The linearized “a—"” model. We consider the time-dependent trajectory (v, w
as in (53b), with (1,1) in the place of the steady states: that is with (Us,ws) =
(1,1) = (03, w3).

In Figure 12 we see that the norm of the controlled solution of system (9) de-
creases exponentially with rate approximately —d = —0.01. The norm of the free
dynamics increases exponentially with rate approximately 4.

log(|(y, 2l n) ; log(|(y. 2)lir )
55 [yliy versus |2[5; *

dyn=feed | “ p— {dyn=free
! =T1ec t)oso i —
imodel= a— | P /’;m' | i
5 L imodel=a— | LA

L

3 2! 0
0 20 4 0 s 10 120 10 10 1 o 1 2 s 4 5 & 7 8 9 10

time ¢ yl time ¢

FIGURE 12. Norm of solution. Linearization around the time-
dependent trajectory.

5.7.2. The nonlinear “a—” model. Here we consider the nonlinear system (10). We
will test with the resized initial conditions

(vo, wp)e = &(vg, wp), with e € {1,0.1,0.05}. (62)

First in Figure 13 we consider the free dynamics for the nonlinear system (10).
We observe that the norm of the solution blows up in finite time, for all initial
conditions as in (62).

Next we consider the corresponding systems under the action of the feedback
control. In this case, in Figure 14, we can see that our feedback is not able to
stabilize the system for the initial conditions (—1,—1) and (—0.1,—0.1). But, it is
able to stabilize the system if we take the smaller initial condition (—0.05, —0.05)
which is consistent with our local stabilization result for the nonlinear system, as
stated in Theorem 1.2.

6. Final Remarks.
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F1GURE 13. Norm of solution. Around the time-dependent trajectory.

log(|(y, 2)[tr) log(|(y, 2)[r.cr) Log(|(y, 2) %)

——
i dyn=feed
imodel= a
[Eee——

B E)

| model= a— | | i

imodel= a— |
i
4 [

0 001 002 0.03 004 005 006 0 02 04 06 08 1 i2 14 16 0 1 2 3 4 5 6 7 8 9 10
time ¢ time £ time ¢

(a) Initial condition (—1,—1) (b) Initial condition (c) Initial condition
(—0.1,-0.1) (—0.05, —0.05)

FIGURE 14. Norm of solution. Around the time-dependent trajectory.

6.1. On the number and placement of the actuators. Here we consider the
same setting as in Section 5.7.1. Recall that in Figure 12, we have the results
corresponding to the case of 28 actuators as in Figure 1.

Now in Figure 15, we present the corresponding results in the case we take only 4
actuators as in Figure 15. We constructed the actuators so that the volume covered
by the 4 actuators in Figure 15 is equal to the total volume covered by the 28
actuators in Figure 1. In either case the total volume covered by the actuators
is approximately 5.4% of the volume of Q. Though the volume covered by the
actuators is the same, we conclude that the explicit feedback corresponding to
the 4 actuators as in Figure 15 is not able to stabilize system (9), while the explicit

feedback corresponding to the 28 actuators as in Figure 1 is, as shown by Figure 12.
2

From the results in [11] we can conclude that once we know that ‘ngf o
remains bounded with respect to M, then increasing both A and the number of
actuators allows to achieve any prescribed rate of exponential stability in the case
of a single uncoupled parabolic equation. In Figure 16 we observe that 4 actuators
chosen as in Figure 15 are not able to stabilize the uncoupled parabolic equation,
while 28 actuators as in Figure 1 are able to stabilize the uncoupled parabolic
equation with rate approximately 1, which is the best rate we can get, independently
of M, because we have chosen A = 1 in our feedback law, see (55).
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FiGure 15. M = 4. Norm of solution. Linearization around the
time-dependent trajectory.
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FIGURE 16. PDE only. With d = dy = v = p = 0 (uncoupled sys-
tem) and wy = 0. Solution norm |(v, w)|§ixH = |v|§1 Linearization
around the time-dependent trajectory.
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Since the norm of the projection : plays a role in the stabilizability
H

£(
condition (35b), it would be interesting to know whether we can place the actu-

ators so that it remains bounded as M increases. This has been proven recently
in 1D in [17] for parabolic equations with both Dirichlet and Neumann boundary
conditions. Then from [11, Sect. 4.8.1] we can also construct suitable actuators in
rectangular domains so that the operator norm of the corresponding projections
remain bounded as the number of actuators increases.

Another important question concerns the optimal placement of the actuators.
In Figure 1 and Figure 15 we simply tried to “spread” the actuators over ) as
“uniformly” as possible. However, the results in [17], show that the best way of
“spreading” the actuators is a nontrivial question already in the 1D case.

