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ABSTRACT. We study the third order in time linear dissipative wave equation
known as the Moore-Gibson-Thompson equation, that appears as the lineariza-
tion of a the Jordan-Moore-Gibson-Thompson equation, an important model
in nonlinear acoustics. The same equation also arises in viscoelasticity theory,
as a model which is considered more realistic than the usual Kelvin-Voigt one
for the linear deformations of a viscoelastic solid. In this context, it is known
as the Standard Linear Viscoelastic model. We complete the description in [13]
of the spectrum of the generator of the corresponding group of operators and
show that, apart from some exceptional values of the parameters, this gener-
ator can be made to be a normal operator with a new scalar product, with a
complete set of orthogonal eigenfunctions. Using this property we also obtain
optimal exponential decay estimates for the solutions as ¢ — oo, whether the
operator is normal or not.

1. Introduction and statement of results. In this paper we study the third
order in time dissipative abstract wave equation

(u+ aug)y + L(u+ Buy) =0, with @, 8> 0 (1)

where L is a self-adjoint, strictly positive operator in a Hilbert space H with compact
resolvent. Recall that in this situation the eigenvalues u,, of L are strictly positive,
increasing, tending to oo, semi-simple and the corresponding eigenfunctions ¢,, are
an orthonormal family. A typical case is when L = —a?A and A is Laplace’s
operator with Dirichlet boundary conditions in a bounded domain §2 with a regular
boundary, and in that case H = L?().

When L = —a?A, this equation is known as the Moore-Gibson-Thompson equa-
tion. It is obtained as the linearization of the Jordan-Moore-Gibson-Thompson
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equation, an important model in nonlinear acoustics for wave propagation in vis-
cous thermally relaxing fluids. See [8] and [13] and their references. Other recent
studies on this equation can be seen in [9] and [11], for example. The same equa-
tion appears in viscoelasticity theory, then under the name of Standard Linear
Viscoelastic model. In this case, the model represents the linear deformations of a
viscoelastic solid with an approach that is considered to be more realistic than the
usual Kelvin-Voigt one (and reduces to it when taking a = 0). See [6] and [1] and
the references therein for a discussion of this approach, or some other recent works
such as [2] or [16], for example.

At some parts of the paper we are going to refer to some of the results in [13],
which is written using the standard notation in the acoustics approach, while the
notation in (1) recalls more the one in the Standard Linear Viscoelastic model.
That is we think setting the correspondence between both notations can be helpful
to the reader when this comparison has to be made. The Moore-Gibson-Thompson
equation in [13] reads:

2
(u¢ + a'u),, +bA (Cb U+ ut) =0onH. (2)
which is the same as (1) if L = a®A and:
1 2 2
o = —, CQZG—,bZﬂ. (3)
a a a

The physical meaning of the parameters in (1) when L = —a?A is the following.
In the acoustics approach, and comparing (1) with the Moore-Gibson-Thompson
equation (in [8] or [13]), we have « representing the relaxation time, a the velocity
of sound and g = C% + «, where ¢ stands for the diffusivity of sound. In the
formulation of [17] the equation is for the velocity and no longer for the velocity
potential. It has the same form but the parameters are combined in a different way
and therefore have a different physical meaning.

In the viscoelastic approach, that is, comparing (1) with the standard linear
viscoelastic model, the physical meaning of the coefficients can be seen, for instance,
in [16]: « represents the stress relaxation time under constant strain, 8 represents
the strain relaxation time under constant stress and a®> = E/p, where E stands for
the relaxed elastic modulus and p for the longitudinal density of the material. These
parameters, in turn, depend on the elastic and viscous coefficients of the material.

In particular, observe that both approaches depend on three parameters: o/, c?,
b > 0 in the acoustic approach, and a, 8 > 0 and a third parameter hidden in the
operator L, which becomes clearer if we write L = a2.A. This third parameter will
play an important role when conditions involving the eigenvalues of the operator L
are given (see Remarks 4 and 6).

