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ON THE STABILIZATION OF A FLEXIBLE BEAM WITH A TIP
MASS*
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Abstract. We study the stability of a flexible beam that is clamped at one end and free at
the other; a mass is also attached to the free end of the beam. To stabilize this system we apply a
boundary control force at the free end of the beam. We prove that the closed-loop system is well-
posed and is exponentially stable. We then analyze the spectrum of the system for a special case
and prove that the spectrum determines the exponential decay rate for the considered case.
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1. Introduction. In this paper, we study the stability of a flexible beam that
is clamped at one end and is free at the other end; a mass is also attached to the free
end. The equations of motion for this system are given by

(1.1) Ut + Ugpze = 0, 0<x<l, t>0,
(1.2) w(0,t) = uz(0,t) = uge(1,¢) =0, t>0,
(1.3) —Uger(1,t) + mug(1,t) = w(t), t>0,

where m > 0 is the tip mass and w(t) is the boundary control force applied at the
free end of the beam; a subscript letter denotes the partial derivation with respect to
that variable. For simplicity, and without loss of generality, the length of the beam,
the mass per unit length, and the flexural rigidity of the beam are chosen to be unity.
Our problem is to find a feedback control law for w(t) so that the solutions of the
resulting closed-loop system decay uniformly to zero. This can be achieved with a
highly unbounded feedback law; see (2.1).

The model given by (1.1)—(1.3) is a variant of the SCOLE model in the sense that
one has neglected the moment of inertia at = 1, which has been studied in the past;
see, e.g., [1], [9], [14], [15]. It is known that for such types of models the feedback law

(1.4) w(t) = —au(1,1), a >0, t>0,

is sufficient for strong (i.e., asymptotic) stability but not sufficient for uniform (i.e.,
exponential) stability; see [9], where arbitrarily slow decay is proven by using asymp-
totic estimates of the eigenvalues. In fact, as shown in [14], the control law given by
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(1.4) may be considered as a compact perturbation of the uncontrolled system. It
is well known that such compact perturbations are not sufficient to provide uniform
stabilization; see [6], [17], [20]. Hence, to obtain uniform stability one has to choose
“stronger” feedback terms, such as ugz.t (see [13], [14]), where the lack of uniform
stability for the SCOLE model with usual feedback laws (e.g., velocity feedback; see
(1.4)) was proven by using the compactness argument, and uniform decay of the en-
ergy was obtained by means of higher-order feedback for rather smooth initial data.
Also in [15], decay estimates for a flexible cable with a tip mass were given. Let us
mention that these papers study the asymptotic or uniform decay for hybrid systems
by using energy multipliers; thus the decay is qualitative, and one cannot conclude
on the optimality of the decay rate. In [3] a flexible beam with rate control on the
bending moment was considered, the uniform decay was proven by using the esti-
mates of the resolvent operator on the imaginary axis, and a careful analysis of the
eigenvalues and eigenfunctions was given (similar to the one given in [12] but for a
harder problem). In [1] a three-dimensional model for the SCOLE system, including
the moment of inertia at x = 1, is considered, and then a feedback law similar to
(1.4) and another feedback law based on optimal control techniques are studied. As
stated above, these results also show the asymptotical or uniform decay of energy for
the system considered, but do not give the optimality of the decay rate.

In this paper we investigate the uniform stability of the system given by (1.1)—
(1.3). The paper is organized as follows. In the next section we prove the well-
posedness and the uniform stability of (1.1)—(1.3) with a proper choice for w(t) for a
norm weaker than the one used in [14] by introducing a specific change of variables.
Then we study the spectrum of the system for a particular case and prove that for
the considered case the spectrum determines the exponential decay rate for almost all
a > 0. We also show that in case m = 0 in (1.1)—(1.4) (i.e., the case of the cantilevered
beam with a boundary force control), for almost all & > 0, the spectrum determines
the exponential growth rate (see Appendix). Finally we give some concluding remarks.

2. Stability results. For the system given by (1.1)—(1.3) we propose the fol-
lowing linear feedback control law for w(t):

(2.1) w(t) = —au(1,t) + Buggee(1,1), t>0,

where o and 3 are positive constants.
We define the auxiliary function 7 as

(2.2) 0(t) = —tgps(1,t) + %ut(l,t), t>0.

Upon substituting (2.1) and (2.2) into (1.3), the latter becomes

(2.3) Bil(t) + n(t) + (a - ’;‘) W) =0, >0,

where a dot represents the time derivative. We note that a similar control law has
been applied to the stabilization of a cable with a tip mass, see [10].
Let us introduce the following spaces:

(2.4) V={u:[0,1] — Rlu€ H?0,1), u(0)= u,(0) =0},

(2.5) H={(wvn) |ueV, veL*0,1), neR},
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where the superscript 7' stands for the transpose; the spaces L?(0,1) and H*(0, 1) are
defined as

(2.6) L*(0,1) = {y :[0,1] — R| /Oldex < oo},

(2.7) H*0,1) = {y: [0,1] = Ry, yV,...,y" € L2(0,1)}.

In H we define the following inner-product:
1
(28) <005 = [ (sl + 00)ds K

where y = (wv )’ €H, §=(av7)" €H, K>0is chosen as

ﬁQ

(2.9) K=

The reason for this choice will become clear later. Next we define the unbounded
operator A: D(A) C H — H as follows:

u v
(210) A v = —Ugzax 3
y o R AEY

where the domain D(A) of the operator A is defined as

(2.11) D(A) = {(uvn)T|u€H4(0,1)ﬂV,v€V, n€R,

B
With the previous notation, (1.1)—(1.2) and (2.3) can be written formally as

Upe(1) = 0, 7= —tgee(1) + mv(l)}.

(2.12) y = Ay, y(0) e H,

where y = (u v )", 7 is defined by (2.2), and v = u;.

THEOREM 2.1. The operator A, defined by (2.10) and (2.11), generates a Cy
semigroup of contractions on H. (For the terminology on the semigroup theory, the
reader is referred to [11].)

Proof. We apply the Lumer—Phillips theorem; see, e.g., [11, p. 14]. First, for any

y=(uvn)' € DA,

1
K
(213) <Aya y>71 = / (umrvmx - Uuzzzm)dx - Eﬂ (77 + (O‘ - m) U(l))
0
K K
= _7uimx(1) - n;a
g B
where to derive the last equation we integrated by parts twice and used (1.2), (2.2),
and (2.9). Note that due to the particular choice of K given by (2.9), the term
multiplying v(1)uzg, (1) in (2.13) vanishes. It follows from (2.13) that the operator A
is dissipative.

v (1),
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Next we show that the range of the operator A\l — A : D(A) C H — 'H is onto for
A > 0; that is, for any given z = (f ¢ h)" € H, we have to find y = (u v )" € D(A)
so that

(2.14) (M- Ay =z,

which is equivalent to the following set of equations:

(2.15) A —v = f,

(216) AU+ Uggza = g,

(2.17) </\+1> +1< —m) (1) =h
. 3 n 3 « 3 v(l) = h.

Upon substituting (2.15) into (2.16), the latter becomes
(2.18) MU+ Upgas = N+ g.