By curiosity, the norm (computed numerically, see [11]) of the projection with

12
the 4 actuators as in Figure 15 is given by ‘PIZ’){/’ ‘E(H) ~ (0.0327)~! ~ 30, while the
2

~

€L
norm of the projection with 28 actuators as in Figure 1 is given by ‘PEM S

Unm
(1.9367 - 10~%) ~ 5000, which is considerably bigger.
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From [11, Sections 4.2 and 5.1], we know that there are examples of parabolic
equations where the number of necessary actuators is bounded from below, regard-
less of the location of the actuators. On the other hand the stability condition (35)
(or its particular version (7)) tells us that it is preferable to have a set of actu-

€L
ators so that the operator norm of the oblique projection projection P[iéj‘” is as
small as possible. Therefore the optimal placement of a given set of actuators,

"™ is an important problem whose solution may lead to better
L(H
performance of the feedback control, see [11, Section 5.1].

In [11, 17], when looking for the placement of the set of M actuators {1, v |

. ofy
minimizing ‘PU o

i€ {1,2,...,M}}, wM C Q, (indicator functions) spanning Uys and so that ng
remains bounded, it is also required that the volume covered by the actuators is
independent of M, that is, VOl(UﬁVil wM) = C,. Of course, by increasing M we are
not just adding more actuators, we are instead taking different ones covering the
same volume.

6.2. On the stabilization to periodic solutions. While our results apply for
general bounded trajectories, in our numerical examples we have taken periodic
trajectories as targeted solutions. We will show here that for this case our feedback
law is also periodic. Indeed, suppose that our targeted solution (v, w) for system (3)
is time-periodic: for a given period 7" > 0

(W(s+T),w(s+T)) = (v(s),w(s)), foral s>0. (63)
In that case we observe that the feedback law is also periodic
Ku, (s+T) =Ky, (s). (64)
Indeed, for all y,z € H x H,

Koy (s +T)(y,2) = P(]}J]CL[J (Ay + A(s+ Ty — Ay +S(s+ T)z)
= PO (Ay+ Auls)y = My + 8(5)2) = K (5) 0, 2),

because, from (6), we see that A, (s+T)y = A:(s)y and S(s+T) = S(s), when (7, W)
is T-periodic, as in (63).

Recalling that the monodomain equations provide a model for the heart rhythm
we expect the healthy solution to be periodic, that is, it makes sense to consider at
the very beginning that (v, w) satisfies (63).

Then it is natural to ask whether we can take advantage of the time periodicity
of A+ A, + 8.

In [3, 14] the stabilization of time-periodic parabolic systems is proven under a
suitable conditions on the set of actuators. Such conditions take advantage of the
fact that the operators in the parabolic equation are time-periodic, which allows
to derive suitable properties of the asymptotic behavior of the solutions from the
spectral properties of the periodic map or Floquet map.

The feedback law proposed in [3, 14] is, however, not explicit. It is given implicitly
and involves the solution of a suitable periodic Riccati equation. The computation
of such a solution can be an expensive numerical task.

It would be interesting to know whether we can construct an ad-hoc, still explicit,
feedback operator in this situation. Recall that in [11, Section 6.5], an ad-hoc
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explicit feedback is proposed for the case of time-independent targeted trajectories
(i.e., steady states).

— APPENDIX —

In Assumptions 1, 7, and 9, the existence of weak solutions was assumed for
abstract nonautonomous systems. As announced, we now give some comments on
this subject. We also give the proofs of Propositions 1 and 2.

On the existence of weak solutions. Let §) be a separable Hilbert space, which

we consider as a pivot space §) = §)’. Given another Hilbert space U £> 9, and
a family of linear mappings £(t) € L(U,%’) it follows that the domain of £(¢),
defined as D(£(t)) = {h € 9 | £(t)h € H}, satisfies

D(L() <> V<5 H <5 B <5 D(L(t))-

The domain D(£(t)) is ass111med to be endowed with the natural graph norm
hlpceey) = (\h@ + |£(t)h|§)) ’) Further, for time dependent operators, we assume
that the domain D(£(t)) is independent of time:

D(£(t)) = D(£(0)), forall ¢>0.

Therefore we simply write D(£) := D(£(¢)). Recall also the time interval I :=
(s0,51), as in (12).

Definition A.1. We say that z(¢) is a (U, $)-weak solution, in I x §, for the
evolutionary system
Z=—-L2, z(80) = z0 € 9, (A1)

if 2 € WH(I,9,9"), 2(s0) = 20, and (¢ + £2,)wrw = —(2,0)g + (£2, )0 = 0
for all ¢ € {f € C>(I, ) | supp f C I}.