The dissipative case corresponds to a/8 < 1 (y = o/ — ¢?/b > 0 in the acoustic
literature). It is known that in this case all solutions tend exponentially to zero (see
[8] or [13]). For a/B > 1 it can be shown, by looking for the appropriate eigenvalues
and eigenfunctions or by seeing that the energy is non-decreasing (see formula (1)
below, or [6], [1]), that there exist solutions that do not tend to zero when ¢ — co.
The paper [4] also deals with the case o/ > 1.

The second-order in time strongly damped wave equation, that would correspond
to taking o = 0 in (1), has been and is still being much more studied. See [3] or [10]
as important references on this equation, and [12], for example, and the references
therein, for recent references on this o = 0 case. This case was also studied by the
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authors in [15] some years ago, motivated by our previous work [14] on a viscoelastic
model. In that paper we proved that the infinitesimal generator of the semigroup
associated to that equation was self-adjoint in a particular new scalar product, that
was shown explicitly, provided that the dissipation coefficient was large enough
(overdamping regime). Several optimal exponential-polynomial decay estimates for
smoother solutions were then obtained by using that new scalar product.

The goal of the present paper is also to show the existence of a suitable scalar
product associated to the semigroup defined by (1) for some ranges of the param-
eters. In this scalar product the infinitesimal generator of the semigroup turns out
to be a normal operator, hence admitting an orthonormal basis of eigenfunctions.
The necessary and sufficient condition for the existence of this scalar product, and
the normality of the operator, is given in Theorem 1.1, to be stated below. This
fact will allow us to obtain the optimal exponential decay rate of the solutions. The
main point that will have to be checked in the construction of this scalar product is
that it defines a new norm that is equivalent to the natural one. This will be done
in several functional spaces where the equation (1) defines a semigroup (in fact, a
group). The second main result of the present paper is given in Theorem 1.2. It
states the optimal decay rate for the solutions, and not only the growth bound of
the semigroup, both when the scalar product considered in Theorem 1.1 exists or
not.

We believe that this new scalar product will also allow to obtain sharp exponen-
tial-polynomial decay rates for the solutions of (1) in some ranges of parameters,
with the same techniques that were used in [15]; this, however, is still a work in
progress.

It is important to say that, by looking at the results of [13], one could think that
the infinitesimal generator of the semigroup perhaps could be made to be normal
in a suitable scalar product for all ranges of the parameters. As we will see in the
present work, this is not always true, as there are some special cases in which the
spectrum contains non-semi-simple eigenvalues (see Theorem 1.1 for more details).

Writing U = (u, v, w)” = (u,u;, u)” we can write (1) as the following first order
evolution equation:

v

d—U:AU, U € D(4), with AU = w

o (4)

1
—aL(u + pv) — o

The operator A can be defined in several functional spaces. According to [1], if
L = —a?A with Dirichlet boundary conditions then the first possibility is that:

H = HYQ) x H}(Q) x L2(Q) (5)
D(A) = {(u,v,w),w € H}(Q),u+ Bve H*(Q)NHLQ)}

It can be seen that, in this case, (A, D(A)) defines a C%-semigroup (in fact a

group) and that it is dissipative when o < 8. This last part can be seen using the
energy functional associated to the following scalar product:

((u1,v1,w1), (u2,v2, w2)) :/Q('Ul + awy) (v + Qws)

+a2/ V(uy + av1)V(ug + avs)
Q
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+a2a(B — a) / Vo, Vg
Q

Observe that if (u,v,w) € H this energy is well defined. From [1] or [6] we know
that if (u,v,w) € D(A) then

aB(r) _
T == -a) [ vop

which exhibits the dissipativeness of the operator when a < .
But this is not the only possible functional framework. According to [13], some
possible functional settings are:

Hi = D(L'Y?)x D(LY?) x H

Hy = D(L)x D(L) x D(L'?) 7
Hs = D(L)x D(L'?)x H @
Hy = D(L??) x D(L) x D(L'/?),

with the corresponding domains for A. Observe that, actually, H; = H defined in
(5) if L = —a®A with Dirichlet boundary conditions.