By using (2.15) and (2.2) in (2.17), the latter becomes

(2.19) - <)\ + 1) e (1) + MOEY) mMAT ALy

3 3 u(l)=h+ 3

Therefore to prove that AI — A is onto, we have to prove the existence of a solution
for the following set of equations:

(2.21) w(0) = uz(0) = uyzr(1) =0,
(2.22) —Uggr (1) + cu(l) = ¥,

where f*, h*, and c are given by

(2.23)  f*=A\f+ge€L*0,1), h*:Aﬁilh—&-T;\Iff(l)eR,
_ A(mA+a)
*W>O.

The existence, as well as the uniqueness and continuous dependence, of a solution
of (2.20)—(2.23) with respect to (f*,h*) can be considered as standard. One way to
prove it is to use the weak formulation of (2.20)—(2.23), which is

1 1
(2.24) / Uy PrrdT + )\2/ wpdz 4+ cu(1)p(1)
0 0

1
= / frode +h*p(l), weV,Vpel.
0

Since ¢ > 0, the left-hand side of (2.24) is a coercive bilinear form of ¢ and u. Then
the existence and uniqueness of a u € V satisfying (2.24) follow from the well-known
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Lax-Milgram theorem; see e.g. [19, p. 26]. By standard regularity « € H*(0,1) and
by using particular ¢, one recovers the boundary conditions in u. Then v given by
(2.15) and 7 given by (2.17) are unique and (u v )’ € D(A). This shows that the
operator AI — A is onto for A > 0, and the proof of the theorem now follows from the
Lumer—Phillips theorem. 0

Remark 1. Tt follows from Theorum 2.1 that for (u vo n0)" € D(A), the prob-
lem (2.12) has a strong solution (u(t) v(t) n(t))" € C*(R4,V x L2(0,1) x R) N
C°(Ry,D(A)). Thus n(t) = —Upes(1,t) + Fue(1,) is differentiable, but uzqq(1,t)
and wu(1,t) are not guaranteed to be separably differentiable. This will be the case if
(uo vo m0)" € D(A?).

Next we prove that the semigroup generated by the operator A decays exponen-
tially to zero.

THEOREM 2.2. Let T(t) be the Cy semigroup of contractions generated by the
operator A on H. Then there exist positive constants M and 6 such that the following
holds:

(2.25) IT@)] iy < M, £20,

where the norm used is the norm induced by the inner-product given by (2.8).
Proof. We first define the following function:

1
(2.26) V() = tE(t) + / 2 (2, 1) up (2, t)da,
0
where the “energy” E(t) is given by
1 1/t K
Q20 B0 =50 =5 | @0+ i m)de + S
0

2(t) = (u(-t) w(-,t) n(t))" € H is the solution of (2.12), and K is given by (2.9).
Assume that z(0) € D(A); then by semigroup property we have z(t) = T(t)z(0) €
D(A) Vt > 0. Hence, in view of (2.13), we have

K

(228)  E(t) = < Az(t), 2(t) >, = fﬁuim(l,t) - Kggo‘uf(u) < 0.

Next, by using Cauchy—Schwarz and Poincaré’s inequalities, it can easily be shown
that the following holds for a positive constant C'"

(2.29) (t— C)E(t) < V() < (t+ C)E(t), t>0.

(One can take C' = 1 or even C' = 1/4/2.) By differentiating (2.26) with respect to
time and by using (1.1), we obtain

(2.30) V(t) = E(t) + tE(t) + /01 T Uyt (2, 1) ug(z, t)dz

1
—/ T Uy (2, ) Uppas (T, t)de.
0

Using integration by parts and (1.2), we obtain

1 1
3
(2.31) / T Up (2, 8) Uppas (T, 8)dr = ug(1,t) Uger(1,8) + 5/ u? (x,t)de,
0 0
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1 1 1
(2.32) /0 Z Ugt(z,t) ug(z, t)de = §u§(1,t) - 5/0 u?(z,t) da.

By using (1.2), we obtain

1
(2.33) u?(1,t) < / u? (x,t)dz.
0

We also have the following inequalities:

1
(2.34) g (1, ) Upee (1,1) < S1uz(1,1) + 6—u§m(1,t),

1

2 2 m®

where 61 > 0 is an arbitrary constant. By using (2.28) and (2.31)—(2.35) in (2.30), we
obtain

(2.36) V() <-(1- 51)/0 W2, (z,4)dz — {gt K- 1] w2, (1,1)

b1
Kma 1 Km?| ,
By choosing §; < 1, the integral term in (2.36) is negative. Hence there exists a
constant 1" > 0, which depends only on the constants K, m, «, 8, and 6; such that
the following holds:

(2.37) V(t) <0, t>T.

Now, from (2.29) and (2.37) we obtain the following;:

T+C
(2.38) B() < 7%

E(0), t > max{C,T}.

Note that E(t) = %Hz(t)H% = %HT(t)z(O)H?{, hence from (2.38) it follows that
[T g2y < 1 for t > 0 sufficiently large. Hence it follows from the semigroup
property that the exponential decay, i.e., (2.25), holds. 0

Remark 2. From (2.25) and (2.27) we conclude that both the “energy” associated
with the flexible beam (i.e., the integral terms in (2.27)) and 1 defined by (2.2) decay
exponentially to zero. However, we cannot conclude that the same holds separately
for the tip mass velocity u¢(1,%) and uze,(1,1). If we assume that z(0) € D(A), then
we also have for the graph norm

1720 pay < Me®2(0) | -

In this case, T'(t)z(0) decays exponentially to zero in H*(0,1) x H2(0,1) x R. Since,
similar to (2.33), we have

1
U?(l,t) S/0 uit(x,t)dx,

we obtain exponential decay of the tip mass velocity u;(1,t) and uyq, (1, ¢) uniformly
for all smooth initial data z(0) € D(A) bounded in D(A) for the graph norm.
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3. Analysis of the spectrum. In this section we calculate the spectrum of the
operator A for a special case and claim that the spectrum determines the optimal
exponential decay rate given by (2.25) for the considered case. Our method is to
prove that a system of eigenvectors of A forms a Riesz basis in H. To obtain this
result we compare the flexible beam with a tip mass to the flexible beam without a
tip mass for the spectral properties. Here we have to work in the complexified Hilbert
spaces V, L?(0,1) and H. For convenience we do not change the notation for these
spaces.

Let A € C be an eigenvalue of A and let y = (uv )’ € D(A) be a corre-
sponding eigenvector. To find y we have to solve (2.14), and hence (2.15)—(2.17) for
z=(fgh)" =0. Using (2.15) in (2.16), the latter, together with the boundary
conditions, becomes

(3.2) w(0) = uz(0) = uyze(1) = 0.

Similarly, by using (2.15) and (2.2) in (2.17), the latter becomes (cf. (2.19))

(3.3) - </\ + ;) Ugaa (1) + )\(a—;m)\)u(l) —0.

By solving (3.1)—(3.3) one can find u. Then v and 7 can be found from (2.15) and
(2.2), respectively.

The solutions of (3.1), together with the first two boundary conditions in (3.2),
can be found as (for 0 <z <1)

(3.4) u(z) = c1(coshTa — cos 7x) + co(sinh 7z — sin7z), A =77,

where ¢ and ¢y are constants to be determined by the remaining boundary conditions,
cosh and sinh are the hyperbolic cosine and sine functions, respectively, and 7 is one
square root of A/i. The choice of the sign is not important since by using —7 instead
of 7 nothing changes except the signs of the eigenvectors associated with .

