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Abstract In Part I, the present paper studies a homogeneous, uncontrolled 2D or 3D heat—structure interaction
model, where the structure is modeled by an elastic system with (formally) ‘square-root’” damping, and where the
two components are subject to high-level coupled conditions at the interface between the two media. Physically, the
model occupies a doughnut-like domain: the heat (fluid) occupies the exterior domain, while the elastic structure
occupies an interior subdomain. The novelty over past literature is the (formal) ‘square root” damping of the structure
versus either no damping at all or else Kelvin—Voigt (viscoelastic) damping. It is shown that such homogeneous
(uncontrolled) model generates a strongly continuous contraction semigroup on a natural energy space, which
moreover is analytic and uniformly stable. Next, the paper provides a characterization of the domain of a fractional
power related to the generator. This result is then used to study, in Part II, the corresponding non-homogeneous
model subject to control action at the interface between the two media and provide for it an optimal regularity result.
The choice of the heat component over the (linearized) Navier—Stokes fluid component is only a preliminary step
for initial simplicity. The fluid-model introduces serious conceptual and technical difficulties. How to overcome
them has been accomplished in past literature [Avalos, G., Triggiani, R.: AMS Contemp. Math. Fluids Waves 440,
p- 15-55 (2007); Triggiani, R.: Mathematical Theory of Evolutionary Fluid-Flow Structure Interaction. p. 53-172.
vol. 48 (2018)] and will guide a subsequent publication.
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1 Introduction and statement of main results

Part I: The homogeneous (uncontrolled) problem

1.1 The homogeneous coupled PDE model

Throughout the paper, Q5 C R4, d = 2 or 3, will denote the bounded domain on which the fluid component of
the coupled PDE system evolves. Its boundary will be denoted here as 0Qy = 'y UT'y, i NI"y = @, with each
boundary piece being sufficiently smooth. Moreover, the geometry €25, immersed within €2 ¢, will be the domain on
which the structural component evolves with time. As configured then, the coupling between the two distinct fluid
and elastic dynamics occurs across boundary interface I'y = 9€2y; see Fig. 1. In addition, the unit normal vector
v(x) will be directed away from €2 ¢, and so foward 2. (This specification of the direction of v will influence the
computations to be done below.)

On this geometry in Fig 1, we thus consider the following fluid (heat)—structure PDE model in solution vari-

ables u = [u(t,x),ux(t, x),...,uq(t, x)] (the heat component here replacing the usual velocity field), and
w = [wi(t, x), wa(t, x), ..., wy(t, x)] (the structural displacement field):
ur — Au =0 in(0,7T)xQr=0y; (1.1a)
(PDE)
wi + A’w — Aw, =0 in(0,7) x Qs = Oy; (1.1b)
ou o L1
wlp, =0, Aw|, = - . on (0,T) x I'y = = (1.1c)
(BC) ‘
. 8wt —
M|Ff = 0’ u r, = a—v . on (O, T) X FS = ZS' (lld)
(IC) [w(ov : )7 wl(Os ')’ M(O, : )] = [w01 wi, uO] € H (116)

The space H of well-posedness for {w, w;, u} is taken to be the finite energy space
H="D(Ap,) x L() x L*(Qy), (1.22)

where, on the basis of the B.C. w|rs =0, Ap : L2(Q) D D(Apy) — L2(y) is defined by the positive
self-adjoint operator

Apsf =—Af, D(Ap) = H* (L) NH (). (1.2b)

H is a Hilbert space with the following norm-inducing inner product, where (f, g)q = / fgdQ:
Q

V] 01
v |, ﬁg = (Avy, Ady)g, + (v2, D)o, + (h, h)q,. (1.3)
h h

H

Fig. 1 The heat—structure
interaction
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Abstract model of Problem (1.1). The operator .A. We rewrite problem (1.1a)—(1.1e) as a first-order equation

dlw 0 10 w w
o w, | = =A2A0 w |[=A| wy |,
ay’ 0 0A|[h h
where we have introduced the operator A : H D D(A) — H :
VU1 0 I 0 V1 v2
Alwvn =] -A2A0 v | =| -A(Avy—wn) | CH
h 0 0A h Ah

for [vy, v2, h] € D(A). A description of D(A) is as follows:
() vi,v2 € D(Ap,s) = H2(Qy) N HY(Qy), so that

vy

1
— Hz (T).
oy | €HZTY)

Ly

”1|r3 =0, ”2|FS =0,

A(Avy — v2) € LX(Ry)
e H 2(I));

[Av — v2]y, = Ay, =2
s s vir,
whose solution then satisfies Avy — vy = F € LQ(QS) via elliptic theory, so that via (1.6)
Avi=vy+ F e L>(Q), or —Ap,vi=uv+F eL*(Qy)
Ul‘rs =0,
and v; = _AE),IS[W + F] € D(Ap ), confirming the statement (1.6) above.
(i)

Ah € LX(Q2y)
. dvn
Fe ™ v |p

hlp, =0, h

c H(T,).

The h-problem then implies via elliptic theory

h
heH (Q) and N e H™2(Ty) [33, (1.9)]

r

oh
as anticipated in (1.7b). The implication on ™ is reviewed in Appendix B.

v T,

In conclusion

D(A) = {[vl, v2,h] € D(Aps) X D(Aps) X Hl(Qf) Cc H, sothatvy| =0, vy] =0:
[y Iy
2
Areli@ny v | hence O H (T
alo—o ol =222 cmbmy), ence - ] € T)
ry T, T, ;
A(Av; — 1) € L2(y), thatis AZv; € L¥(€y)
Avi| =2 eHI(TY)
Ty [y

(1.4)

(1.5)

(1.6)

(1.7a)
(1.7b)

(1.82)

(1.8b)

(1.8¢)

(1.8d)
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In conclusion, for [vi, v2, h] € D(A), we have: v € D(Ap ) is compact in its component space L2(Q,),
h e Hl(Qf) is compact in its component space LZ(Qf), but v; is only in its component space D(Ap ). This
indicates that A~'H does not produce smoothing and thus that A does not have compact resolvent.

Literature The present paper belongs to the general research area of fluid—structure interaction models, where
a fluid is coupled with an elastic structure, thus with parabolic/hyperbolic coupling, which in fact takes place
at the interface between the two domains. Both configurations have been considered: the case of static interface
(a model considered physically acceptable in the case of small rapid oscillations) as well as the mathematically
more challenging case of a moving interface, which leads to a quasilinear system. Both linear and non-linear (full
Navier—Stokes equations) models have been studied. An early reference where such topic is mentioned (but not
analyzed) is Lions [34]. A more specific linear model with static interface was later proposed and studied in [18].
It was probably this paper that triggered interest in this research area. While we cannot be exhaustive, we quote
[3-9] for a rather complete, comprehensive, optimal analysis of the linear model introduced in [18] with no (or only
frictional) damping and static interface, an extended account of which is given in the lengthy article [45]. Paper
[3] introduces a trick or technique on how to eliminate the pressure, as the classical Leray projection approach is
no longer valid due to the coupling at the interface. We quote also [30], [36] for corresponding non-linear models;
and [22-24] for models with moving interface. The first work that introduces the (physically relevant) case of a
wave structure with a (strong) Kelvin—Voigt (viscoelastic) damping is [33]. As a preliminary step, such equation is
coupled with the heat equation rather than a genuine fluid. The subsequent case where the heat component is replaced
by a (linearized) Navier—Stokes component is taken up and studied in [37] by employing the technique of [3,45]
to eliminate the pressure. Subsequent works involved plate-like models for the structure, initially coupled with a
heat component [46,47], and next replacing the heat equation with a fluid equation (the linearized Navier—Stokes
equations [38], using [3]). A heat-wave optimal stability result is in [2].

The present work is the first study in the literature where the elastic structure is endowed with a (formal)

‘square root” damping: The ‘plate-type’ structure has the double Laplacian acting on the displacement of the struc-
ture and the Laplacian (with the correct minus sign) acting on the velocity of the structure. While the original models
[3-9,25-28] with no damping display a parabolic (fluid)-hyperbolic (elastic structure) coupling and ultimately lead
to a strongly continuous contraction semigroup on the natural energy space describing the overall coupled system,
the cases mentioned above [33,37,38] where the structure is endowed with viscoelastic Kelvin—Voigt damping
ultimately generate an s.c. contraction semigroup which moreover is analytic on its natural finite energy space.
The present case with (formal) ‘square root” damping also produces analyticity of the natural contraction semi-
group. All this is in line with the abstract theory in Hilbert space on the wave equation with various degrees
of strong damping, studied in [14—17], as discussed in the Orientation on analyticity below Theorem 1.3.

Subsequent work will replace the heat equation by the natural fluid equation by employing the technique of
[3,45] to eliminate the pressure.

Since the final evolution in the present paper is described by an analytic contraction semigroup, it is then of interest
to seek to characterize the domains of fractional power related to its generator, to study the optimal regularity of
the control-solution operator, when the control function acts at the interface between the two domains. This is done
here in Part II, for brevity only for the fractional power 6 = %

Models involving fluid—structure interaction in blood flows, where now the fluid domain is internal to the structure
domain, were also studied, e.g., [11,12]. Papers where the domain of fractional powers in the parabolic/parabolic
fluid—structure interaction models with Kelvin—Voigt damping include [32,42-44]. Higher regularity for a parabolic-
hyperbolic fluid-structure system is given in [1].