The normality of the infinitesimal generator A in a new explicit metric is given
in Theorem 1.1. Associated to (1) we define the following numbers my, mo, which,
as it will be seen in Section 2, are the zeroes of a certain Cardano discriminant, in
fact that of the characteristic equation (10) below:

—Cy — Ty Lm0t N
g 2 833

01:27—18<§>—<§>2, 02:(}12—64<§>3. (9)

Theorem 1.1. If u,, # my,mo for all the eigenvalues ., of L, then in each of the
spaces H; given in (7) we can define a new equivalent and explicit scalar product
(-,")a, where the operator A becomes a normal operator. Also, there exists a set
{\If?’i,j =1,2,3,n=1,...,00} of eigenfunctions of A which is orthonormal in the
corresponding new scalar product and complete in H;. This is equivalent to say that
the operator A admits a Riesz basis of eigenfunctions.

Conversely, in the cases where one of the eigenvalues of L coincides with one of
the two numbers my or mo (including the case my = msy) then the operator A can
not be made to be normal in any scalar product.

(8)

m; =«

with

Remark 1. Associated to each u,, eigenvalue of L, there exist three corresponding
eigenvalues of A, named A}, Ay, A%, the three solutions of the characteristic equation:

aX® + X2 + B\ + pin = 0. (10)

The role of the numbers mq, my will become clearer in Section 2 (see Proposition
2) when we show that:

1. if my < py, < Mg, the three of A7, Ay, A5 are real;

2. if p, = my or u, = me, they are also real, but two of them are equal and not
semi-simple;

3. if py, = m1 = mg then A} = Ay = A} € R with algebraic multiplicity equal to
three;

4. otherwise, A7 will be real and \j = A} € C\ R.
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None of the situations 1, 2 or 3 was considered to be possible in [13], due to a
small error in the analysis of the characteristic equation. This error becomes more
important if we consider « variable and near 0 since in this case the situation
n = my Or i, = me will happen for infinitely many values of «. This situation
becomes relevant, for instance, in the work [16].

Remark 2. Case 4 of the previous remark happens for all n > ng, with ng suffi-
ciently large, or even with ng = 1 if u; is large enough. In this case we can call
A5 the eigenvalue with positive imaginary part and A3 its conjugate. Then one can
define the three subspaces ]-'} with j = 1,2, 3 as the closed span in H; of the eigen-
functions {\I/?Z|n > ng}. This was done in [13], where the direct sum statement
H; = F} + Fi + Fi was claimed (Thm. 5.1, part as ;77) but without a complete
proof. Apart from the possibility of occurrence of the cases 1, 2 and 3 of the previous
remark, that is not so important at this moment, the main gap in their argument
was not to prove that these three subspaces are mutually transversal, that is, with
angles bounded away from zero in the scalar product of the spaces H,;.

This statement was perhaps not important in the goals of paper [13]. But this is
not our case: we understand that the proof of this direct sum statement is almost
equivalent to the existence of the new scalar product we claim, and clearly to its
hardest part which is done in our Lemma 3.1 below. As it is said there, this is not
a short calculation, and even the use of an algebraic manipulator can be needed.
After this proof of the Lemma 3.1 we will present a short argument (Remark 7) to
deduce from it the direct sum statement.

Remark 3. In contrast with the strongly damped case a = 0 studied in [15] there
is no hope to obtain that the operator is self-adjoint in any new metric, because of
the existence of nonreal eigenvalues when o > 0. So, the property of being a normal
operator is the best we can expect.

Remark 4. If we write L = a2A (A being the operator appearing in the acoustic
literature [13]), the condition in Theorem 1.1 will be written as a?fi,, # my,ma,
for fi,, the eigenvalues of A. Observe that this is the way that the third parameter
hidden in the operator L plays a role in this statement.

Theorem 1.2. i) Suppose that A is a normal operator in the new scalar product
G obtained in Theorem 1.1. Then, any solution U(t) of (4) decays exponentially
in the corresponding norm as

U®) |l < e“ma=t|U(0)||, fort >0

where Omaz = Tmaz(A) < 0 is the supremum respect to n (which sometimes
is a maximum) of the real parts of the solutions of the characteristic equation
(10), that is, the real part of the sometimes called dominant spectrum of A (see
Proposition 3 below for a description of omaz )

it) This decay is optimal in the sense that for each w < Opmqq there exist solutions
U(t) such that

U@ e " — oo as t — oo.