By using (3.4) in (3.3) and the last boundary condition in (3.2), we obtain

(3.5) 7%(cosh 7 + cos 7)cy + 72(sinh 7 + sin 7)cy = 0,

(3.6) [—q1(\)7T3(sinh 7 —sinT) + g2(\)(cosh T — cos 7)]c1
+[=q1(N\)73(cosh T + cos 7) + g2 () (sinh 7 — sin 7)]cy = 0,

where
1 _ A(mA+a)
B’ Q2(>‘) - /6 N

By writing (3.5)—(3.6) in matrix form and taking the determinant of the coefficient
matrix, it can easily be shown that (3.5)—(3.6) admit nontrivial solutions for ¢; and ¢
if and only if A (hence 7) satisfies the following equation with A necessarily nonzero:

a1(A) = A+

(3.7) —73¢1(A\)(1 + cosh 7 cos 7) + go(\)(sinh 7 cos T — cosh 7sin7) = 0.
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The solutions of (3.7) give the eigenvalues of A; the corresponding eigenvectors can
be found from (3.4)—(3.6), (2.15), and (2.2).

In what follows we analyze the spectrum of A for the case a = ‘3. From (2.3)
or (2.10) it is clear that this choice leads to simplifications in the system (1.1)—(1.3)
or (2.12), especially for the asymptotic behavior since the system is then uncoupled,
except for the initial conditions. Then (3.7) can be written in the following form:

1
(3.8) ()\ + ﬂ) [~7%(1 4+ cosh 7 cos T) + a\(sinh 7 cos T — cosh 7sin 7)] = 0.

From (3.8) it follows that A, = —% is an eigenvalue of A. To find the remaining
eigenvalues of A let us define the function f(-) given by

(3.9) f(1) = —=73(1 + cosh 7 cos 7) + aA(sinh 7 cos T — cosh 7sin 7),

which is just the remaining factor of (3.8) after the division by the term (A + %)
Hence the remaining eigenvalues of A are precisely the (nonzero) roots of this factor:

(3.10) —73(1 4 cosh 7 cos 7) + aA(sinh 7 cos 7 — cosh 7sin 1) = 0.

It is known that (3.10) is just the characteristic equation for the system given by
(1.1)—(1.4) with m = 0, i.e., the clamped-free (cantilevered) beam with boundary force
controller at the free end; see, e.g., [12]. Moreover the eigenvectors of A corresponding
to the roots of (3.10) are also related to the eigenvectors of the cantilevered beam in
a simple way. For these reasons we will briefly study the spectral properties of the
cantilevered beam in the following subsection.

3.1. Spectral analysis of the cantilevered beam. We consider the Euler—
Bernoulli beam with boundary force control:

(3.11) Ut + Uggee = 0, O<z<l, t>0,

(3.12) w(0,t) = uz(0,8) = U (1,8) = 0, Ugaa(l,t) = aue(1,t), t >0,

where o > 0. Note that this system is the same as (1.1)—(1.4) with m = 0.
We define the following spaces:

(3.13) V ={ve H%0,1); v(0)=uv,(0) =0},

(3.14) D(B) = {(uv)"|u € H*0,1) NV, v € V,uge(1) = 0, tgea(l) = av(1)}.

The operator B for the problem (3.11)—(3.12) is

(3.15) B( Y ) = ( v > (uv)’ € D(B).

v —Ugzza
The system given by (3.11), (3.12) can be written formally as
(3.16) #(t) = Bz(t), =2(0) €V xL*0,1),

where z = (u(-,t) us(-,2))”, and the domain of B is given by (3.14).
We first state the following well-known result.
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LEMMA 3.1. Consider the system given by (3.16).

i : B generates an exponentially stable Cy semigroup of contractions in V X
L2(0,1).

ii : B has compact resolvent for A > 0.

iii : The eigenvalues of B are countable and isolated. Moreover each eigenvalue
has finite algebraic multiplicity.

Proof. For i and ii, see [3]. Then iii follows from ii; see, e.g., [8, p. 187], [5,
p. 2292]. 0

Writing z = (u v)T and Bz = Az, we get the following well-known characteristic
equation:

(3.17)  f(1) = —=7*(1 4+ cosh 7 cos T) + iar?(sinh 7 cos T — cosh 7sin 1) = 0,

where A\ = i72. Note that A = 0 is not an eigenvalue of B. Hence the roots of (3.17)

are precisely the eigenvalues of B, and by Lemma 3.1, (3.17) has only countably many

roots; moreover each root is isolated and has finite algebraic multiplicity. Eigenvectors
. . 9 T

corresponding to A = i7¢ can be taken as (p1 A¢1)”, where

(3.18) p1(1,2) = ( coshT + cosT)(sinh 7z — sin Tx)

— (sinh 7 + sin7)(cosh 7z — cos 7).

All eigenvalues are geometrically simple. For the algebraic multiplicity we have
the following result.

LEMMA 3.2. Consider the operator B on V x L?(0,1) given by (3.15), where
D(B) is given by (3.14). Let X be an eigenvalue of B and set X\ = ir2. Then the
algebraic multiplicity of X is 1 if and only if f(7) =0 and f'(7) # 0 (i.e., if and only
if T is a simple root of (3.17)).

Proof. The algebraic multiplicity of A is greater than 1 if and only if Ker(B — )\1)2
\Ker(B — AI) # 0, i.e., there exists (¢ 12)” which satisfies

(3.19) (B — \I) ( ;i; ) = ( /\%1 )

which is equivalent to the following set of equations:

(3.20) Y2 — Apy = o1,

(321) —~V1zgar — AMP2 = /\9017

By eliminating 15, we obtain the following set of equations:
(323) _wlwwxx - /\2¢1 = 2)“;017

The general solution of (3.23) satisfying the first three conditions of (3.24) is given

— do dey 1 dey :
for all A by ¢ = <5t + 2, where <t = 5= and z satisfies
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(3.26) 2(0) = 2,(0) = 240 (1) = 0.

The last condition of (3.24) becomes

B2 saaall) - aka() = e+ ad ) - () ()=

dA dX
By computing u defined in (3.27) from ¢ and d;;l we get
_d _Ldf(r) 1,
(3.28) H= a[a/\SDl(l) — Praea(1)] = 2 an in (7).

We conclude that the algebraic multiplicity of A is larger than 1 if and only if (3.25)—
(3.27) admit a solution z. Multiplying (3.25) by 1, integrating by parts, and using
the boundary conditions on z and ¢, we obtain

(3'29) Za:a:m(l)(p1<1) - Z<1)301$a:$(1) = [Za::r:v<1) - a)\Z(l)](pl(l) = 0.

Since ¢y is an eigenfunction of B, it could easily be shown that ¢1(1) # 0 (otherwise
one obtains a contradiction; see, e.g., [4, p. 429]). Hence (3.25)—(3.27) admit a
solution if and only if 4 = 0, in which case we could choose z = ¢;. Hence A is
algebraically simple if and only if f(7) = 0 and f'(7) # 0, i.e., if and only if X is a
simple root of (3.17). a

By Lemma 3.1, B has at most countably many and isolated eigenvalues. Let
An = iT2, n € Z, be the roots of (3.17). The corresponding eigenvectors of B can be
given as

(3.30) Fpp = ( Awl(ﬂ“m) )

n(Pl (Tna LC)

where ¢ is given by (3.18).