1.2 Main result
A main result of the present paper is that the operator A in (1.5)—(1.8) is the generator of an s.c. contraction

semigroup e on the energy space H in (1.2a) which moreover is analytic (holomorphic) as well as uniformly
stable. A similar result holds also for the adjoint .A* of A on H to be defined in Sect. 1.3.
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Theorem 1.1 (i) The operator A in (1.5)—(1.8) is dissipative on the space H in (1.2a), topologized by (1.3): for
[v1, v2, h] € D(A) described in (1.8d), we have

V1 V1
Re|A| v |,]| v = —|[Vua|? = |VA|? <0, [v1,v2, h] € D(A). (1.9)
h h

H

(ii) The origin belongs to the resolvent set p(A) of A : 0 € p(A). Thus, A~V e L(H). The explicit expression of
A~ lis given below in (1.25). Then, there exists a ro > 0, such that S;,(0) € p(A), the resolvent set of A,
where S,,(0) is the open disk centered at the origin and of radius ry.

(iii) Thus, the operator A is maximal dissipative on H, and so, it generates a s.c. contraction semigroup A onH

w( w(
wi | eH— A | w | eC(o, T]; H). (1.10)
uo uo

Proof (i) Let [v, v2, h] € D(A) as described in (1.8d). Via (1.5), we compute, recalling the topology (1.3) and
using at first Green’s second theorem on €25 where v2|rs = 0 by (1.6), and next Green’s first theorem on €2 ¢
for h, where h ’rf = 0 by (1.8b). By (1.5), we obtain (since the unit normal v is outward to 2 y on both I" s and
I's)

V1 1] V2 V]
Al v |, ] v = —A(Av; —v2) |, | v (1.11)
Rl Lnl)y Ah hl)y
= (Avz, Avy) — (A(Av; — v2), v2) + (Ah, h) (1.12)
J(Avy —
= (Avp, Avy) — {(Avl — v, Avp) — (Av UZ), v
1% Ty
dv ov oh
+ (Avl, —2> + (—vz + (—h) —IVA|? (1.13)
v r, ov r, v r,
5 av
= (Avz, Avy) — {1 (Avy, Av) + [V || — | v2, 5
vV Ty
ov oh
+ <Av1, —2> } + <—, h) —IVA|? (1.14)
ov r, ov r,

= (Ava, Avy) — (Avy, Avy) — [[Vua |2 — | VA

oh oh
(o), e, )
Ty Is

= 0 by
- Fj‘

(1.6). Finally, to go from (1.14) to (1.15), we have recalled the BC Av; = % on Iy in (1.7b)and h = % on

I's in (1.8b). Taking now the Re part in (1.11)—(1.15) and using Re(z — 7) = 0, z = (Avy, Avy), we obtain
(1.9).

(ii) By way of illustration, we first show that 0 ¢ o, (A), the point spectrum of A. Let Ax = 0,x = [v1, vp, h] €

vy

S s

by (1.8b). This, along with AR = 0 in Q by (1.5) and h|rf = 0 by (1.8b), implies & = 0 in Q. Then,

Moreover, to go from (1.13) to (1.14), we have used Green’s first theorem on (vy, Avy) with vy

D(A), and conclude that x = 0. In fact, by (1.5), Ax = 0 implies v, = 0 in Q;; hence, h
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122 R. Triggiani, X. Wan

oh
=5 = 0 by (1.7b). This together with A(Av;) = 0 in @ by (1.5) implies Av; = 0 in €
Vi,

which along with U1|r = 0 by (1.6) yields v = 0 in Q. Hence, x = 0 as desired. A similar argument
yields 0 ¢ o, (A%), with A* defined below in (1.26). This then 1mp11es [41, p282] that O ¢ o, (A), the residual
spectrum of .A. We now show the full statement that 0 € p(A),or A~! € L(H). Let [v], v}, h*] € H.Recalling
(1.6), we seek to solve

v v v}
Al v | =] -A(Avy—v) | =| v (1.16)
h Ah n*
uniquely for [vy, v2, h] € D(A), with inverse A~! being bounded in L(H). By (1.16), (1.5)—(1.8), we first
obtain
Ah = h* e L2 (Qy) (1.17a)
k k
vy =v] € D(Apy), vy o] 1
h 0,h —| = H2 (Ty), 1.17b
|1"f |rs v |1 o |r. € H2(T) ( )

€ H > (T) [33, (1.9)], and Appendix B, see (B.4). Thus, the unique solution
Is
of problem (1.17) in terms of the data is

~ av¥
h=—Ap h* + Dy (%
’ ’ v

where the positive self-adjoint operator Ap y and the Dirichlet map D £ on Qg are

oh
sothat h € Hl(Qf) and 3
v

) e H'(Q)), (1.18)
Iy

Aps¢=—A0¢p,  D(Ap ) =H*(Qp) NHy(Qy) (1.19a)
5fg=61<:>[Aq=0ian, q|rf=0, q}n:g] (1.19b)
D W' (92) — H'2(2) continuously for any r € R [35] (1.19¢)
By L209)) — HEQ)) C HE2(Q,) = D(AS 5 [B3L.p. 181],[42] (1.19d)

continuously. A next implication of (1.16) is by (1.5) and (1.7b)

A(Av) —vp) = —v} € L3(Qy)

oh 1
AU1|FS =5 - e H 2(I'y)

s

orby vy = v}, U2|FY = vﬂn =0 via (1.16), (1.6)

A(Av) —v}) = —vf € L2(Qy) (1.20a)

oh
[Av — vﬂn =,

e H 2 (Ty) (1.20b)
r

s

) (1.21a)
ry
-0 (1.21b)
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with & given by (1.18) in terms of {1*, v}}. Here, the Dirichlet map Dy on € is defined by

D=/ [ar=0mnay; fl. =gl
D, :H' (I'y) — H’+%(QS) continuously for any r € R [35]
1_
Dy : LA(Ty) — H2(Q,) C H2(Q) = D(A} ;) [31.p. 1811, [42].

3l

Hence, recalling Ap ¢ in (1.2b), we obtain from (1.21), (1.18)

vy
ov

_ _ d _ ~
v =—Ap)| {vf +A,)}51)3<+Ds5 |:—AD}fh*+Df (

Thus, putting together (1.16), (1.17), (1.18), and (1.23), we can write explicitly the operator Al

V] v
v | =A71 vy
h h*

_ 0 ~ [dvf _ _ a
_AD,ls {UT + Dsan ( avl ) )} — AD%YU; —+ AD,IYDSB_U(AD}fh*)
= Uik

*
dv]

—1 * ~
_AD,fh + Dy ( ™

A7 | 1+D iD i(-) —A72 A7 Dy —AT!
o D,s s v fa D,s “*D.s Sa D,f UT
A v | = I 0 0 v}
h ~ (9() - h*

1.3 The adjoint operator A* on H and its maximal dissipativity

(1.22a)

(1.22b)
(1.22¢)

(1.23)

as

(1.24)

(1.25)

Theorem 1.2 (i) The adjoint A* of the operator A in (1.5) with respect to the space H in (1.2a) is given by

v} 0 -10 v} —v}
Al v = A2 A0 ||v]|=|AAvi+v)) |CH
h* 0 0 AR AR*

for [v], v}, h*] € D(A*). A description of D(A¥) is as follows:
(ii) v, v} € D(Ap,s) = HE(,) NH (), 50 that

v 1
vilp, =0, 3|, =0, 8—5 ) e H2(Ty)
A(AVF 4 v3) € L2(Qy)
dh* |
[Av] + 03] = Avf| = e e H 2(I'y),

(1.26)

(1.27)

(1.282)

(1.28b)
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124 R. Triggiani, X. Wan

AR* € L2(Q) (1.29a)
| ov;
Is 9o

W, =0 n*

cH2(T,) (1.29b)
Iy

so that the h*-problem implies

*

h* e H' (Qy) and e H 2(Ty) [33, (1.9)], Appendix B, see (B.4). (1.30)

Iy

(iii) The operator A* in (1.26) is dissipative

vy vy
Re | A*| vi |, | v3 = —|Vui||> = |[VA*|I> <0, [v},v5, h*] € D(A"). (1.31)
h* h*

H

(iv) Since both A and A* (densely defined, closed) are dissipative, then they are both maximal dissipative [39, Cor.
4.4, p. 15], and so, they generate s.c. semigroups e and e of contraction on H, t > 0.

The proof of Theorem 1.2 is given in Appendix A.

Before stating the next two main results, we recall the following.
Classical Poincare inequality on €2 ; and €. First,if ¢ € H' (Q ) with ¢ vanishing onaportionof 0Q2 s = I" fUTy;,
and if likewise € H! () with Y vanishing on a portion of 9€2; = I';, then Poincare inequality on €2y and €2
says that there is a positive constant ¢, s depending only on 2 ¢, and there is a positive constant ¢, y depending
only on €2, such that

cprldl? < IVel%  cpsllvll® < IVY ™. (1.32)
Setting ¢, = min{c,, 7, cp s} > 0 and recalling that for [v1, v2, h] € D(A) we have v, = vy = 0by (1.6)
T T
and h = 0 by (1.8b), we then obtain
Ty
cplllvall® + [18]7] < [V vall* + (VA% (1.33)

1.4 Uniform bound on R(« + iw, A) near the imaginary axis, and uniform stability of the semigroup A on H

Leta <0, w € R. Let [v], v5, h*] € H. Via (1.5), we seek to solve

V] (a +iw)vy — v vT
((a+io) ] —A) | v |=| (@+io)y+A(Avy —v)) | =] v} (1.34)
h (¢ +iw)h — Ah h*

in terms of [v1, va, h] € D(A), with a uniform bound for the resolvent (( + iw)I — A)~! on a vertical strip, as in
(1.36) below

V1 v}
v | =R@+io, A)| v; |. (1.35)
h h*
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Fig. 2 The shaded area is
in p(A) by Theorem 1.3

To

an
NP

Theorem 1.3 Let ¢, be the constant in (1.33) and let wy > O arbitrary. There exists a positive constant Kep u,
depending on c), and wo, such that

C
IR +iw, Dl ey < kep.wos —7” <a <0, o >w > 0. (1.36)

Thus, the specialization of (1.36) to the imaginary axis, i.e., « = 0, combined with the property that 0 € p(A), as
in Theorem 1.1 (ii) yields

IRGw, Dz < constant, Y w € R. (1.37)

Thus, in view of [40], the s.c. contraction semigroup e on H asserted by Theorem 1.1 (iii) is exponentially stable:
there exist constants M > 1,8 > 0, such that

<Me, t>0. (1.38)

” eAt <
L(H)

After Theorem 1.4, we can take § = rg > 0 (Fig. 2).