iit) On the other hand, if we are in the situation where, according to Theorem
1.1, we can not have a new scalar product where the operator A is normal,
the previous optimal exponential decay rate result still holds in another suitable
norm.
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Remark 5. Theorem 1.2 recalls the decay results of [13], but with different tech-
niques that allow to slightly improve them in the sense that what they prove is that
Omaz 18 the so-called growth bound of the semigroup, that is

inf{w € R; [e?|| < M,e“! Vt > 0}

(in the usual norm). We show that this infimum is, in fact, a minimum and also
that we can take M, . = 1 in a suitable equivalent norm. This is true even for
the case when o4, = —1/0, the essential spectrum of A (see Propositions 1 and

The results just stated will be developed and proved in the following sections.
More concretely, in Section 3 we will show the existence and form of the new equiva-
lent scalar product for the given range of the parameters and also prove the normal-
ity of the operator in this case and the non-normality otherwise (proof of Theorem
1.1). Also in Section 3, we will prove the optimal exponential decay rate of the
solutions in all the cases (that is, Theorem 1.2). The next Section 2 will be devoted
to the description of the spectrum of A, completing the results of [13].

2. Description of the spectrum of A. In this section we make an accurate
description of the spectrum of A, o(A). Most of the results can be found in [13],
but we include them here for a better global comprehension. Nevertheless, there
are some differences, that come mainly from the cases where there are three real
eigenvalues associated to the same value of p,,, that can even be algebraically double
or triple, cases that were skipped in [13], as it has been said in Remark 1. Our
description is summarized in the following three propositions.

Proposition 1 (The essential spectrum, see [13], Theorem 3.2). In the four func-
tional settings considered in (7) the essential spectrum of the operator A is

Oess(A) = {—;}

The definition of essential spectrum can be found in [7] or [5].

Proposition 2 (Description of the eigenvalues). The operator A has an infinite
number of isolated eigenvalues all of them with finite algebraic multiplicity. More
concretely, for each p,, n € N, eigenvalue of L, there exist three corresponding
eigenvalues of A, named Ay, Ay and N3, the three solutions of the corresponding
characteristic equation (10). Moreover, if )\y = a, + tb, is nonreal, then a, and b,
satisfy:

1
8aa’ + 8a2 + 2a, <a + 5%) + fin <§ - 1> =0, (11)

b2 = é (3aa2 + 2an + Bun) - (12)
Under the dissipativeness condition 0 < a < [, these eigenvalues satisfy the
following:
1. (a) If% < % < 1, then for all n one of the eigenvalues is real and the other
two are complex conjugated: A} € R and \j = A} € C\ R.

a 1

(b) If 0 < 5 <o the same happens except, maybe, for a finite number of
é, the roots of a certain Cardano
discriminant mq, mq given in (8) (see the proof for details) are real and

satisfy 0 < my < mg. Then, if m1 < p, < meo (this can happen only

values of n. In this case 0 < % <



(c)

2. (a)

(b)
(¢)

(d)
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for a finite number of values of n) then A7, 5, A\ € R. The following
exceptional case can also happen (double Toot case): if there exist ny or ng
such that ,, =my or fin, = ma, then A\y* = A5* € R or A\5> = A\5? € R
s an eigenvalue with algebraic multiplicity equal to two. Alternatively, if
pin & [m1,mz] then A € R and Ay = X5 € C\ R, as in (a).

If% = %, then m; = mg = % > 0 and the same as in (a) also happens

except if there exists ni such that p,, = % In this exceptional case,
ATY = A0 =5 = f% € R is an eigenvalue with algebraic multiplicity
equal to three.
If X\ is a real eigenvalue of A, then
1 1
—— <A< ——. (13)
« g
If X\ is nonreal, then
1/1 1
——|——=] < Re()) <O. 14
5 (5 5) <R (1)

If pn < pim, and g, o, & [m1,ms], then Re(Ay) > Re(A\J").
The limits of the sequences of eigenvalues are the following:
1

lim A} = ——
n—oo ! B’

(15)
which 1s not an eigenvalue, but the only element in the essential spectrum
of A (see Proposition 1),
1/1 1
lim Re(\}) = —= ( — ) (16)

n—o00 2\« I5)

and lim,, o Im(\}) = oo with

/B
Im(Ay) = av:un + 0 (V) - (17)
Also, one has that lim,,—, oo Re(AY) is lower than lim, ., A} (respectively,

equal or higher), if% 18 lower than 3 (respectively, equal or higher).