THEOREM 3.3. Consider the operator B on V x L2(0,1) given by (3.15), where
D(B) is given by (3.14).

i. For any a > 0, all eigenvalues of B with sufficiently large modulus are alge-
braically simple.

ii. For almost all a > 0, the eigenvalues of B are algebraically simple.

iii. If all eigenvalues are algebraically simple, then the set of eigenvectors { Fy.,
n € Z} is a Riesz basis for V xL2(0, 1), provided that the normalization of eigenvectors
is suitable.

Proof. The proof requires detailed and lengthy calculations and is given in the
appendix. In this proof we compare the set of eigenfunctions of B for a = 0, denoted
by {Gnr,n € Z} with {F,,,.,n € Z}, and show that these two sets are quadratically
close. Since the former set is a Riesz basis for V x L2(0, 1), we then conclude that the
same is true for the latter set. ]

3.2. Spectral analysis of the operator A. We now consider the operator
A given by (2.10) for the case « = m/3. The eigenvalues of A are given by (3.8).
From (3.8) it follows that A\, = —% is an eigenvalue of A. To find the corresponding

eigenfunction, we again set A\, = i72 and rewrite (3.5) as (7, # 0):

(3.31) (cosh 7, + cos i )ey + (sinh 7, + sin 7, )eq = 0.
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Note that since 7, is a solution of (3.8), (3.6) is linearly dependent on (3.5) and
hence will not be used to determine ¢; and cs.

In (3.31) the coefficients ¢; and c¢; cannot be zero simultaneously. This follows

easily since 7, is not a purely imaginary number (note that A, = —% =472 ). So the

natural choice for ¢; and ¢z given by (3.5)—(3.6) is:

(3.32) ¢1 = —(sinh 7, + sin7,),

(3.33) co = (cosh 7, + cosTy).

Therefore an eigenfunction F corresponding to A, is

U
(3.34) Fo=1| v |,
T)x
where
(3.35) us(x) = p1(7x, ) = (cosh 7, + cos ) (sinh 7.z — sin 7. x)
—(sinh 7 + sin 74 ) (cosh T — cos 1),
(3.36) Vi = At (),
(3.37) ne = 2f(7),

where f(-) and ¢ are given by (3.17) and (3.18), respectively. The remaining eigen-
values of A are precisely the (nonzero) roots of (3.10). From the preceding section
it follows that these eigenvalues are the roots of (3.17), and hence the eigenvalues of
B, i.e., the eigenvalues of the cantilevered beam without a tip mass. By Lemma 3.1,
(3.17) admits countably many distinct roots A\, = i72, n € Z, Re {\,} < 0. We set

(3.38) Un(x) = p1(Tn, ) = (cosh 7, + cos 7,,) (sinh 7, & — sin 7, x)

—(sinh 7, + sin 7, ) (cosh 7, — cos 7,x),
(3.39) Up = Antn (),

(3.40) M = 2f(7,) =0,
where ¢ is given in (3.18). As before, since Re{\,} < 0 implies that 7, is not a

purely imaginary number, the constant factors in (3.18) cannot vanish simultaneously.
Then

(3.41) F,=1| vn

is an eigenvector for A associated with the eigenvalue A,. Note that (u, vn)T is an
eigenvector of B (i.e., of the cantilevered beam) associated with the same eigenvalue.
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Assume now that all the eigenvalues \,, of the cantilevered beam are algebraically
simple. By Lemma 3.2, this assumption can be written as

(342) f(Tn) =0, f/(Tn) # 0,
where A = i7? and for f(7) = 0 we have

2
(3.43) f'(r) = -2 (1 + Z—a) (1+ cosh T cosT) — 2iar? sinh 7 sin 7.

Under the assumption given by (3.42), we now compute the algebraic multiplicity
of all the eigenvalues (A, \,,n € Z) of A. We note that the algebraic simplicity of A,
as an eigenvalue of B does not imply the algebraic simplicity of A,, as an eigenvalue of
A. We have to distinguish two cases: 7. = 2f(7.) # 0, in which case A\, # \,, Vn € Z,
or n, = 0, in which case A\, = Ay for some N € Z.

An easy computation shows that 7, = 0 if and only if

(3.44) o — B (2 + cosh 23, + cos 23,)
’ B sinh 283, —sin23,

where 8, = 1/4/28. Hence the case 7, = 0 is just an exceptional one in the sense that
(a, B) have to belong to the curve defined by (3.44). For instance, if « is sufficiently
small, n, is always nonzero.

Let A be an eigenvalue of A, and let (4 © ﬁ)T be the corresponding eigenvector.

Let us study when the algebraic multiplicity of A is equal to one or not.
Obviously Ker(A — 5\1)2 \Ker(A — AI) # 0 if and only if there exists (u v n)" €
D(A) such that

u [ u m
(3.45) Al v | =Xl v | =1 0o |,
1 7 7
which is equivalent to the following:
(3.46) v =u+ 1,
(3.47) —Uppee — A =0 = \ii,

~ 1
(3.48) ~ </\ + ) n =1,
where (u v n)” € D(A). Equations (3.46)—(3.48) have a solution if and only if the

equations

(3.49) ~Uggzz — AU = 2\,
(3.50) - <Z\ + ) n =1,

(3.51) w(0) = uz(0) = ugzr(1) =0,
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(3.52) 1= —tpar (1) + adu(1) + adii(1)

admit a solution.

LEMMA 3.4. Let a = m/f3 and consider the operator A given by (2.10). Let «
be such that the eigenvalues of the operator B given by (3.15) are algebraically simple
(note that this is true for almost all o« > 0 by Theorem 3.3). Let (A, Fy) be the
eigenvalue-eigenvector pair of A given by A\ = 1/5 and (3.34), respectively, and let
(An, F), n € Z be the remaining eigenvalue-eigenvector pairs of A, where A, is a root
of (3.10) and F, is given by (3.41).

i. If n. # 0, then all eigenvalues of A are algebraically simple.

ii. If n. = 0, then the algebraic multiplicity of A. is exactly 2 and all the eigen-
values N, # A« are algebraically simple. ~

Proof. i. Let n. # 0, which implies Ax # A, n € Z. Then, for A = A,, (3.50)
implies 7. = 0, which is a contradiction. Thus A, is algebraically simple. Choose now
A=\, forn € Z, and for s1rnph(:1ty7 denote by A = ir? the eigenvalue \,. Then
1 = 1, = 0, and since (X + ) # 0, we get n = 0 so that (3.49)—(3.52) reduces to

(3.53) ~Uggaz — AU = 2Ny,
(3.54) u(0) = uy(0) = ugy (1) =0,
(3.55) Upzz (1) = adu(l) + au,(1).

Then, proceeding exactly as in Lemma 3.2, we obtain that (3.53)—(3.55) has a solution
if and only if f/(7) = 0 (cf. (3.23), (3.24)). By Lemma 3.2 this implies that A, is
not algebraically simple as an eigenvalue of B, which is a contradiction. Hence by
Lemma 3.2 we see that A, is also algebraically simple as an eigenvalue of A.

ii. For the case n. = 0, by the argument given above, all the A, such that \,, # A,
are also algebraically simple.

Let A\x = Ay for some N € Z, which is denoted by A for simplicity. Then (3.49)—
(3.52) reduces to

(3.56) ~Upzze — AU = 2\u,,
(3.57) w(0) = uz(0) = uge (1) =0,
(3.58) —Ugza (1) + adu(l) + aus(l) = 7.