The proof is given in Sect. 2.

Orientation on analyticity A main result of the present paper is Theorem 1.4 that claims that the s.c. semigroup
of contraction e asserted by Theorem 1.1 (iii) is, in fact, analytic on the space H in (1.2a), and uniformly stable
by Theorem 1.3.

Analyticity per se is not totally surprising in view of the following motivating considerations.

A motivating result: Analyticity The following is a very special case of a much more general result (noted below)
for which we refer to [14,15], (see also [31, Appendix 3B of Chapter 3, pp. 285-296], [16,17]). These references
solve and improve upon the conjectures posted in [13]. Let A be a positive, self-adjoint operator on the Hilbert
space Y. On it, consider the following abstract equation with square-root damping:

P4 Ax+ATi =0; ori[?]zA[{‘]; (1.39)
dt | x X
0 I
A[“] - | [’”} = .7 ; (1.40a)
X2 —A —A2 X2 —A2(A2x; + x2)
D(A) = {[xl,xz] €E=D(A) x Y : x € D(AT), Abx| +x; € D(A%)} . (1.40b)

The operator A is dissipative and with domain (1.40b) is closed and generates a s.c. contraction semigroup

A" on the finite energy space E = D(A%) x Y, which moreover is analytic on E. This is a special case of the
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126 R. Triggiani, X. Wan

conjecture that was advanced in [13], and which was proved in [14] and generalized in [15]. Thus, the second-order
dynamic (1.39) with square-root damping is parabolic-like. Indeed, [14,15], (see also [31, Appendix 3B of Chapter
3, pp. 285-296]) show the following more general result, and more useful in application to mixed PDEs-problems:

that analyticity holds true if in Eq. (1.39) the damping term A2i s replaced by Bx, where B is another positive
self-adjoint operator (which needs not commute with A) which is comparable with A%, % < « < 1, in the sense of
inner product: p; A% < B < pp A%, 0 < p; < p2 < 400.

The above abstract result for Eq. (1.40a) where the damping operator A7 is the square root of the free dynamic
operator A, may suggest or make one surmise, that Eq. (1.1b) is “parabolic”, as the damping (—A) is the “formal
square root” of the free dynamic operator A2. As a consequence, the homogeneous problem (1.1a)—(1.1e) is then
the coupling of “two parabolic problems”, and hence, the operator .4 in (1.5) generates an analytic semigroup Al
on the finite energy space H in (1.2a). Of course, the above considerations are purely indicative and qualitatively
suggestive, as unlike the above operator A, the Laplacian A in (1.1b) is a differential operator with coupled, high-
level, non-homogeneous interface boundary conditions which constitute the crux of the matter to be resolved before
making the assertion of analyticity of problem (1.1a)—(1.1e). At any rate, analyticity cannot follow by a perturbation
argument; see Appendix C.

Theorem 1.3 says in particular that iR € p(A), the resolvent set of A. It raises the question, which is answered
affirmatively in the following main result, and which improves upon Theorem 1.3 for « = 0.

Theorem 1.4 The following resolvent estimate holds true:
IRGw, Dllcmy < 50, forall w € R, |w| > some arbitrarily small wy > 0, (1.41)
equivalently, via (1.35) with « = 0 recalling the H-topology (1.3):
w1 + w2l 11 < o= [IAVTI? + 3P + 11
forall w € R, |w| = some arbitrarily small wy > 0. (1.42)

Hence, the s.c. semigroup of contraction Al of Theorem 1.1 (iii) is analytic (holomorphic) on the energy space H
in(1.2a) [31, Thm 3E.3, p. 334]. Accordingly [31, p. 335], there exists a constant M > 0, such that

M
IRGL Allean = 770 »#0, Vi€ o, (1.43)
Sy = {1 € C: largh| < gm], (1.44)

where one may take the angle 61,0 < 0 < %, such that tan(% —0) = %, with c the constant in (1.41), for an
arbitrary fixed constant 0 < p < 1. See Fig. 3.

The proof of Theorem 1.4 is given in Sect. 3.
Theorem 1.5 For the maximal dissipative operator A with 0 € p(A), we have
D((—A)%) = [D(A), H]% (Intermediate space[35, p. 10]), (1.45a)

where

D(~A)?) = {[v1, v2, h] € D(Aps) x D(Aps) x H(Q), so that

9
vl =0, wm| =0:n =0, n =22 cHIT,),
FS Fy Ff Fs v FS
_1 oh |
Avl| = —| eH 2(Ty), Av —D,|— cH' (Q)}. (1.45b)
Iy Ty Vi,
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Fig.3 By Theorem 1.3
and 1.4, the spectrum
o(A),w #0,0f Ais

contained in the dotted area b1

H\\HHT:'?H\\HHH

In the case of D(((—A)*)%), the B.C. Av; is replaced by the B.C. Av; , in line with

Iy Ty Iy Iy

(1.28b).

The proof of Theorem 1.5 is given in Sect. 5.

2 Proof of Theorem 1.3

Proof Leta <0, € R. Let [v], v, h*] € Hin (1.2a). We return to (1.34), and we seek to solve
V1 (¢ +iw)vy — v v}

(a+io) I —A) | v |=|(@+io)v+A(Avy —vp) | =] v} (2.1a)
h (a +iw)h — Ah h*

in terms of [v1, va, h] € D(A), with a uniform bound for the resolvent ((« + iw)I — A)~! on a vertical strip, as in
(1.36): —%” <a =<0, |w| >wy)>0

V1 v}
v | =Rla@+ion, A)| v; |. (2.1b)
h h*

Proving (1.36) is equivalent to showing, by the topology of H in (1.3), that there is k¢, ,, > 0, such that for the
solution of (2.1b), we have

C
1802 4+ o2l 4+ 112 < k.o [ | AVEIP + 10312+ 1012 ] = <@ <0, ol = wp > O, 22

wo arbitrarily small. This estimate will be established below.
Step 1: Inner product the third row of (2.1a) with & and integrate by parts (Green’s first theorem) to get

oh
( +io)|h]? ~ (—, h) +IVAI? = (h*. ), (2.3)
av r,
ash| = 0by (1.8b). Similarly, inner product the second row of (2.1a) with v, and integrate by parts to get
Ty
. 2 : 2 2 dh * *
(@+io)fvll”+ (@ —io)[Av ]I+ [Vel"+ (2= ) = vy, v2) + (Avi, Avp). (2.4)
Ty
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In fact, recall from (1.12)—(1.14) that

o0vy
(A(AV] — 12), 12) = (Avy, Av) + |V |* + (Avl, a—y)
Is
. 2 * 2 oh
(by 2.12)) = (a —iw)||Avi]|” — (Av, Av]) + [[Vua|© + 3 h
I

invoking the B.C. (1.7b) and (1.8b). The above identity then allows us to obtain (2.4).
dh
Summing up (2.3) and (2.4) yields after a cancelation of the boundary term (a—, h)
v r

IVoal? + IVAIE + e [ Av 2 + ozl + 112 + i [ o2l + 14112 = | Avy 1]
= (Avy, AvY) + (v5, v2) + (h*, h).
Step 2: We take the Real part and the Imaginary part of (2.5), thus obtaining
1902l + IVAIP + e [ A2 + ozl + 1717] = Re {(Avr, Av) + @3, v2) + (0%, 1)
and

o [Ivall® + 117 = A | = Im (v, Av) + @3, v2) + G 1))

2.5)

(2.6)

Q@.7)

Remark 2.1 Equation (2.6) would of course follow at once by the dissipativity identity (1.9) applied to Eq. (2.1a)

rewritten after inner product with x as
(Ax, )i = (¢ + io) X[ — 5, 01, x=[vi, v, k], x* =[v}, 03, h*].
Taking the Real part of (2.8) and using (1.9) yield (2.6).

Step 3: We divide (2.7) by w for @ # 0 and obtain
2 2 2 Avy v h*
[Avi[|* = llvall” + [[Al]7 — Im { (Avi, —) + (==, v2) + (—, h)
1) o) 1)

from which we obtain for € > 0 small

~

C
(1 =olavil? = (40 [l + Wl [+ < [IATI7 + 1317 + 171
or
1+e€ C
lavrl? = 7 [Ioall® + 017 ] + (W) [1AGTIZ + 10312 4+ 15712 ], - o 0.