The proof of this Proposition 2 is presented below. The proof focusses in the

cases not considered in [13], of increasing importance as a — 0.

In the next proposition we describe the dominant part of the spectrum, that

1. (a)

(b)

is the part with the highest real part. This real part will be named 0,,4,(A) (or
simply 0,4, When there is no confusion).

Proposition 3 (Dominant spectrum). Let uq be the lowest eigenvalue of L. To
find the dominant spectrum of A one has to solve the cubic characteristic equation
(10) with py, = p1. Then,

If the three solutions of this equation are real (including the case of mul-
tiple solutions), then the dominant spectrum of A will be {—1/8} and
Omax = Umaa:(A) = _1/6 o

If the solutions have the form A\} € R and A} = A} € C\R, then the domi-
nant spectrum of A will be either {5, \1} or {—1/B} (which is not an ei-
genvalue, but the only point in the essential spectrum), or both, depending
on which has the highest real part. This real part is then omaz = Tmaz(4).
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(A) Omaz = Re(A}) (B) Tmas = Re(A3)
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(C) Omaz = RG(A%) = —1/5 (D) Omazx = —

ey

FIGURE 1. Plots of the eigenvalues of the operator A (circles) in the
complex plane (in solid lines, the real and complex axes), showing
different possibilities for o,q:(A). In all of them, the dashed line

represents Re(\) = —3 (l - %), which is the limit of the real

(e

parts of the nonreal eigenvalues, and the point marked as a square

is —%, which is the limit of the real ones. In panel (1a), we can

see an example of the /3 > 1/3 case and, hence, 0,4, = Re(A\d),
while in the others a/8 < 1/3. In panel (1c) we can see the limit
situation between cases represented in panels (1b) and (1d).

2. We also claim that all the possibilities can occur as it is shown in the next

three significative cases:

(a) In the case 1/3 < a/B < 1 one is in the situation 1(b) above and the
dominant spectrum is {\5, \}}.

(b) If 0 < a/B < 1/3 and p; is large enough one is in the situation 1(b) above
but the dominant spectrum is {—1/5}.

(c) If 0 < o/ < 1/3 and « is sufficiently small, with fixred § and w1, one is
in the situation 1(a) above and so the dominant spectrum is {—1/8}.

In Figure 1 we can see different ezamples where the previous situations are attained.

When the dominant spectrum is {—1//3}, then there will be no oscillations in the
dominant part of the solutions and these cases could be qualified as overdamped.

Remark 6. As we will see during the proof, in this result the third parameter
hidden in the operator L plays again a role, as the particular values of its eigenvalues
do (see Remark 4).

Now we proceed to prove the previous propositions. Most of these results can
be found in [13] but we include the proofs here as there are slight but important
differences in some of them.
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Proof of Proposition 2. First of all, let u,,, ¢, be a fixed eigenvalue and eigenfunc-
tion of (L, D(L)). We can look for solutions of (1) of the form u(xz,t) = z(t)p, ().
In this case, z(t) would be a solution of
2"+ 2"+ Bz + pnz = 0.

This equation has (10) as its characteristic equation. Hence, for each u,, eigenva-
lue of (L, D(L)) there exist three solutions of (10), that form the three sequences

AL, AL of eigenvalues of (A, D(A)), as stated. If any of these solutions is nonreal,
we can write it as A7 = a,, +1i by, with b, # 0. Imposing this in (10) and considering
separately the real and the imaginary parts of the equation, it is easy to see that
an, by, satisfy (11) and (12).

To see part 1, we need to see whether this three solutions are real or not. For
that, we will simply apply Cardano’s method to (10) for a fixed u,,. The first thing
to do in this method is to apply the change of variable £ = A+ 3= to (10) normalized
such that the highest degree coefficient is equal to one. We obtain

E+&p+qg=0
with
Hn B 1 2 pnB | Hn
e L S - Hn 18
o 302" 179703 7 342 o (18)

Now, it only remains to look at the sign of the Cardano’s discriminant, that we
can think as a function of p,,:

d(jin) = A" +27¢* = Ed(y1n) (19)

~ 3 2
d(pn) = %ui + (27 - (i) 18 (i)) 1 + %.