Recall that W1(I,0,0") < C([so, s1],9). In case that for any nonempty inter-
val J = (t1,t2) C I, the (2, $)-weak solution, in J x §, for the linear system (A.1)
exists and is unique, for all initial conditions z(t1) = h € ), then we denote it by
z(t) = U(;fl)h, for t € J. Necessarily, for all h € ), zo € $, and s1 >t > t; > sq,
we have that

-£ 3 _ —g _y—£ pr-¢
U(tl,tl)h =h and U(mo)zo = U(t,tl)U(tl,SO)ZO'
Definition A.2. We say that (£,, £)) has the Galerkin approximation property
if there exists a complete orthonormal basis {; | i € No} C U so that

+oo

N
L forall he ), h= 3 (ho)st = lm 3 (hvi)ots,

i=1 00 =1
N
2. for all zp € H and N € Ny, by setting 28" = QNh = > (20,%i)5v; and
i=1
considering the solution zV of

N = QNeN, N(so) =2 €9, (A.2)

the sequence (zV)yen, remains bounded: ‘ZN’W1(I w0 < D |20y, with D
independent of (N, z),

3. we have QN €2 — €2 in 9, provided 2V — z in 0.
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Lemma A.3. Let (£,0,9) have the Galerkin approzimation property. If there is
a constant Bg > 0 so that

|<£h h)sz]l Q]|R B,g|h|537 fOT all h ey,
then there exists one, and only one, (U, H)-weak solution for system (A.1).

Proof. A solution z is given by a weak-limit, in W*(I,0,%’), of the Galerkin
approximations solving (A.2), 2V — z. The uniqueness follows from |d\% =
—2(Ld,d)y o5 < 2Bg¢ \d|523, where d is the difference between two solutions, which
implies |d(t )|55 < @2Be(t=s0) |d(so)|j5 =0, foralltel. O

The notion of weak solutions is classical. We refer to [13, Chapter 1, Section 6],
[19, Chapter 1, Section 3], and [20, Chapter 3, Sections 1.3, 1.4, and 3.2].

Proof of Proposition 1. We suppose that Assumptions 4-8, and 10 hold true.
Recall that H = L*(Q), V = H'(Q) and D(4) = {f € H*(Q) | 5L = 0}. Let us
take the spaces

H=(ExNH)xH U= (EyNV)xH and D(£) = (EyND(A)) x H,

and the linear operator, in matrix form,

e L(V,0), m — (A.3)

R D

PP A+ P A, nggw] H
e

Next we prove that system (A.1) has the Galerkin property. We set the sequence
of eigenfunctions e;, i > 1, of A = —A + 1 under Neumann boundary conditions.
Then we set the basis {(e;,e;) | i+ > M, j > 1} C U for the space $. It is clear
that (1) in Definition A.2 is satisfied. Next we consider the system

NPUM . _ NPUMSV
Tmmetet = %NR v s | AN s =20 €9,
-3 _
. (A4)
f QN f Z (fsem+i)menrti
with QW { ] = {Q}V } = =1 N . Since Q¥ is an orthogonal pro-
oored 5 (g, ei)mer
L =1
N
jection in §, with 2V = [2\, we have (Q{VPUf AN 2Ny = (PUi”Az{V, Mg =

‘v (AN 2NV v, and (QY DY 7zév>va—6‘z{V’H (D2, 2N v
Notice that the estimates in the proof of Lemma 2.2, by taking A = A +
QYPIMA, D = 6ld, R = QYR, and S = QNPUMS also hold true for sys-

M

tem (A.4). From Remark 4 we know that the system 3V = — Az is stable if S = 0.
Therefore, we can conclude that the assumptions in Lemma 2.2 are satisfied. Fur-
ther, from Assumption 10, it follows that the assumption in Corollary 1 is also
satisfied. Thus, from Corollary 1, the Galerkin approximations satisfy

’A”l

< DC|Z(J)V

|ZN’L°°(]RSO,5’J) |fo '
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This inequality, together with

|25 < 2=l — 261235 +2|@i Py A

|H } “1 |H|Zl |V

L(H, V")

+2]Q¥P§f8\ |22 |1 [0 | 21 Q2 Rl iy |40 | |22

L(H,H)
2 2
— |2 |v e N‘HJ“C1 ‘PUM ey A L
L2 O B PR S

which we can obtain after multiplying (A.4) by 2V, imply that

(1+D2t ’Z(IJV‘YJ, te (0,51 —80),

2
‘ZN|L2 Sg S()+t) ’B)

with Dy independent of N and zy. Hence, by (A.4), we obtain

= |QN£ZN‘L2((so,so+t)m’)