Step 4: We rewrite the Real part in (2.6) as
1902l + VI + [ lloall? + 1017 ] = leel | A2 + Re {(Avr, Av) + 3, v2) + (G, 1)
Using the Poincare inequalities as in (1.33) on the LHS of (2.12), we then obtain
(cp+) [v2l? + 111P] = (el + Ol Avi |2 + € [ ozl + 1817 + CLIAVIP + 10312 + 107112
or
(cp+a =) [lual + IH12] < (ol + )l AviI? + CLIAVIP + 1312 + 14711
We next assume ¢, + a > 0, and we select € > 0, so that ¢, + a — € > 0. Then, (2.14) yields

|| + €
lvall* + 142 < —enAvan

Cp +o—
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C

———— 1AV + 03117 + 1A 1|, —cp <a < 0.
P

cp+a—e

Step 5: We now use estimate (2.15) on the RHS of estimate (2.11) to obtain for |w| > some wy > 0

1+e€ || + €
Avi)? < (1 ) ( ) | Avy|?
—€ cp—i-ot—e
1+¢€ C C
+[<1 ) ‘ +—6} (180712 + 31 + 171
—€)cptoa—¢€ wo
or

1+e€ lo| + €
- () (e e
1—¢€ cpt+a—e

1+e€ C C
< [(F55) e+ | nawin? + g+ 1]

l—€)cp+a—ce
still with ¢, + a — € > 0 and |@| > wp > 0. We henceforth impose the further restriction

ol el

Cp Cp
= <1, or |o|<—, o —— <a<=<0.
cpta  cp—|af 2 2

Thus, we can select €; > 0 arbitrarily small and restrict further € > 0, so that

|| + €
c,,+a—e

1+e¢€ || + € 2e 5
=(14+—)1 - =(- =k 1
<1_6> (c,,—i—a—e) ( + 1—6>( €1) ( 61) e <

2
by selecting I € = €1. Thus, (2.19b) used in (2.17) yields
—€

2e C C
[(1 . ) S _1 [1av 2+ g + 1717,
l—€¢)cp+a—e wo

c
|lw| > wo > 0, —?p <a<0

=1 — €1, and hence

2
[Avi]” <
€,€]

with Ke ¢, =1 — ke ¢, 0 < Ke ¢, < 1, recalling the restriction on « in (2.18); or

180112 = Ceercpon| 1AVIIZ + 10312+ IH12]. Jol = @0 > 0, =L <a <0.
Step 6: We use estimate (2.21) on the RHS of estimate (2.15) and obtain

w2l + 1812 = Cecpan [ 1AV I2 + 10312+ 1A712]. o] 2 00 > 0. =L <a <0,
Step 7: Combining (2.21) and (2.22), we obtain the final desired estimate

JAv I + o2l 4 141 < conste.e cpuan [ 1AV 12 + 0317 + 11 ],

C
|w| > wy > 0, —?p<a§0

with wq arbitrarily small. Then, (2.23) proves (2.2) and estimates (1.36). Theorem 1.3 is established.

3 Proof of the analyticity Theorem 1.4

With reference to (2.1a) specialized of « = 0

U1 iwv] — V) v
(il —A) | vy | =|ivvnn+A(Avy—w) |=|v; | €eH
h ioh — Ah h*

2.15)

(2.16)

(2.17)

(2.18)

(2.19a)

(2.19b)

(2.20)

2.21)

(2.22)

(2.23)

(3.1a)
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for [v}, v, h*] € Hand [v1, v2, h] € D(A), or

V1 vy
v | =Rlw, A) | v; |, (3.1b)
h h*

we shall establish the bound required in (1.42)
c

lAvr 2+ ool + 1012 < [ IAv I + 0317 + [14*]2]. forall o € R, [o] = some w > 0. (32)
0

wy arbitrarily small. We shall proceed by specializing the proof of Theorem 1.3 in Sect. 2 to the case @ = 0.
Step 1: Estimate (2.17) with « = 0 specializes to

lt+e € l1+e\ C C
[1 B (1 ) ( )} lavi® < [( ) *+ —E] [IAvI? + 1317 + 11, (3.3)
€/ \¢p—¢€ l—€e)cp—€

where we take ¢, — € > 0 and |o| > wp > 0. However, for the coefficient term [ | on the LHS of (3.3), we obtain
for small €

_ 2
151_ 1 —e€+2¢ € 1 € 2e ’ (3.4)
2 1—¢€ cp—€ cp—€ (I—e)cp—e)
so that (3.3) is rewritten as
1+e€ C C
1 Av? <2 [(1 ) —+ —f] (180712 + 1031 + 1" 2] (35)
—€e)cp—€  wo

forallw € R, |w| > wp > 0. By now taking wo > 0 sufficiently small
1+e€ Ce 1 l—€ ¢p—e€

— . , 3.6
1 —¢ cp—e<a)o of CUO<1—|—6 Ce (3-6)
then (3.4) becomes for such w as in (3.6)
4C,
lavrl? = =< [NAVEIE + w517 + 1)), forall o] = wo > 0, (37
0
which is the desired bound for the term || Av; ||2 in (3.2).
Step 2: Substitute estimate (3.7) in estimate (2.15) for « = 0, thus obtaining
€ 4C, C
o2l + IR 11> < {( ) S } [1AF12 + 03 12 + 171 (3.8)
cp—€) wo cp—€
€ 4C 1—e)\ 1
(by 36) = {( ) “+Ce < ) —} 1812 + 0312+ 171 (3.9)
cp—€) wo 1+¢€/) wo

C 1—€)\ 1
again taking |w| > wo > 0, where we have used < < < ) — by (3.6). Hence, (3.9) ultimately yields
cp—€ 14+€¢) wy

C
lvall® + IIA]* <

€.cp
wo

140712 + 0312+ 107 (3.10)

forall w € R, |w| > wy > 0 arbitrarily small. Estimate (3.10) is the desired estimate for the terms ||v > + ||| in
(3.2). Summing up (3.7) and (3.10), we obtain (3.2) and Theorem 1.4 is proved.

4 Explicit expression of A in (1.5) incorporating B.C.

Equation (1.5) shows the action of the operator .4, whose domain D(.A) is then described by (1.8d). In the present
section, we incorporate the B.C. directly in the expression of .A. This is given in (4.19).
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Step 1: Start from the u-equation (1.1a) supplemented by the BC in (1.1d). Recall the Dirichlet map on €2y from

Iy, introduced in (1.19b)

¢p=Drg == {Ap=0inQr: ¢| =0; ¢| =gl .1
Ly I
Then, rewrite (1.1a) as
~ awl
ur = Alu— Df I s
ov r,
5 u| —0=0 only,
~ wy
u—Dyp|— =0= Ly by (1.1d) (4.2a)
BU r. . aw[
s/ d8Qy u———=0 only,
av
~ Bwr 2
up=—Ap slu—Dys|— e L7 (Qy), (4.2b)
av r,
where —Ap 7 is the Dirichlet-Laplacian on €2 (strictly negative self-adjoint) introduced in (1.19a)
— Ap. s =AY, D(Ap s) =H*(Qp) NHY(Q)). (4.3)

Ultimately, extending Ap_ s from L2(§2f) D D(Ap,f) — LZ(Qf) to LZ(Qf) — [D(AD,f)]’ by isomorphism,

while keeping the same notation, we obtain from (4.2b)

t

~ [Jw
ur = —Ap su+ Ap ¢Dy a0

) € [D(Ap, ).

Iy

4.4)

Step 2: Next, we consider the w-equation (1.1b) supplemented by the BC in (1.1c). Introduce the Green map

G, defined by [31, p. 212]

y =G {A’y=0inQ,, y =0, Ay

Ly

:v}

[y

as well as recall the Dirichlet map on €2; introduced in (1.22a)

x=Dsv<= {Ax =0in Q;, x| =v}.

[y
We have [31, Eq. (3.6.6), p. 212]

G2 = —AT2D;,

where we have defined the positive, self-adjoint operator A by

Ap = A%¢, D) ={pc HYQ,) | =Ad

Iy

=0},
L

so that [31, p. 205]
A= A%)’X, or A= Ap.s,
where Ap , is the Dirichlet-Laplacian on €2, (strictly positive self-adjoint)

Aps¥ = =AY, D(Aps) = HX(Qs) NHY(Q)).

(4.5)

(4.6)

4.7)

(4.8)

(4.9)

(4.10)
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introduced in (1.2b). Via (4.5) and (4.10), we rewrite (1.1b) as

du

T T
(4.10), we see that (4.11) is rewritten abstractly as

= 0in (4.11b) and Aw

by recalling w '

))-—ADJw,eL%Qo

Ty

) — Apsw, € [DA)]
Vv Ty

(4.11a)

(4.11b)

“.11c)

= 01in (4.11c) via (1.1c). Hence, recalling (4.8) and

4.12)

(4.13)

the original A : L2(2y) D D(A) — L2(,) being extended by isomorphism to L2(Q,) — [D(A*)] = [D(A)],

as usual, while maintaining the same notation; or by (4.7)

0
Wy = —Aw — A% Ds <£

)—Amwewmm
Ts

Finally, by (4.9)

ou
Wy = _AD,s AD,sw + Dy a

2 Bu
wttZ—AD,Sw—AD,sDS 5

Ly

) + w,:| e L2(y)
Fs

) — Apsw, € [D(A)],

(4.14)

(4.15)

(4.16)

where —Ap ; is defined in (1.2b) = (4.10) and is extended L2(y) — [D(Ap.s)] by isomorphic extension, with

no change of notation.