According to Cardano’s method:

with

i) if d(u,) > 0, the cubic polynomial has one real root and two complex conjugates
ii) if d(p,) < 0, the cubic polynomial has three different real roots
i) if d(prn) = 0, all of the roots are real, with some of them being multiple.

Observe that, as u, > 0, the sign of (19) is determined by the sign of the second
degree polynomial g(un) The roots of this quadratic equation are the constants
my,mg defined in (8) with the constants Cy, Cs defined in (9). It can be seen that
C5 = 0 if and only of g =1lor g =9. So, depending on whether my, my are real or
not and positive (to coincide with a value of some p,,), we will have these different
possibilities for the sign of the Cardano’s discriminant (19):

[e]

(a) Suppose % < 5 < 1. Then, one can see that Cy < 0, which means that

d(uy) will have a constant sign, which is positive. By Cardano’s method, this
concludes that (10) has one real root and the other two are complex conjugates
for all n € N.

(b) Suppose 0 < % < é. Then, one can see that Cy > 0 and C; < 0. This means

that 0 < my < mg are two different positive real roots for d(u,). This allows
us to know the sign of d(u.,):

i) d(pn) > 0if py, € (0,m1) U (m2,00). So, (10) has one real root and two

complex conjugates if n is such that p, € (0,m1) U (mg,00) (we have an
infinite number of them).
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il) d(pn) < 0if gy € (m1,ma). So, (10) has three different real roots for any
possible n such that p, € (m1,ms) (if we have any of them, they will only
be a finite number).

iii) d(uy) = 0 if there exist ny or ng such that u,, = my or p,, = me. In this
case, A\p* = A3* or AJ? = A3? is a real eigenvalue with algebraic multiplicity
equal to two (and the other one is a simple real eigenvalue).

Observe that the last two cases were not considered in [13].

(c) Finally, suppose that 5 = 5. In this case, in (9) we have Cy = 0 and Cy = —216,
SO M1 = Mg = % > 0. This means that d(u,) > 0 for all n € N except
for, maybe, the case in which there exists p,, = mi = maq, for which the
Cardano’s discriminant is zero. But also observe that in this situation we also
have p = ¢ = 0 (see (18)). Hence, by Cardano’s method, (10) has one real root
and the other two are complex conjugates for all n € N except for, maybe, this
certain ny, for which A\* = A3* = AZ*' is a triple real root. If this triple root
exists, then a simple computation allows to see that it is equal to —%, which
is the same as f%. This case was not either considered in [13].

This proves part 1 of Proposition 2. Let us now prove part 2. First, to prove
(13), we write as in [13] f(A) = fi(A) + f2(X) with f1(A) = aX® + X? and fo(X) =
Buin A+ in, and we recall that we are interested in the real solutions of f(A) = 0. It
is easy to see that for A < —1/a one has f1(A) <0 and fa(A) < 0. Also, f1(A) >0
for A > —1/8 with f1(—=1/8) > 0 and fa(A) > 0 for A > —1/8. So, all real roots of
f(A) =0 must be in —1/a < A < —1/8, as claimed. This is the same argument as
that of [13], but we note that also holds in the case of three real eigenvalues.

Suppose now that A is a nonreal root of f(A\) = 0. Then, for these values of
a, B and py, the sign of the Cardano discriminant of (10) defined in (19) is positive.
It is easy to see that the Cardano discriminant of (11) is d(u,)/64, with d(u,)
defined in (19). So, both discriminants have the same sign for the same values of
the parameters, that is, positive in this case. Then, (11) will also have a single
real root, that will be precisely the real part of A\ we want to bound. We define

g(a) = 8aa®+8a®+2a (£ + Bun) + fin (g - 1), and we write (11) as g(Re()\)) = 0.
We see that g(—1/2(1/a—1/8)) < 0 and g(0) > 0, and applying Bolzano’s Theorem
we conclude that (14) holds.