. 2
|ZN ‘Lz((80750+t),ml)

< |z

N |2 2 N2 N |2
‘Lz((50750+t)7m) |£|£<%m') Q ’E(%’) < Ds |Z ‘Lz((SO’SO"Ft)vm) ’

with D3 independent of (N, sg). Here we use that the orthogonal projection Q% €
L($) is also defined and orthogonal in U’ (cf. [11, Lemma 3.3]), which implies
that ’QNE(QT,) = 1. Note that for two eigenpairs (o, €;), (a;,€e;) of A =—vA+1d
we have (e;, ej)yr = (A_%ei,A_%ej)p = (A Yei )12 = a; *(ei,ej) 2 = 0. Now,
it is straightforward to check that points (2) and (3), in Definition A.2, hold true.

Since the assumption in Lemma A.3 is satisfied, the existence and uniqueness

of a weak solution for system (A.1), with £ as in (A.3). This finishes the proof of
Proposition 1. O

Proof of Proposition 2. From (42) and (y(so),2(s0)) € V x H, the fact that
the solution for system (9) is strong follows by standard arguments. Indeed, recall-
ing (33c), system (9) becomes
§=—Ay — Ay — Sz + Kuy, (v, 2), y(s0) = yo €V, (A.5a)
z2=—6z— Ry, z(s0) = 20 € H. (A.5D)

61 g,ﬁ:HxH,‘l]:VxH,

and D(£) = D(A) x H, we obtain (47) with g = 0. Using (47) we can now conclude
that (y,z) € W((so,s0+T),D(£),9) C C([s0,s0+T],D(£),$). The same argument
leads us to

2
|(y, )|L°° (s, T (Y, 2 )‘LQ((s,erl),D(ﬂ)) < Dy|(y(s),2(s))ly, for s=>s92>0,

Multiplying the dynamics by £z, where £ = [

(A.6)
with Dy = D3(1) independent of s.
Furthermore, we have the following smoothing property
[(y(s + 1), 2(s + 1)y < D5 |(y(s), 2(s))[§, forall s> s >0, (A.7)

with Ds independent of s. This can be derived as follows. We consider, for ¢t > s,
the function (§(t), 2(t)) = (¢t — s)(y(t), z(t)), which still solves system (46) with
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different data:
§=—Aj— A — S5+ Koy, (4, %)+, §(s)=0€V,
F= 05— Ry+z, 5(s)=0€ H,

from which (cf. estimate (47) with g = (y, z)) we can obtain the estimate

voouy (12 v oy 2 2 2
@ D)oo ((s,501)) 1@ D L2((5,611),002)) < D (|y|L2<<s,s+1>,ﬁ> + |Z‘L2<<s,s+1>,ﬁ>)
2
< D6C |(y, 2)(8)g »

where the last inequality follows from Corollary 4 (with s in the role of sp). In
particular (A.7) holds true.
For simplicity let us write
2 2
Uy = (Y, 2)|Loc ((5,541),0) ¥ 2 L2((5,541),D(2)) -

Then from estimates (A.7) and (A.6) together with Corollary 4, it follows, for all
s>sy9>0:

e if s < sy + 1, then
< 2 <« D2 2 2,2m,—2u(s—s0) 2
Wy < Da|(y(s), 2(s))|y < Dy [(y(s0), 2(s0))|y < Diee |((s0), 2(50)) |y »
e if s > sy + 1, then
W, < DyDs |(y(s — 1), 2(s — 1))|5 < DyDsCe2(71720) |(y(s0), 2(s0)) 5 -

We finish the proof by showing the estimate in Proposition 2. It is clear now that
we have

sup e~ |(y(s), 2(5))ly < C(y(s0)s 2(50))lis - (A.8)

$>380

with C = 2 max{D2, D4D5sC}. By direct computations we also obtain

s+1 s+1
[ e w0, ) dt < [0, 20) e,

2(50))] - (4.9)
— et(t—s0) (y(t), Z(t))’

G2 o o1y, < 10 Dz ) + [ 6 2)

< e2latims0=st20) 0 (y(s0), 2(50)) [y = €2 C' |(y(s0)
)

Using the dynamics in (A.5), we also obtain for (g, 2) :

L2((s,541),9)

~ t—s
P | I

(A.10)

Therefore, recalling that U < $, we conclude from estimates (A.8), (A.9),
and (A.10) that

w(+—s0) <D f 1 >
S| S Do) Aoy forall s> s,

with Dg independent of s > sg, which is equivalent to the estimate in Proposition 2.
O
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