Step 3: We combine (4.4) and (4.16) in a first-order system

0 1 0

d w _ _A%)’S _AD,S _AD,SDS <
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0 I 0
a9 -
i —A2 —Ap —Ap Dy | — U1
Al v | = Do ? S I v (4.18)
g 0 Ap B, (L A "
D.fDy . —Ap.f
- "
dh
_AD,S AD,SUI +v+ D | —
= W |p, . [vi, va, k] € D(A). (4.19)
~ dvn
A D|— —h

The domain of A, D(A), is described in (1.8d). In particular

v, v2 € HA(Q,) NHY(Q); 7 € H(R), such that (4.20)

o0vy

oh ~
Apsvi+v2+ Ds | — € D(Ap.); h—Ds|——
ov ov

) € D(Ap. ). 421

Iy Ly

5 Proof of Theorem 1.5 (after [33, Section 4])

The present proof is patterned after [33, Section 4].
Step 1: Preliminary setting.

(i) We return to the positive self-adjoint operator Ap s on € in (1.2b) = (4.10)
Apsf =—Af € L2(Qy), D(Aps) =H? () NHy () (5.1)
and recall [20,21,29]

1
D(Ap,) =Hj(Q) = (9 e H'(Q).¢| =0). 5.2)
FS

(ii) Similarly, we return to the positive self-adjoint operator Ap y on Q¢ in (1.19a) = (4.3)

Aprq=—Aq e LX(Qp), D(Ap ) = H*(Qp) NHy(Qy) (5.3)
and recall
1
D(Ap, ) =Hy(Qy) = {¢ € H (). ¢, =0} (5.4)
(iii) Next, recall the Dirichlet map Dy on g in (1.22a) = (4.6)
¥ = Dyg < {mp:omszs; vl =g} (5.52)
Dy : H'(T'y) — H°*2(Q,) continuously, s € R. (5.5b)

(iv) Finally, recall the Dirichlet map D rin (1.19) = (4.1)

qzﬁfg:»{quomszf, aly, =0, q|rS=g] (5.6a)

5f H'(0Q2)) — HH%(Qf) continuously, s € R. (5.6b)
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0
(v) We start with the pair {vi € D(Aps),v2 € D(Apys)}, so that U2|F = 0, % € H%(FS) and
s v r,
~ [0
Dy (% ) e H'(Qy) by (5.6b). Next, by imposing the ‘static’ version of (4.2), we shall obtain that
v,
oh oh
heH'(Q), —| eH 1(Iy,) sothat Dy —| |eL%(%) (5.7)
ov r, ov r,

recalling (1.8¢) (or [33, Eq. (1.9)], or Appendix B, see (B.4)) for the normal derivative. In fact, we next note
that

i ~ 31)2

>:| € D(Ap,r), asin (5.3) means via (5.3), (5.6a) (5.8)
I

~ (a
A[h—z)f<%
%

)] = Ah € L*(Qy) (5.92)

[y

~ {5
h—Dy (22 —hnl =0 (5.9b)
ov r, r ry
~ [0 9 Gl
h—D 22 —nl =22 —0, orh| =22 cHITY), (5.9¢)
v [y Iy I v Ts Iy v I

so that by elliptic theory, we obtain (5.7), as desired. Thus, the triple [vi, v2, h] € D(Aps) X D(Aps) X
H! (2 7) has the same regularity as in D(A), see (1.8d).
(vi) Similarly, we note that

i ah
(Avy — vp) — Dy (8_ >j| € D(Ap,), asin (5.1) means via (5.1), (5.5a) (5.10)
V FS
A | (Avy — v2) — Dy e = A(Av] — ) = F € L°(Ly) (5.11a)
v FS
oh oh
(Avy —v2) = Ds | — =Av| —v -—| =0,
wlr, /| ro /I, vip,
or Avy| =—| € H_%(FS), by(5.7). (5.11b)
Ty Ty
Problem (5.11) implies by (5.1) and (5.5) that
1 oh 2
Avy — vy = —AD’SF + Dy 3 € D(Aps) + L7 (2) (5.12)
Is
by (5.5b) with s = —%, which along with v € D(Ap ) and v1| = 0 yields
Ts

o - -1 oh
U1 = _AD,SUZ + AD,SF - AD,SDS a_v

) € D(AD,S)
Iy

@ Springer



A heat—structure interaction model... 135

confirming the original choice of vy, v in (V).
Step 2: With the triple {vi € D(Aps),v2 € D(Apy), h € Hl(Qf)} as taken above in (v), we introduce the
following positive self-adjoint diagonal operator 2 acting explicitly on the variables:

oo G2 ]
v r, ’ v r,

by
i U1 ] [ V] T
UZ IS ’1)2
h I h
dh _ Iy dh
A (Avy — v2) — Dy (a_\) ) - AD,_&' (Avy — vp) — Dy (5 ) s (5.14)
Ty T,
N AD f §
~ [0 ' ~ [0
h—Dy ) h— Dy et}
av r, ] i ov r, |

where I is the identity on D(Ap ), while I is the identity on H (Q 1)

DAl = {[vl, v2,h] € D(Aps) x D(Ap,s) X Hl(Qf) C H, so that v =0, v =0:
r, r,
oh ~ (3
|:(Av1 — ) — D, <— )} e D(Ap.,), [h—Df (ﬂ )} eD(AD,f)} (5.15)
ov r, v r,
= {[vl, v2,h] € D(Aps) X D(Ap) X Hl(Qf) C H, so that v; =0, v =0:
T, T,
. 2 dvn 1 oh 1
(i) Ah e LX(Qp), h| =0, h| =22 eH(T,), hence —| eH 2(I)
Iy Iy v Cs v Iy
(i) A(Av) — ) € LA(Q,), Av| = 2| ¢ H—i(rs)} , (5.16)
T, dv Ty

where in going from (5.15) to (5.16), we have invoked (5.8)—(5.92)—(5.9¢c), (5.10)—(5.11a)—(5.11b). Thus, recalling
the operator A in (1.5), with domain D(.A) defined in (1.8d), we conclude from (5.16) that
DR =D(A) (5.17)

in the variables [vy, vy, i] in H.
Step 3: Here, we consider only the case 6 = % of fractional power. For the diagonal, positive self-adjoint operator
2 in (5.14)—(5.15), its positive square-root operator is

_ o _ - o o _

v2 v

h Is h

3 oh s 1 oh
oAz (Avy —v2) — Ds <_ ) = AIZ) (Avy — v2) — Dy (— ) (5.18)
I, T v Ip,
~ [ov Ab f ~ [0v
- f(_z ) h_Df<_ )
v Ir - - v I,
3 1
DEA2) = {[vi,v2,h] € D(Aps) X D(Aps) x H (Qf) CH, sothatvy| =0, v2| =0:
Is Ts
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, ah ! |
(@) (Avi —v2) = Ds | — e D(A} ) = Hy(Qy),
v |p, '
(i) h— Dy (% ) e DA}, ) = H(l)(Qf)} (5.19)
I's

invoking (5.2), (5.4). Statement (5.19) includes a constraint on the regularity of the triple [v1, v, k], as well as a
constraint on the boundary conditions. Statement (ii) imposes no new condition in its regularity statement, over

5
[v1, v2, k] € D(Ap,) x D(Ap,) x H'(Qp), since then % ) e HI(Q))
V

kD

€ H%(FS), and hence, 5,« (8”2
Ts

K

by (1.19d), so that h — D [ 22

5 e H'(Q r) automatically. However, statement (ii) imposes the following

s

boundary condition by (5.6a):

~ (9
h—D 22 =h| —0=0,0rh| =0, (5.20)
v Ir, r; Ts Ty
~ [0v vy V2 1
h—Dys| — =h| ——| =0,o0orh| =—| eHI(Iy). (5.21)
L P Iy I

Instead, statement (i) imposes both a regularity condition

(Avy — v2) — Dy (% ) e H'(y), (5.22)
av r,) |

where v, € H2(2) C H' (), as well as a condition at the boundary by (5.5a)
oh

i ah
(Avp —wvp) — Dy | — = Avy — v - —
v |p, - r, r, Ov

thus Av;

=0,

s

T v

cH (). (5.23)

ry
Thus, ultimately

D(Q[%) = {[ul, v2,h] € D(Ap,s) x D(Aps) X Hl(Qf) C H, so that

e HI(T,),
Iy

vi| =0, »

Iy

v2
r, ov

I Ly

Avq

Vl'*A

_1 doh
eH 2(Iy), Avi—D;|—
r, ) av

e H'(Q) | . (5.24)
Iy
Step 4: Since A is maximal dissipative and Al e L(H) (Theorem 1.1), we have [10, Prop. 6.1, p. 171], [33, p.
5]
D(=A)?) = [D(A), H]y. (5.25)

Step S: Finally, from (5.17) and (5.25), we have for the positive self-adjoint operator 2 in terms of the triple
[vi, v2, K]

D) = [D@), H]y = [D(A), H], = D((-A)?), (5.26)

(S}
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and thus, D((—A)%) is given explicitly by (5.24). This proves (1.45) of Theorem 1.5 for D((—A)%). The proof for
D((—A*)%) is similar, using now D(A*) in (1.26).
Part II: Dirichlet control g € LP (0, T;H% (T's)) at the interface I'y. Main results

6 Model with Dirichlet control at the interface

In the present Part II, we consider the case where the boundary control g acts in the Dirichlet B.C. of the heat
variable u at the interface between the two media

uy — Au =20 in(0,T) x Qy; (6.1a)
(PDE) ) :
wy + A"w — Aw; =0 in (0, T) x Qy; (6.1b)
au
wlr, =0; Awlp, = 3 on (0, T) x I'y = Xy; (6.1¢c)
v
(BC) s )
w
ulr; =00n (0,7) x I'y; u|r5=8—t +g on (0,7T) x I'y; (6.1d)
v r,
(IC) [U)(O, ')1 U)t(o, ')s M(O, )] = [w()v wi, MO] € H (616)

H being the finite energy state space in (1.2a).