Now proceeding again as in Lemma 3.2, but replacing the right-hand side of (3.27)
by © —n, we obtain that (3.56)—(3.58) has a solution if and only if

!
(3.50) p=L0

iT
and hence is nonzero by Lemma 3.2 if A is an algebraically simple eigenvalue of B.
Consequently it is always possible to compute 7., # 0 in a unique way such that
(3.59) is true for 7 = 1., and then one has a (nonunique) solution u = u,, of (3.56)—
(3.58) with v = vVes = Ailss + us such that (3.46)—(3.48) is satisfied. Thus in case
7. = 0, A has algebraic multiplicity at least two, Fi = (u, v O)T is an eigenvector
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of A, and Fiuy = (Usx Vs n**)T with 7.« # 0 is a generalized eigenvector (but not
an eigenvector) of A. In fact, A\, has algebraic multiplicity exactly two, since for
w= (uvn) € D(A), w € Ker(A — \I)* \Ker(A — A\, 1) implies (A — A\, J)w €
Ker(A — A\,0)% \ Ker(A — A\D); thus (A — A\ J)w = (Uss Uss 74x)" . But this implies
that —(Ax + 1/8)n = nus (cf.(3.48)), hence 7., = 0, which is impossible. |

We have now the material to write down the Riesz basis property. Recall that
(un vn)" are not the functions given exactly by (3.38)~(3.39) but have been suitably
normalized to posses the adequate Riesz basis property for the cantilevered beam,
(see Theorem 3.3).

THEOREM 3.5. Let o« = m/B, A\ = —1/8, A\, n € Z, be the roots of (3.10).
Assume (3.42) and . = 2f(74) # 0. Then {F\, F,, n € Z} is a Riesz basis for H.
Moreover the estimate (2.25) is valid with 6 > 0 such that

(3.60) — 6 = max{—-1/8, Re{\,}, n€Z},

which is the optimal rate of decay.
Proof. Let z = (u v n)T € 'H be given. Since 7. # 0, we can write

U
(3.61) z = v | + ¢ Fy,
0
where
(3.62) Ce =N/Ne, TU=u—cuu, €V, 7=0v—cw,<L*0,1).

Since (us, vn)T, n € Z, is a Riesz basis for V x L2(0, 1), we can write

J=5-(0)

where ¢, € I2(Z), and there exist positive constants C, Co such that

(3.64) C1 Y leal < H( ) <Cy ) enl”.
Note that

neZ Vx L2 nez
1 1
son) (3] = [ et = [ mo
0 0

where K is given by (2.9). By using (3.62) we obtain

<

(3.63) (

2

ST~

2

S 2

Vx L2

2

*TxT?

(3.66) u?, =02, 4 2Clpplsge + U

(3.67) v? = 52 + 2¢, v, + 202,

It follows from Young’s inequality that

1 1
- 1 2
< U/ uird‘r + 7/ | Cx | uzmmdm
0 g Jo

1
M
< U/ 2, dz + =0,
0 ag

1
(3.68) / 2C U Uz AT
0




Downloaded 10/26/17 to 139.179.72.198. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journals/ojsa.php

1976 FRANCIS CONRAD AND OMER MORGUL

where o > 0 is an arbitrary constant and (using (3.62))

1
jb szx

n?

My =

Similarly we obtain

1 1 M,
(3.69) / 2¢c,tvidz| < 0/ Pde + —n?,
0 0 a
where
1 2
v
My = fo 5 .
U

By using (3.66)—(3.69) in (3.65), we obtain

(7)
(%)

From (3.61)—(3.63) it follows that

(3.70) |23 < (1 +0)

[STENJ

2
M, M
+<K+M1+M2+1+2)n2,
Vx L2 g o

2
M M-
(3.7 |l =0 -0) + <K+M1+M2—1—2) 2

Vx L2 g g

(3.72) z = Z oy + e Fy.
nez

Next we choose o > 0 such that

My + M,

—— <o <1,
K + My + M,

which implies that all coefficients in (3.71) are positive. Since 7 is proportional to ¢,
(see (3.62)), it follows from (3.64), (3.70)—(3.71) that there exist positive constants
C3 and C4 such that the following holds:

(3.73) Ca( Y leal? + lea?) < Il2ll3, < Co( Y lenl? + les ).

nez nez
It follows from (3.72)—(3.73) that the system {F., F,,,n € Z} is a Riesz basis in H.
Since F, F,, n € Z are all eigenvectors of A, we then have

(3.74) T(t)z=T() | Y cnFn+c.F.

neZ

= E e)‘"tannJre)‘*tc*F*.
nez

That (3.60) determines the optimal decay rate for the semigroup is now an im-
mediate and general consequence of the Riesz basis property in H. 0

THEOREM 3.6. Let « = m/B, \. = —1/8, A\, n € Z, be the roots of (3.10).
Assume (3.42) and n. = 2f(1.) = 0. Then {Fy., F,, n € Z} is a Riesz basis for H.
Moreover, for any € > 0, the estimate (2.25) is valid for 6 — e, where —6 is given by
(3.60). Hence —6 is again the optimal decay rate.
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Proof. We recall that here F, = Fiy for some N € Z, F}, being suitably normalized
eigenvectors of A. The Riesz basis property can be proven as in Theorem 3.5 by just
replacing Fy by Fi,. and using the fact that 7., # 0, so that with c.. = 7/7..« we have

(3.75) z= + Cos P

S
Il
S < £

and for (a 17)T we use the Riesz basis property of F,,, n € Z. Then we get

(376) z = Z CnFn + C**F**7
nezZ

where F,,, n € Z, are the eigenvectors of A, with Fy = F,, Ay = A, but Fy, €
Ker(A — ANI)? \Ker(A — AxI). Since F,, satisfies (A — A\ I)F., = F., we get

(3.77) %(e’\*t(tF* + F**)) = eMA(LF, + F..).

From (3.76)—(3.77) we get

(3.78) T(z= > e leyFy+e! ((cN + te) Fy + cF)
n#N, n€Z

Now the fact that the estimate (2.25) holds for § — €, for any € > 0, is an immediate
and general consequence of the Riesz basis property. Due to the fact that —¢ given
by (3.60) may be achieved by M., € > 0 comes from the possible compensation of
2Rty by oRRAFI T _§ > \, = —1/, then € is unnecessary. O

4. Conclusion. In this paper we studied the stability of a flexible beam with a
tip mass. The flexible beam is assumed to be clamped at one end and is free at the
other, where a mass is also attached. This model is a variant of the SCOLE model
and has been studied before; see, e.g., [1], [9], [13]. To stabilize this hybrid system we
apply a boundary control force at the free end of the beam. It is well known that for
this model the standard velocity feedback for the control force (e.g., (1.4)), which is
widely used in boundary control systems, yields only asymptotic, but not exponential,
stability; see e.g., [9], [13]. In this paper we proposed a (new) control law (see (2.1)),
which contains the term ... (1,¢) in addition to the standard feedback term wu(1,t).
We then proved that the system is well-posed and that the energy associated with the
system decays exponentially to zero if the initial data are in H. We also showed that
if the initial data are sufficiently smooth (i.e., in D(A)), then the tip mass velocity
also decays exponentially to zero. Then we analyzed the spectrum of the system for
the special case m = af and proved that the spectrum determines the exponential
decay rate for the considered case for almost all o > 0.