To prove claim (b) of part 2 we consider now p as a continuous variable in the
open set (0,m1) U (g, 00) or (0,00) depending on m; and mso being real or not.
According to what has been said above, in each of these open sets the equation
g(a) = 0 has a single and simple real solution a = ag(p). Deriving implicitly in
g(ap(p)) = 0 we obtain

dag(p) _ —(2Bao(p) + g1
du g'(ao(p)) ‘

Since we know that ag(u) > —1/2(1/a—1/8), the numerator is negative. Since the
coefficient of the cubic term of g(a) is positive and g(a) has only one real root, the
derivative of g at this root must be positive.

To conclude the proof of 2(b) we have still to prove that ao(p) decreases when
jumps from g = m; to u = mo. In more strict words, we want to show that

lim ap(p) > lim ap(p).

p—my ,u,~>m2+
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Recall that these two values of p are precisely the values for which the cubic
equation f(A) = 0 has a double real root, and for m; < p < mg the equation
f(A) = 0 has three simple real roots, that we can order and call A\ () < Aa2(u) <
A3(p). When i — mi, two of these roots collide, and become precisely ag(m),
and the same happens as p1 — m, , when two of them collide and become ag(mg).
We do not know for the moment which of the three roots collide in each case, but
it is clear that Ag(p) will be involved in the two collisions, since a collision between
A1(p) and As3(p) is not possible without involving As(p). So, we conclude that
Ao (1) = ag(my) as p— mi and Aa(p) — ap(mz) as p — m; .

So, our claim will be proved if we show that A5(u) < 0 for my < g < mg. The
central root of a cubic equation f(A) = 0 with three real simple roots and a positive
coefficient of the cubic term is precisely the unique root that satisfies f'(\) < 0.
Then, we can derive implicitly with respect to p in the equation f(Az(p)) = 0 and
obtain

dAa(p) _ =BAa(p) =1
dp F'Qa(p)

The numerator is positive because of the upper bound in (13), and the denominator

is negative because of what we just said. This finishes the proof of part 2(b).
Finally, the proof of part 2(c) can be found in [13] and part 2(d) is a straightfor-

ward computation. O

Let us now prove Proposition 3.

Proof of Proposition 3. To prove part 1(a) we observe that because of Proposition 2
all the real eigenvalues of A satisfy A < —1/8 and they accumulate at —1/5. To deal
with the nonreal eigenvalues we observe that, under the hypotheses of 1(a), m,ms
must be real and m; < p; < mg. This, together with part 1(a) of Proposition
2, implies that the values of p, that will give nonreal roots of (10) will satisfy
tn > ma. Then, following the proof of Proposition 2 part 2(b), and with the same
notation, ag(p,) < ag(ms). Even if g = my is not an eigenvalue of L, the number
A = ap(mz) will be a real (multiple) root of of (10) with mg in the place of y,, so
the bound (13) holds for this A, ag(mz2) < —1/8 and 1(a) is proved.

To prove 1(b) we have just to observe that, as we said, all the real eigenvalues
satisfy A < —1/8 and accumulate at this point, and, because of Proposition 2 part
2(b), the real parts of the nonreal ones are bounded above by Re(A\}) = Re(A}).

To prove 2(a) we observe, as we said in Proposition 2 part 2(d), that if «/8 > 1/3
then the vertical line Re(z) = —1/2(1/a — 1/8), where the nonreal eigenvalues
accumulate (from its right hand side), lies at the right of the point z = —1/8 which
is larger than all the real eigenvalues, so the real eigenvalues or their limit cannot
be dominant.

Let us prove 2(b). Since /8 < 1/3, the point z = —1/8 lies at the right of
the vertical line mentioned above. Since we know, by (16), that the function ag(u)
as ;4 — oo tends to —1/2(1/a — 1/p), it is clear that if p; is large enough then
ap(pn) < —1/B — € for all n and some & > 0.

To prove part 2(c) we look at the expression of d(p1) as in (19) and observe that
d(u1) < 0 if o is small enough, so we are in the situation 1(a) and the dominant
spectrum will be {—1/5}. O
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3. A new scalar product, the normal property and decay of solutions.
Let ¢, i, be the eigenfunctions and eigenvalues of L: Lo, = pn¢n, in ascend-
ing order (0 < g1 < po < -+ — o00) and with the collection {¢,} being or-
thonormal in H. We consider the associated decompositions of the spaces in (7)
H; = @Zo:l E,, for i = 1,...4, where the E,, are the three-dimensional spaces
spanned by {(¢,,0,0), (0, ¢,,0),(0,0,$,)}. Observe that the spaces E,, do not de-
pend on ¢ and that for all ¢ they are orthogonal to each other with the natural scalar
products of the spaces H;.