Abstract model We modify accordingly the argument in Sect. 4. With reference to the Dirichlet map D 7 on the
fluid domain introduced in (1.19b) = (4.1), the counterpart of Eqns. (4.1), (4.4) for the present problem (6.1a)—(6.1e)
with control g in (6.1d) is

~ 3wl

+ g>:| =0 in(0,T) x 0L2y; (6.2b)
Q2

hence
+81);
Ty

~ 3w,
Uy = —AD’f u — Df 8_\)
1

ow
=—Ap ju+Ap Dy S

+g>> in (0, 7) x Qp; (6.2a)
I

(6.3)

) +Ap,sDyg € [D(Ap, ),
Is

where —Ap_ 7 is originally definedin (1.19a)=(4.3): D(Ap, ) — Lz(Qf) and is here extended in (6.3): Lz(Qf) —
[D(Ap, )1 by isomorphic extension, with no change of notation. The counterpart of Eq. (4.16) now does not contain
g and thus remains the same

ou
Wy = —A%)’Sw — Ap Dy (5 > — Apsw, € [D(A)]. (6.4)
Ly
Combining (6.3) and (6.4), we obtain
Jdlw w
E wy =A wy +BDg, (65)
u
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the non-homogeneous version of (4.17), where A is given by (4.18) and the boundary operator Bp is given via (6.3)
by

0 ®
Bpg = 0_ , Bp : continuous L*(I'y) — (83) o, (6.6)
o(ok)
since (recalling (1.194d), i.e., [31, p. 181], [42])
~ 1_
Dy: LATy) —» D (A;)Jf) = H2 2(Q)), (6.7a)
1_en
or A}, Jf Dy e LILA(Ty); L2(2))). (6.7b)
3
Thus, with x3 € D(Af;;) C Hit2 (Q ), we have for the adjoint 5%,
x1 ®
* 0x3 % . ® 2
Bh| x| = ool B}, : continuous ) — LA(Ty), (6.8)
x3 Ts D(A}T)

3
in the following sense. For g € LZ(FS) and {x1, x2, x3} € [@, R, D(A;‘;re)], we compute as a duality pairing via

(6.6):

X1 0 X1
Bpg, | x2 = O~ L X2 (6.9)
X3 H AD,fog X3 H
= (Ap sDsg, x3)12(,) = (& DjAD X3, (6.10)
3 *1
= <g,£ ) =|g.B5 | x , (6.11)
v |p 5
s/ L (F.Y) X3

L2(Ty)

where we have recalled 5’;AD,fx3 = % ’r from [33, p. 181]. Thus, (6.8) is established.

Theorem 6.1 With reference to A~ in (1.25) and Bp in (6.6), we have for g € H> (Ty)

0 ~ 9 ~
-1 —1 _
1 ApsDs 50 Ap pAD.rDrg ApiDso-(Dye) | [D(Ab.s)
A ' 'Bpg = 0 = 0 € 0 € H. (6.12)
O ~ ~ 1o,
—Ap sAD. s Drg —Dyg H ()
[However, A"'Bpg ¢ D((—A)%), because recalling the requirement on the third component h| = % in
I, Iy
(1.45), we use that the required B.C. Bfg =g = % = 0| , as vy = 0 in the present case, is not satisfied,
Iy [y Ts
unless g = 0.]
A-fortiori
A7'Bp € LHZ(T,); H). (6.13)
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Proof Verification of the expression in (6.12) is immediate. Next, the regularity in H. In fact, for g € H% (T'y), we
have continuously

= a(D
Drg € H'(2): 0O\ gty (6.142)
ov r,
9 = ., 3Dse)
D; ™ (Dyg) € LX(Qy): AD}SDS alf:g € D(Ap.s), (6.14b)

recalling also (1.19¢c) for 5f with r = %, since 5fg = @ is a harmonic function satisfying Ag = 0 in Q,
<P|Ff =0, ¢|r, = g [see (1.19b)]. Then, 3"—v olr, € H’%(FS), as it follows from 0 = fo A Y dQ2y via Green’s
First Theorem with test function ¢ € H (Q Y |1“f = 0, see Appendix B. In (6.14b), we have also used (1.22b)

on D, forr = —%. We notice that the regularity of the top term in (6.12) as being in D(Ap ); see (6.14a), is tight,
and so is the regularity of the bottom term. O

Corollary 6.2 With reference to problem (6.1a)—(6.1e), we have via the variation of parameters formula on (6.5)

w(t) wo
wi @) | = e | wi |+ Lpg)): (6.15)
u(t) uo
t
(Lpg) (1) = / eI Bpg()de (6.16)
0
t
= / A A1 o (7)dT (6.17)
0
© L (0, 00; H2(I'y)) = L,(0,00; H), 1 < p < 0. (6.18)
Moreover
t
(—A)"1Lg)(1) = — / (—A)2eAD) A1 B g (r)dr (6.19)
0
. Ly (0, T; HX(T',)) — C([0, T]; H) (6.20)
(Lg)(z) : Ly(0, T: HZ(I'y)) — C([0, T]; [D((—A*ﬁ)]') 6.21)

continuously, with 1 < p < oo, recalling (6.13) and invoking De Simon’s result [19], [31, p. 4] in (6.18), (6.19).
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Appendix A: Proof of Theorem 1.2 for .A* on H

Proof of (i). For [v1, v2, h] € D(A) in (1.8d) and [v], v}, h*] € D(A*) in (1.27)—(1.30), we return to (1.5), (1.3)
and compute by Green’s second theorem, recalling that

v3 =0, v =0, h* =0, h =0, (A.1)
Ty Ty Ly Ly
and that v is inward to 2;:
1 v} V2 v}
Aflv |, | v = —A(Avy —v) |, | v} (A2)
h h* H Ah h* H
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= (Av, Av)) — (A(Av; — 1), v3) + (Ah, h*) (A.3)
ovy dAVE

= | (v2, AZUT) — <—, Avi‘) + (vz,
ov r, av r,

v .
[ . <8h *> ( a;;*)]
+ | AR+ (= 0" —(h (A4)
v r, av r,

|:next we recall from (1.7a), (1.8b), (1.28b), (1.29b)

d(Avy — v v v
— |:(Av1 — v, Av}) — (Avi 2), Vs + <Av1, 2) — | v,
Ty vV /T,

_oh
Fx_av

vy

oh*
ov -

_ _ (R
r, av

Ty

V1

; ; ] (A5)
I, r, I r, v Iy

to obtain from (A.4)

= | (v, A? *)+<h %> — | (Avy, Av3) —( A*)+<% h*)
= V2, (%] . v . V1, Uy V2, AUy 31)’ -
[ . (ah ) < 8h*) }
+ | (h, AR*) + ( —,h* ) —(h, (A.6)
av r, av r,

(thus we see that the four boundary terms in (A.6) cancel out pairwise)

= (va, sz’f) — (Avy, Av3) + (v2, Avy) + (h, AR™) (A7)
V] 0 —-10 vf
= v |, A2 A0 vy
h 0 0 A h* H
V1 —Uik (] vT
= v |, | AAY] +v3) = v |, AT vl . (A.8)
h Ah* " h h* H
Thus, (A.8) proves part (i). Part (ii) was used in the proof. |

Proof of (iii). We proceed as in the proof of Theorem 1.1 (i), using that [v], vy, h*] € D(A*), as in (1.27)—(1.29),

and (1.26), in particular v;| =0
Ty
vy vy ] ) Vi
A v |, | v = AAVT+03) |, | v (A.9)
wloLht )y Ah* W)
= —(AV}, AvD) + (A(AVF +v3), v3) + (AR, h%) (A.10)
B I(AV* + v*
= —(Avy, Av]) + | (Av] 4+ v5, Avy) — ( Ulv Y ),v’z“
Iy
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* 8”;) dv3 ( *) *|2
+ (A i) v ). — | vh*| (A.11)

(by (A.5) = —(Avi, Av)) + (Avl,Av2)+(v2,Av2)+//{)q
ry
v 2
+ —<Av* — | vn| (A.12)
ov )
%
(by (A.1)) :—(Av%‘,AvT)—}—(AvT,Av;)—W— |vos]* = |vi*|. (A.13)
Iy

Taking now the real part in (A.13) and using Re{—z + z} = 0, we obtain for [v], v, h*] € D(A*):

vi VY

Re | A" | v |, | v} = —|vui|® - | vr*|? (A.14)
h* 1) g

and part (iii) is established. O

Appendix B: Spectral theory

In this appendix, we consider the eigenvalue problem for the operator A in (1.5) with potential eigenvalue e +iw, o <
0, w € R, and corresponding eigenvector [vy, v, h] € D(A)

V] (%) V]

Al v | =] —AAv; —v) | =(a+iw) | » (B.1a)
h Ah h

v =(x+iw)v;, A(Av] —v)=—(x+iw)vy, Ah=(ax+iw)h. (B.1b)

Proposition B.1 With reference to (B.1), we have: there is a constant k > 0, such that

klolllh|* < IIVA|?, (B.2)
with constant k identified in the proof below.