Appendix A. On the Riesz basis property of eigenvectors of the can-
tilevered beam with boundary force control. Here our aim is to prove Theo-
rem 3.3. We will consider the set of eigenvectors of the operator B given by (3.15)
for the cases o = 0 (i.e., uncontrolled cantilevered beam) and a > 0 (i.e., controlled
cantilevered beam) and show that these two sets are quadratically close. Since the
former set of eigenvectors is known to be a Riesz basis in V' x L?(0,1), we conclude
that the latter set is also a Riesz basis in the same space.
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Before we prove the Riesz basis property, first we will show that the number of
eigenvalues of the uncontrolled and controlled cantilevered beam are the same, count-
ing multiplicities, in sufficiently large disks. This result will enable us to enumerate
the eigenvalues of both systems in a similar way. We recall that the eigenvalues of
B for a@ > 0 are precisely the roots of (3.10). Since A = 0 is not an eigenvalue,
equivalently the eigenvalues are the roots of the following function (for A\ = i72)

(A1) h(r) = L;-) = 7(1 + cosh 7 cos ) — ia(sinh 7 cos 7 — cosh 7sin 7);

T
hence for the uncontrolled case (i.e., & = 0), the eigenvalues are the roots of the
following function

(A.2) g(7) = 7(1 + cosh T cos 7).

Note that 7 = 0 is a simple root of both (A.1) and (A.2) but not an eigenvalue of B
for a > 0. Hence it follows that if h(-) and g(-) have the same number of roots in a
large disk, then the same is true for the eigenvalues of the operator B for a = 0 and
a > 0.

LEMMA A.1. There exists a sequence R € R such that R, — 00 as k — o0
and the number of roots of (A.1) and (A.2) are the same, counting multiplicities, in
B(0, Ry,) where B(0, R) is defined as

(A.3) BO,R)={reC | |T|<R }.

Proof. Let R > 0be givenand y={ 7€ C | |7|=R },1ie, acircle of radius
R. Since both h(-) and g(-) are analytic in B(0, R), by Rouché’s theorem they have
the same number of roots, counting multiplicities, if | h(7) — g(7) |<]| g(7) | for T € .
We will show that this is true for some sufficiently large R. For convenience let us
define

(A4) s(1) = ia(sinh 7 cos 7 — cosh 7 sin 7);
hence equivalently we need to show the following:

s(7)

g9(7)

Since both g(-) and s(-) are odd functions it is sufficient to consider the upper
half plane, and since cosh iT = cos 7, cosiT = cosh 7, sinhiT = isin 7, sinéT = isinh 7,
it is sufficient to consider only the first quadrant, i.e., 7 = Re? for 0 <9 < /2.

Let 7 = Re®. After straightforward calculations it could be shown that the
following holds:

(A.5) < 1, T€~.

(A.6) (7)< S(eP 4¢P 4l 4 o1,
(A7) 4coshtcosT = PRI 4 RS =D 4 o =RSIRD 4 o =RD —iRS

where D = cosf —sinf, S = cosf + sin 6.
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For 0 < 6 < 7/2 we have S > 1 and S >| D |; hence | s(7) |< 2ae®5. For
0 < 6§ < w/4 we have D > 0; hence for sufficiently large R the following holds:

| s(7) | 2a
A8 <M
(A.8) | coshTcosT | — | e BScoshrcosT| —
for some M > 0. For 7/4 < 6 < 7/2 we have D < 0, and from (A.6) and (A.7) it

easily follows that an estimate similar to (A.8) holds. Hence for 0 < 6 < 7/2 and
0 # 7 /4 we have limg_, o | ;EZ; |=0. For§ =0or 0 =m/2wehave D =1or D = —1,
respectively; S = 1 and 1 + cosh7cosT = 1 + cosh Rcos R in both cases. Hence if

we choose R = 2nm, we have lim,,_, | ZE:; |= 0. We note that this holds if R — oo

in such a way that | cos R |[> 6 for any § > 0. For § = w/4 we have D =0, S > 1,

and 4 cosh7cosT = 2cos RS + 2cosh RS; hence limp_, | ;E:g |= 0. Therefore, for

7= Re", R=2nm, and 0 < 0 < 27 we have lim,, ., | 38 |= 0. Hence there exists

a sequence Ry = 2km, k € N, and k — oo such that limy_, | ;E:; |<1for |7 |= Rg.
Therefore, by Rouchée’s theorem, the number of roots of ¢g(-) and h(+), or equivalently
the eigenvalues of the operator B for the cases @ = 0 and « > 0, respectively, are the
same in B(0, Ry), counting multiplicities. 0

The lemma given above lets us enumerate the eigenvalues of uncontrolled and
controlled cantilevered beam in a similar way, at least if they are algebraically simple
(see Remark 3 for an extension). In what follows we will give asymptotic formulas for
these eigenvalues and then compare the corresponding eigenvectors.

Consider the system and the corresponding eigenvalue problem given by (3.11)—
(3.18). From (3.17) it follows that the eigenvalues occur in complex conjugate pairs.

Since there are countably many eigenvalues and each eigenvalue is isolated (see Lemma 3.1),J]

the eigenvalues which have positive imaginary part can be numerated by considering
the imaginary parts with increasing order. By using asymptotic analysis it can be
shown that asymptotically the solutions of (3.17) can be given as (A = i7?):

(A.9) Ak = —2a + O(1/k?) +i((mm)® + aO(1/k)),

for sufficiently large k € N, where m = k + 1/2; see [12, p. 76]. We note that
this estimate can also be obtained by using the wave propagation method (see [2])
for similar estimates. Here the symbol O(f(k)) denotes any function such that

limg_,00 O(f(k))/ f(k) exists and is finite.
By using Ay = ’L”T,? , the corresponding 75 can easily be found as

(A.10) T =+ [(mﬂ+(’)(1/k2))+i (% +0(1/k3))}

for sufficiently large k. In what follows we will consider (A.10) with + sign; the same
conclusions hold with - sign as well (see below). By using (A.10), with + sign, we
obtain the following estimates:

(A1) e = (14 OU/R) A(@) +i (e + O /K) (@) ) )

(A12) e = e (14 O/ fo(a)) — i (oo + O/ fa(a) ) )
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e = ¢ mx ((cosmmx + cosmmr O(1/k3) f5(x)
(A.13) — sinmzz O(1/k?) fo(x)) +i(sinmrz + sinmre O(1/k*) f7(x)
+ cosmmz O(1/k?) fs(2))),

eI — emx ((cosmmax + cosmmr O(1/k3) fo(x)
(A11)  —sinmme O(L/K)fu(z) ~ i(sinmra + simmms O(1L/E) i (o)
+ cosmmz O(1/k%) fia(x))),

where the functions f;(-), i = 1,...,12, are smooth and bounded functions with
bounded derivatives. By using (A.11)—(A.14), we obtain the following estimates:

(cosh 7, + cos 7)) (sinh 7 — sin Tpx) =

6Tk eTkCE emfrefmmr
+ —
4 4

(A1) 4O/ (i) + " on(a) — - simmms +0u(o)

+i(e™"O(1/k)os(z) + ™™ O(1/k)os () + 0s(x)),

(sinh 7, + sin 73 ) (cosh T — cos Tpx) = 1 1

eT’“ GT’“m <€mﬂ'em7rz

mT

(A.16) +e™"O(1/k*) o7 (x) + €™ og(x) — _ cosmmz+ 09(33))
+i(e™™O(1/k)o10(x) + "™ O(1/k)o11(x) + 012(x)),

where the functions o;(-), i« = 1,...,12, are smooth and bounded functions (as a
function of k), and their derivatives are either bounded or satisfy the following:

(A.17) o™ (2) = (km)"6;(x), i=1,...,12, neN,

where the functions 6,(-) are also smooth and bounded functions. By using (A.15)
and (A.16) in (3.18) we obtain

emﬂ'efmﬂ'li
1(710) = | = S+ emTO(1/K)o1a(x) + € 0r4(2)
(A.18) + cosmrx — — sinmrz + 015(33)]

+i[e™mO(1/k)or6(z) + €™ O(1/k)or7(z) + 015(2)],

where the functions o;(-) are of the same form as given in (A.15)—(A.16).
Let A € C be an eigenvalue of B (see (3.15)), and let E € H =V x L?(0,1) be
the corresponding (unnormalized) eigenvector given by

(A.19) E:< (7, ) );

iT2p1 (7, 2)

see (3.18). The norm of E can be found as

1
(A.20) IEIZ = (| A2 - A2) / pr@rdr — oA pu(1) I,
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where a bar denotes the complex conjugate. Let Ax and Ej, be an eigenvalue, (unnor-
malized) eigenvector pair. By using (A.18) it easily follows that

1
(A.21) / (Im{r})2da = O /(kr)?)
0
for k sufficiently large. By using the simple integrals

1 1 1
. . 1
cos’mmadr = sin®mmadr = 1/2, sinmmx cos mnrdr = ——
0 0 0 2mm

(note that m = k + 1/2), it follows from (A.18) that

(A.22) /0 (Re{or})2dz = Cre?™ 1 O™ (k)

for k sufficiently large, where Cy > 0 is a constant. By using (A.9), (A.21), and (A.22)
in (A.20) it follows that

(A.23) | Bk, = Co(km)*e® ™ + O(e2™ (kr)?)

for k sufficiently large, where Cy > 0 is a constant. Hence we define the (approxi-
mately) normalized eigenvectors as

1 ‘Pl(Tk»aU) >
A.24 Fop=—— | . ,
(4.24) M (k)b < i1 (7, )

where 71, and ¢, are given by (3.17) and (3.18), respectively.
Now consider the system (3.11)—(3.12) with « = 0, i.e., uncontrolled system. By
using p instead of 7, the characteristic equation (3.17) becomes

(A.25) 1+ cosh pcos =0, A =ip?,
whose roots are asymptotically given by
(A.26) pr=mr+ 0 ™), m=k+1/2

for k sufficiently large. It follows that the corresponding function ¢1(ug,) is real.
By following the analysis given above, similar to (A.18), we obtain

emﬂ'efmwm

(A.27) o1(pg, ) = Yy +MO(e"™o19(x) + €M o9 ()

m em,rr
+ 5 COSMTL —

sinmmz + 021 (),

where the functions o;(-) are as given in (A.15)—(A.16). Hence, by following the anal-
ysis given above, we define the (approximately) normalized eigenvector corresponding
to py as

__ 1 eilm)
(A.28) Grr = () 2ekm ( i1 (pn, ) ) '

THEOREM A.2. Consider the (approxzimately) normalized eigenvectors Fy and
Gy, given by (A.24) and (A.28), respectively. Then the estimate

(A.29) [Fkr — Giell g = O(1/k)
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holds for sufficiently large k.
Proof. From (A.18) and (A.27) it follows that

(A30) @1 (T, ) — 01 (pn, ) = €™ O(1/k*) 022 (x) + €™ 023(x) + 094(z)
+i[e™TO(1/k)o2s(x) + €™ O(1/k)os(x) + 027 ()],

where the functions o;(-) are as given in (A.15). Also note that

(A31> iT/?‘Pl(Tka I) - Z:u%:@l (Mk, :C) = ZTI?[SDI (Tkta x) - @l(uka I‘)]
+ (7 = ) er (e, ).

From (A.17), (A.30), and (A.31) it follows that

1
(A32) / | (plxI(Tkax) - <P1m(/lk,$) |2d$ = O(e2kﬂ(kﬂ)2)a
0

1
(A.33) / | 721 (i) — pion (ix, @) | de = O(e2 (k)
0

for k sufficiently large. Hence (A.29) easily follows from (A.32) and (A.33). O

Now we consider the algebraic simplicity of the eigenvalues of B for the case a > 0
and prove the statement i of Theorem 3.3.

LEMMA A.3. Consider the system given by (3.11)—(3.12) for a > 0. All eigen-
values of B with sufficiently large modulus are algebraically simple.

Proof. Since the operator B has compact resolvent (see Lemma 3.1), it follows
that the spectrum of B consists entirely of isolated points, at most countable, and
each eigenvalue has a finite algebraic multiplicity.

Let 7 be a root of (3.17), and let A = i72 be the corresponding eigenvalue. From
Lemma 3.2 it follows that A has algebraic multiplicity greater than 1 if and only if
f'(r) = 0; see (3.43).

First note that by using (A.10), (A.13), (A.14), it follows that

(A.34) cos T, = —(~1)*O1/k?) — i ((-1)’“% + (—1)’“0(1/1&)) ,
(A.35) sint, = (1) + (=101 /k?) —i((-D)*O(1/k%)).

By using (A.11), (A.12), (A.34), (A.35) in (3.43) we obtain

(A.36) —i fl(;—k) = (€™ 01(k) + 02(k)) +i(—mme™™ /2 + ™ 03(k) + 04(k)),

T

where 0;(k), i = 1,...,4 are bounded functions of k. Hence it follows that, for suffi-
ciently large k, we have f’(73;) # 0, which implies that all eigenvalues with sufficiently
large modulus are algebraically simple. 0

Next we prove that, for almost all a > 0, the eigenvalues of B are algebraically
simple. Moreover the set of @ > 0, for which there exists at least one eigenvalue
which is not algebraically simple, does not contain a limit point, i.e., any such a > 0
is necessarily isolated.
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Let F(7) be defined as
(A.37) F(1) = G(1) +iaS(1),
where
(A38) G(1)=—-7(1+coshtcost), S(r)=sinhTcosT — coshrsinT.

We know that for a given a > 0, A = 472 is an algebraically simple eigenvalue of B if
and only if F(7) =0, F'(1) # 0, (see Lemma 3.2). Note that we have

(A.39) F'(7) = G'(7) +iaS' (7).

Also note that if for some a@ > 0 and 7 € C we have F(r) = F'(r) = 0, then by
eliminating o in (A.37) and (A.39) we obtain R(7) = 0, where R(7) is given by

(A.40) R(7) = G'(1)S(7) — G(1)S' (7).

Note that G(7) = 0 and S(7) = 0 cannot be satisfied simultaneously. To see that,
assume that for some 7 € C we have G(7) = S(7) = 0. Then, since 7 = 0 is not
an eigenvalue, from (A.38) we obtain cosT = —1/cosh, sinT = —sinh7/cosh?r.
Then, by using sin?7 4 cos?>T = 1, we obtain cosh7 = #1, and then (A.38) implies
cosT = F1. It can now easily be shown that such a 7 € C does not exist. Hence if
F(7r) =0, then both G(7) # 0 and S(7) # 0 must be true.

LEMMA A.4. Let, for a > 0, the sets C, and Co be defined as

(A.41) Co={a€R, 0<a<al|dreC,F(r)=F'(r) =0},
(A.42) Co ={a€R, a>037€C,F(r)=F'(r) = 0}.
Then

i. The set Cwo, if not empty, is at most countable.

ii. The set Cq, if not empty, contains finitely many points.