Proof Consider the full problem of the A-variable in (B.1a), recalling (1.8b)

Ah = (a+iw)h, (B.3a)
V2

Ty Vi,

hl =0, h c H>(T,). (B.3b)

Ly

‘We want to establish that
oh
av

= cllhlmrq,)- (B.4)

1
Uslla2ry)

~ (a
To this end, it suffices to take {or, } = {0, 0}, so that h = D (%
’ V

> € Hl(Qf) with lN)f in (1.19b)—(1.19¢).
[

Next, the first Green theorem on Eq. (B.3a) (with (« + iw) = 0) with a test function ¢ € H' (Q ), ¢| = 0yields
Ty

- doh - _
/ Ah¢d$2f=/ 8—¢dFs—/ Vh - VgdQ, =0. (B.5)
Qf ry oV Q
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This makes the boundary integral on I'y well defined with ¢ € H? (T'y). By surjectivity of the trace [35], as ¢ runs
over all of H/(Q ), ¢’ =0, then ¢ € H™2(Ty), bounded

Ly Iy I
by h € H'(Q/) as in (B.4) via the bilinear form (B.5).

oh
runs over all of H% (I's) and this then gives ™
v

Next, from the third i-relation in (B.1), via Greens’ first theorem, recalling that & = 0 by (1.8b), we obtain

ry
as v is outward
ah 2 . 2
(Ah,h) = 3y h) —1IVh|® = («+iw)l|h]|~. (B.6)
Iy
The imaginary part of (B.6) is
2 dh
o|lh|*=Im{ —,h ] . (B.7)
av r,
Invoking (B.4), we estimate via (B.7), as a duality pairing
oh oh
wllhl? < |{ =| .4l. ) |=c|> Hhr 1 (B.8)
o |p s 0V | |1 s1TH2 (T'y)
s Cs sIH Z(FJ)
(by (B4) = Cllhlln o, Ikl o,y = C [IVAI? + 11112 (B.9)
C 1
(by (1.32)) < CIVAI* + —|VAI* = ZIVAI® (B.10)
Cp.f k
recalling the Poincare inequality for % in (1.32), as & \rf = 0. Hence
2 2 Cp.f
klo[[hl” = VA", k= ————. (B.11)
C(L+cp,r)
]

Theorem B.2 Let the Poincare constants ¢, > 0 and cp s > 0 be defined in (1.33) and (1.32), respectively. Then,

with reference to the eigenvalue problem (B.1) for A, we have the following:
(i) there is no eigenvalue of A in the vertical strip —% <a<0,0#0;

.. . . . Cp,s 2 . .
(ii) there is no eigenvalue of A in the two upper and lower sets —5> < o < 0 and |w| > % of Fig. 4,

(iii) [complementing (i) and (ii)] On the other hand, let (o« + iw), o < 0, be an eigenvalue of A, then a < —%‘”,

forw # 0.

Proof (i) Step 1: We return to Eq. (2.5) for problem (B.1) = problem (2.1a) with {v] = 0, v = 0, 2" = 0}. We
obtain

190212 + IR + e { I Av 2 + o2 + 1817} + i {2l + 1017 = 2012} = 0. (B.12)

Step 2: We next take the Real part of (B.12), as well as, for w # 0, the imaginary part. We obtain

1Voal? + 1VAI + @ {1 A0 12 + o2l + 1412} =0 (B.13)
o2l + 1217 = 1 Avi 2, @ #0. (B.14)

Substituting (B.14) in (B.13) yields
190212 + IVAIP +2a [l2]2 + 1417 =0, @ #0. (B.15)
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Step 3: To show (i), let us at first invoke inequality (1.33) in (B.15). We obtain
(ep+20) [Iu2l? + 12| < 0. #0. (B.16)

Thus, if ¢, + 2a > 0, as assumed, then (B.16) implies v, = 0 in €2, and hence, v; = 0 in £, by (B.1b) with
w # 0,and h = 0in Q. Thus, there are no eigenvalues of .4 in the vertical strip —% <a <0,w #0.Part
(1) is proved.

(ii) Next, we return to (B.15): on the v;-variable, we invoke the Poincare constant c), ; in (1.32), while for the
h-variable, we invoke inequality (B.2). We obtain

[ep.s + 2]l + [klw| + 2a]IA1* <0, @ #0. (B.17)
Thus, if ¢ s + 200 > 0 and k|w| + 20 > 0, i.e., if

2
a>—L% and || > % (B.18)

then (B.14) implies v, = 0; thus, v; = 0 by (B.1b) and & = 0 as desired. This shows (ii).
Remark B.1 Return to Eq. (2.4) for problem (B.1) = problem (2.1a) with {v] = 0, v = 0, 2* = 0} to obtain

(@ +iw)vz|” + (& — i) [[Avt]|” + [Vo2|” + F™ hip ] =0. (B.19)
Iy r,

Take the imaginary part of (B.19)

2 ) dh
o [lav P = w2l =1m (52, (B.20)

av r,
2 2 1 2

by (B.10) [l [1Avi] = al?| < L1 VA (B21)

recalling the computations in (B.8)—(B.10). Invoking now (B.14) on the LHS of (B.21), we re-obtain Proposition B.1
klolllh]* < VA, (B.22)

(iii) Now, let (« 4 iw), @ < 0 be an eigenvalue of A, with normalized eigenvector [vy, v2, i1, [|Avy ]2 + |[v2|*> +
[|A]|> = 1. Then, by (B.13), (B.14), we obtain for w # 0

1
IVul? + IVAI? +a =0, [[Avi|* = vl + |17]I* = 5 ©@#0. (B.23)

Invoking inequality (1.33) on the LHS of (B.23), we obtain, also via the RHS of (B.23)
c
ep [+ 1012] + @ <0, or Lta<0, o#0. (B.24)

In conclusion, if (¢ + iw) is an eigenvalue of A with w # 0, thena < — 2 as desired and part (iii) is proved.
Moreover, ||VA[|> < |a| and (B.22) imply k|w|[|A]* < |e|.

O
Appendix C: A look at the operator A in (4.18) from a perturbation view point: A = Ay + P
Consider the operator [31, Chapter 3, Appendix B, p.288]
V1 0 1 0 U1 1%}
Ao| v | =| —AL, —Aps O v |=| —-Aps[Apsvi+12] | €H (C.1)
h 0 0 Apy h Ap. rh
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Fig. 4 No eigenvalues in w
shaded area, w # 0
W=
C; (& a
—e | 2 0
w=2%
H=D(Ap,) x L*(Q;) x L*(2); (C2)
D(Ag) = {vi,v2 € D(Apy) : [Apsvi +v2] € D(Ap):h € D(Ap p)}. (C.3)
Let P be the ‘perturbation’ operator
0 0 0 0
ad- oh
1 0 0 —ApsDs | — i —ApsDs | —
P = 1) = av I (153 = ov Ty R (C4)

h ~ (9
0 Ap,fDy .
Vi, o |

so that A = Ay + P, recalling (4.18). One may ask the question whether P is Ag-bounded, i.e., whether with
x = [v1, v2, h] € D(Ap)

~ 0 -
0Ap, sDy (3_

[Px|lg < const| Aox||H, (C.5a)

equivalently with x = A ly e D(Ap),ye H

IPAG ylli < const]lyu. (C.5b)
Claim: The answer is in the negative.

Proof First, verify that

—1 -2 -1 -1
.| TAs Ay 0 MR —Ap.s (AD,Xyz + y1)
Ay = I 0 0 1 o Ay || = I : (C.6)
0 0 _AD,f V3 _AB}fy3

0
aABIfy3
. M Ap D, | —=L—
PA [ | = v /. (C.7
Y3 ~ [ 9y
AD fo (a—v - )
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Then, (C.7) shows that assertion (C.5b) is false. With y3 € L2(Qf), then ABlfyg € D(Ap,y) = Hz(Qf)ﬂH(l)(Qf),

dAD. 3 1 0AD. py3 1

hence ———| € H2(I'y), hence Dy 8— e H (), by (1.22b) with r = 5- Then, by (1.22¢)
Iy v Ty
AT s AT vs
ApyDy | —2L A4+€A4 D — 2L ) e DAy, but ¢ LA(Q).
av r, av r,
. ) | TR A 1 ~ [0y 1
Similarly, y; € D(Ap,s) = H(£2y) N H(€2), implies B € H2(T'y), hence Dy m € H (2f) by
vV p, v,
~ [ 9y 34 ay1

(1.19¢) for r = 1, and then Ap Dy = = A} ;A4 Dy — ¢ LA(Q)). O

s

References

1. Avalos, G., Lasiecka, 1., Triggiani, R.: Higher regularity of a coupled parabolic—hyperbolic fluid—structure interactive system.
Georgian Math. J. 15(3), 403—437 (2008). (dedicated to the memory of J. L. Lions; J. Mawhin, editor)

2. Avalos, G., Lasiecka, I., Triggiani, R.: Heat-wave interaction in 2-3 dimensions: Optimal rational decay rate. J. Math. Anal. Appl.
437(2), 782-815 (2016)

3. Avalos, G., Triggiani, R.: The coupled PDE-system arising in fluid—structure interaction. Part I: Explicit semigroup generator and
its spectral properties (with G. Avalos). AMS Contemp. Math. Fluids Waves 440, 15-55 (2007)

4. Avalos, G., Triggiani, R.: Uniform stabilization of a coupled PDE system arising in fluid—structure interaction with boundary
dissipation at the interface. Discr. Cont. Dyn. Syst. 22(4), 817-833 (2008). (invited paper)

5. Avalos, G., Triggiani, R.: Semigroup well-posedness in the energy space of a parabolic-hyperbolic coupled Stokes-Lamé PDE
system. Discr. Cont. Dyn. Syst. DCDS-S 2(3), 417-448 (2009)

6. Avalos, G., Triggiani, R.: A coupled parabolic-hyperbolic Stokes-Lamé PDE system: Limit behavior of the resolvent operator on
the imaginary axis. Appl. Anal. 88(9), 1357-1396 (2009)

7. Avalos, G., Triggiani, R.: Boundary feedback stabilization of a coupled parabolic-hyperbolic Stokes-Lamé PDE system. J. Evol.
Equ. 9, 341-370 (2009)

8. Avalos, G., Triggiani, R.: Rational decay rates for a PDE heat-structure interaction: A frequency domain approach. Evol. Equ.
Control Theory 2(2), 233-253 (2013)

9. Avalos, G., Triggiani, R.: Fluid-structure interaction with and without internal dissipation of the structure: A contrast in stability.
Evol. Equ. Control Theory 2(4), 563598 (2013). (special issue by invitation on the occasion of W. Littman&apos;s retirement)

10. Bensoussan, A., Delfour, M.C., Da Prato, G., Mitter, S.K.: Representation and Control of Infinite Dimensional Systems, vol. 1.
Birkhauser, Basel (1992)

11. Canic, S., Mikelic, A., Tambaca, J.: A two-dimensional effective model describing fluid-structure interaction in blood flow: Analysis,
simulation and experimental validation. Compte Rendus Mechanique Acad. Sci. Paris 333(12), 867-883 (2005)

12. Canic, S., Lamponi, D., Mikelic, A., Tambaca, J.: Self-consistent effective equations modeling blood flow in medium-t-large
compliant arteries. Multiscale Model. Simul. 3(3), 559-596 (2005)

13. Chen, G., Russell, D. L.: A mathematical model for linear elastic systems with structural damping. In: Quart. Appl. Math., pp.
433-454 (1982)

14. Chen, S., Triggiani, R.: Proof of two conjectures of G. Chen and D. L. Russell on structural damping for elastic systems: The
case « = 1/2 (with S. Chen). In: Lecture Notes in Mathematics, Vol. 1354 (1988), p. 234-256. Proceedings of Seminar on
Approximation and Optimization, University of Havana, Cuba (January 1987). Springer, Berlin

15. Chen, S., Triggiani, R.: Proof of extensions of two conjectures on structural damping for elastic systems: The case 1/2 <« < 1.
Pac. J. Math. 136, 15-55 (1989)

16. Chen, S., Triggiani, R.: Characterization of domains of fractional powers of certain operators arising in elastic systems, and
applications. J. Diff. Equ. 88, 279-293 (1990)

17. Chen, S., Triggiani, R.: Gevrey class semigroups arising from elastic systems with gentle perturbation. Proc. Am. Math. Soc. 110,
401-415 (1990)

18. Du, Q., Gunzburger, M.D., Hou, L.S., Lee, J.: Analysis of a linear fluid-structure interaction problem. Discr. Dyn. Syst. 9(3),
633-650 (2003)

19. De Simon, L.: Un’applicazione della teoria degli integrali singolari allo studio delle equazioni differenziali lineari astratte del primo
ordine. Rendiconti del Seminario Matematico della Universita di Padova 34, 205-223 (1964)

20. Fujiwawa, D.: Concrete characterization of the domain of fractional powers of some elliptic differential operators of the second
order. Proc. Jpn. Acad. 43, 82-86 (1967)

@ Springer



146 R. Triggiani, X. Wan

21. Grisvard, P.: Caracterization de quelques espaces d’interpolation. Arch. Ration. Mech. Anal. 25, 40-63 (1967)

22. Ignatova, M., Kukavica, 1., Lasiecka, I., Tuffaha, A.: On well-posedness for a free boundary fluid-structure model. J. Math. Phys.
53(11), 115624 (2012)

23. Ignatova, M., Kukavica, 1., Lasiecka, I., Tuffaha, A.: On well-posedness and small data global existence for an interface damped
free boundary fluid-structure model. Nonlinearity 27(3), 467—499 (2014)

24. Ignatova, M., Kukavica, 1., Lasiecka, I., Tuffaha, A.: Small data global existence for a fluid structure model with moving boundary.
Nonlinearity 30(2), 848—-898 (2017)

25. Kukavica, I., Tuffaha, A.: Regularity of solutions to a free boundary problem of fluid-structure interaction. Indiana Univ. Math. J.
61(5), 1817-1859 (2012)

26. Kukavica, 1., Tuffaha, A., Ziane, M.: Strong solutions to a nonlinear fluid structure interaction system. J. Differ. Equ. 247(5),
1452-1478 (2009)

27. Kukavica, L., Tuffaha, A., Ziane, M.: Strong solutions for a fluid structure interaction system. Adv. Differ. Equ. 15(3-4), 231-254
(2010)

28. Kukavica, 1., Tuffaha, A., Ziane, M.: Strong solutions to a Navier-Stokes-Lamé system on a domain with a non-flat boundary.
Nonlinearity 24(1), 159-176 (2011)

29. Lasiecka, I.: Unified theory for abstract parabolic boundary problems—a semigroup approach. Appl. Math. Optimiz. 6, 31-62 (1980)

30. Lasiecka, I., Lu, Y.: Stabilization of a fluid structure interaction with nonlinear damping. Control Cybernet. 42(1), 155-181 (2013)

31. Lasiecka, I., Triggiani, R.: Control Theory for Partial Differential Equations: Continuous and Approximation Theories I. Abstract
Parabolic Systems Encyclopedia of Mathematics and Its Applications Series. Cambridge University Press, Cambridge (2000)

32. Lasiecka, L., Triggiani, R.: Domains of fractional powers of matrix-valued operators: A general approach. In: Operator Semi-
groups Meet Complex Analysis, Harmonic, Analysis and Mathematical Physics, vol. 250, pp. 297-311. Birkhauser, Basel (2015).
(dedicated to C. Batty)

33. Lasiecka, I., Triggiani, R.: Heat-structure interaction with viscoelastic damping: Analyticity with sharp analytic sector, exponential
decay, fractional powers. Commun. Pure Appl. Anal. 15(5), 1515-1543 (2016)

34. Lions, J. L.: Quelques méthodes de résolution des problemes aux limites non linéaires, Dunod (1969)

35. Lions, J.L., Magenes, E.: Nonhomogeneous Boundary Value Problems and Applications, vol. I. Springer, Berlin (1972)

36. Lu, Y.: Uniform Stabilization to equilibrium of a non-linear fluid—structure interaction model, NONRWA (2015)

37. Mahawattege, R., Triggiani, R.: Fluid-structure interaction with Kelvin-Voigt damping, analyticity, spectral analysis, exponential
decay. Appl. Math. Optimiz. 84, 1821-1863 (2021)

38. Mahawattege, R., Triggiani, R.: Fluid—plate interaction with strong damping: analytic, uniformly stable semigroup. In: International
Workshop on Operator Theory and Its Application (IWOTA), invited paper (2021), appeared online in (2023)

39. Pazy, A.: Semigroups of Linear Operators and Applications to Partial Differential Equations. (1983)

40. Pruss, J.: On the spectrum of Cy semigroups. Trans. Am. Math. Soc. 284, 847-857 (1984)

41. Taylor, A., Lay, D.: Introduction to Functional Analysis, 2nd edn. Wiley, New York (1980)

42. Triggiani, R.: A heat—viscoelastic structure interaction model with Neumann and Dirichlet boundary control at the interface: optimal
regularity, control theoretic implications. Appl. Math. Optimiz. 73(3), 571-594 (2016). (Issue by invitation in memory of A. V.
Balakrishnan)

43. Triggiani, R.: A matrix-valued generator A with strong boundary coupling: a critical subspace of D((—A)!/?) and D((—A*)!/?)
and implications. Evol. Equ. Control Theory 5(1), 185-199 (2016)

44. Triggiani, R.: Domains of fractional powers of the heat-structure operator with visco-elastic damping: regularity and control-
theoretic implication. J. Evol. Equ. 17(1), 573-597 (2017)

45. Triggiani, R.: Linear parabolic-hyperbolic fluid—structure interaction models. The case of static interface. In: Mathematical Theory
of Evolutionary Fluid—Flow Structure Interaction, Chap. 2, p. 53—172. Oberwolfach Seminars, vol. 48. Birkhéuser, Basel (2018)

46. Triggiani, R.: Heat-viscoelastic plate interaction via bending moments and shear forces operators: Analyticity, spectral analysis,
exponential decay. Appl. Math. Optimiz. 82(2), 755-797 (2020)

47. Triggiani, R., Zhang, J.: Heat-viscoelastic plate interaction: Analyticity, spectral analysis, exponential decay. Evol. Equ. Control
Theory 1(1), 153-182 (2017)

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.
Springer Nature or its licensor (e.g. a society or other partner) holds exclusive rights to this article under a publishing agreement with

the author(s) or other rightsholder(s); author self-archiving of the accepted manuscript version of this article is solely governed by the
terms of such publishing agreement and applicable law.

@ Springer



	A heat–structure interaction model with (formal) `square-root' damping: analyticity and uniform stability
	Abstract
	1 Introduction and statement of main results
	1.1 The homogeneous coupled PDE model
	1.2 Main result
	1.3 The adjoint operator mathcalA* on H and its maximal dissipativity
	1.4 Uniform bound on R(α+ i ω, mathcalA) near the imaginary axis, and uniform stability of the semigroup emathcalAt on H

	2 Proof of Theorem 1.3
	3 Proof of the analyticity Theorem 1.4
	4 Explicit expression of mathcalA in (1.5) incorporating B.C.
	5 Proof of Theorem 1.5 (after [Section 4]LaspsT.3)
	6 Model with Dirichlet control at the interface
	Acknowledgements
	Appendix A: Proof of Theorem 1.2 for mathcalA* on H
	Appendix B: Spectral theory
	Appendix C: A look at the operator mathcalA in (4.18) from a perturbation view point: mathcalA= mathcalA0 + mathcalP
	References