Proof. i. For some a > 0 and 7 € C we have F/(7) = F'(7) = 0. Then we assume
R(r) = 0, where R(7) is given by (A.40). Since R(7) is a nonconstant analytic
function, it follows that its zero set (i.e., the roots of R(7) = 0) is at most countable;
see, e.g., [16, p. 209, Thm. 10.18]. This also shows that the eigenvalues A = i72 which
are not algebraically simple also satisfy R(7) = 0, and hence are independent of a.
From (A.37) we obtain

G(7)
S(r)°

(A.43) a=

Since there are countably many 7 € C for which the eigenvalues A = ir2 are not

algebraically simple, and since for these 7 (A.43) is satisfied, it follows that there are
at most countable many values for o > 0 such that there exists at least one eigenvalue
with algebraic multiplicity greater that one. Hence the set Co is countable.

ii. Let a > 0 be given and let 0 < a < a. From Lemma A.3 we know that all
eigenvalues with sufficiently large modulus are algebraically simple. Hence there exists
a M > 0 such that, for all 0 < o < a and for all eigenvalues A = i7% which are not
algebraically simple, we have 7 € B(0, M), defined by (A.3). Moreover (A.36) implies
that f'(m) # 0 for sufficiently large k, uniformly with respect to «, for 0 < a < a.
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This fact implies that the constant M is independent of «a, for 0 < a < a. However
such 7 must also satisfy R(7) = 0, where R(7) is given by (A.40). Since B(0, M) is a
compact set, the number of roots of R(7) = 0 in B(0, M) must be finite, for otherwise
there will be a limit point of zeros of R(7) in B(0, M), which is a contradiction; see,
e.g., [16, p. 209, Thm. 10.18]. Since in B(0, M) there are at most finitely many
candidates of 7 for eigenvalues which are not algebraically simple, it follows from
(A.43) that the set C, also contains finitely many points. |

The next corollary now proves assertion ii of Theorem 3.3.

COROLLARY A.5. i. For almost all o > 0 the eigenvalues of the operator B given
by (3.15) are algebraically simple.

ii. If for some ag > 0 and 79 € C, \g = i78 is an eigenvalue which is not
algebraically simple, then there exists an open set U C R such that ag € U, and for
a e U, a# ap, the eigenvalues of B are algebraically simple.

Proof. i. This follows easily from Lemma A.4.

ii. Note that the right-hand side of (A.43) is an analytic function around any
possible 7 € C such that the eigenvalue A = i7? is not algebraically simple. Then
the result follows from, e.g., [16, p. 216, Thm. 10.32], and from the fact that all
eigenvalues with sufficiently large modulus are algebraically simple. 0

To prove that the generalized eigenfunctions of B form a Riesz basis in H, we
need the following simple fact.

LEMMA A.6. Let B be a densely defined closed linear operator in a Hilbert space
‘H. Assume that the spectrum of B consists entirely of, at most countable, isolated
points, each of which has a finite algebraic multiplicity. Moreover assume that the
eigenvalues are distinct. Then the generalized eigenfunctions are w-linearly indepen-
dent (for the definition of w-independence, see, e.g.,[7, p. 316], or [18, p. 50]).

Proof. Proof of this fact is essentially the same as given in [7, p. 329] for bounded
operators. For closed (unbounded) operators with compact resolvent (discrete in
the notation of [5]), we may proceed by using [8, p. 178] or [5, pp. 2292-2293] as
follows. Let A, and v, denote the eigenvalues and their algebraic multiplicity of B,
respectively. Let 5,9 =1,2,...,n,...,j =1,...,v;, denote the set of generalized
eigenfunctions. Since the spectrum of A does not contain an accumulation point, for
each \; we can find a constant r; > 0 such that the circle C; = {A € C| | A= \; |=r;}
does not encircle any eigenvalue other than \;. It is well known that the operator

(A.44) p—

- I— At
omi C(A ),

i

is well defined and is the projection operator onto the generalized eigenspace corre-
sponding to A;; see, e.g., [8, p. 178], [5, pp. 2292-2293]. Now consider the following
equation:

i=1 j=1
By using the projection operator P; given by (A.44), we obtain

(A.46) P; Z Z Cijtij | = Z cijtij = 0.

i=1 j=1 j=1
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Since v; < oo and the generalized eigenfunctions are linearly independent, it follows
from (A.46) that ¢;; =0, j = 1,...,v;. Since this is true for each i € N, it follows
that the generalized eigenfunctions are w-linearly independent. |

THEOREM A.7. Let a > 0 be given and assume the eigenvalues of the operator
B are all algebraically simple (note that this condition holds for almost all o > 0; see
Corollary A.5). Then the set of eigenvectors of B forms a Riesz basis for H.

Proof. Let Fi, and Gy, be given by (A.24) and (A.28), respectively. Note that
Fy, and Gy, are the (appropriately) normalized eigenvectors of the operator B, cor-
responding to given o > 0 and « = 0, respectively. We note that by Lemma A.1, it is
possible to enumerate these eigenvectors similarly, and because of algebraic simplicity
we consider only the eigenvectors and not the generalized eigenvectors. This point
is important in Theorum 3.5 and Theorum 3.6 in proving the spectrum-determined
growth property, which is our main aim.

From Theorum A.2 it follows that for some N we have

(A.47) D Pk = Grell7, < 003
|k|>N

see (A.29). Since N < oo, it follows that

(A.48) Y Fkr = Grrlly < oc.
keZ

Hence the set of vectors {Fj,} is quadratically close to the set of vectors {G.}. It
is well known that the latter set of vectors forms a Riesz basis for H, since for o = 0
the operator B becomes a skew adjoint operator. Also by Lemma A.6, the former set
of vectors is w-linearly independent. This implies that the set of vectors {Fy,} also
forms a Riesz basis in H; see, e.g., [18, p. 347, Thm. 11.3]. |

Remark 3. The requirement that the eigenvalues of B for a > 0 be algebraically
simple is not essential and could be relaxed. Let @ > 0, and let A € C be a root of
(A.1), i.e., an eigenvalue of B. It is not known a priori whether the multiplicity of A
as a root of (A.1) and the algebraic multiplicity of A as an eigenvalue of B are the
same. Let us assume that these two multiplicities are the same, and let the set of
vectors { F,} include all eigenvectors and the generalized eigenvectors of B. Then by
using Lemma A.1, Lemma A.3, Theorem A.2, and Theorem A.7, we conclude that
the sets {Fy,} and {Gj,} are quadratically close; i.e., (A.48) holds. Hence the set
{F,} also forms a Riesz basis in H, and the spectrum-determined growth property
stated in Theorum 3.5 and Theorum 3.6 holds. The assumption on the equality of
the multiplicities stated above seems to be true; however, the proof of this statement
could be rather tedious. If we assume algebraic simplicity, which is generic (i.e., holds
for almost all @ > 0), then these two multiplicities are the same; see Lemma 3.2. This
is the basic reason for the assumption on algebraic simplicity.

COROLLARY A.8. There exists an a > 0 such that, for all 0 < a < a, the set of
eigenfunctions of B forms a Riesz basis for H.

Proof. This fact was proven in [4]. Here we may obtain this result as a corollary
by using Lemma A.4, part ii, and Theorem A.7. 0

Appendix B. The authors thank the anonymous referees, who suggested many
improvements of the paper, and also Bo Peng Rao, who made valuable comments.
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