These natural scalar products in the cases i = 1 and ¢ = 3 when restricted to the

spaces E,, (and expressed in the previously given basis) are defined by the matrices

pn 0 0 p2 0 0
Oni=|( 0 pwo 0], Ops=1| 0 pp, 0 |. (20)
0 0 1 0 0 1

We will focus only on H; and H3 since the spaces Ho and H4 can be related to the
previous ones by the natural isometry

vz 9 0
0o LY?2 o
0 0 Li/?

Observe also that the scalar product (6) considered in [1], is different, but equiv-
alent, to Oy, 1, as it can be written as

T

01 0 a?a(B—a)u, 0 0 01 0
1 a O 0 a’py, 0 1 a 0
0 1 « 0 0 1 01 «

The idea is to define the new scalar product in each of the spaces F, by a
symmetric real matrix G,, ; expressed in the basis {(¢,,0,0), (0, ¢,,0), (0,0, ¢,,)} in
such a way that the eigenfunctions of A, that we call ¥ " and W}, become
orthonormal once normalized with the natural norm given by O,, ;. We understand
that each \IJ;” is the eigenfunction that corresponds to A7, once expressed in the

previous basis. Hence, \IJ;” = (LA, (A3 c;” where the c;“ is the normalizing
constant in the usual norm depending on the space of (7). Then, we define the

matrices

Chi = col(U1, W3 W) and Gy, = (C, 1) C, 1 (21)
When the matrix C,, ; has the previous form it is easy to see that G, ; is a real,
symmetric and positive definite matrix.

The equivalence between the natural and the new norms is based on the following
result.

Lemma 3.1. For n sufficiently large, all (z,y,2) € R? (or C3) and alli=1,...4
there exist numbers M,m > 0 (independent of n) such that

m||(z,y,2)llo,. <l(2,9,2)lla, . < Ml|(z,y,2)llo,, (22)

Proof. According to Proposition 2, for sufficiently large n, the operator A restricted
to E, has eigenvalues A7 € R and A} = a, +ib, = A} € C\ R. By the same
proposition, part 2 (c), the limits of A}, a,, and b,, are given by (15), (16) and (17).
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Also, one can easily compute

et = 1+ g/l + ol /Fin)

n,1 n,1 B B2 (23)
gt =t =24 B ol
and
"’ = pin + 0(pin)
(24)

= = ﬁ/1+§+§éﬂn+0(ﬂn)-

Then, one can compute the elements of the matrices G,,; and G, 3. This is not
a short calculation, and the use of an algebraic manipulator can be helpful. The
results, up to leading orders as p,, — oo, are

2 22 2 2
208 80D i+ 0(pin) 525 i + o) LI 4 o(1)

+ 2
Gt = S ot +olin) S to(un)  SEEE +0(1) (25)
4 2 2 2 3 2 + 2
IR o) TR o) g o)
and
Gn,S =
3aB—a? 2 @
i + o(p) BB i + 0(pan) S+ 0(n)
_a242 o?ta 2 a2B-3a342082433
Saﬂzaﬁjﬁ Mn+0(un) +2a/35+/3 Mn+0(un) 6a=p 34(125 B~+8 —|—0(1)

a28_3a312082 3 o24a 2
Ftin + 0(pin) So-f-so t20P 40" 4 o(1) a5 1 o(1)
(26)

Observe that all the leading terms of G, 3 are positive because o« < 3. Let us
now first prove (22) for G, 1. Observe that, intuitively, this result will be true as
both norms have the same diagonal terms (in asymptotic order) and the other ones
are of lower order so they will be controlled by the diagonal ones. To prove that
in a rigorous way, consider (z,y,2) € R? (or C?) and consider n large enough such
that all the terms of (25) are positive (that is, large enough such that o(u,) and
0(1) do not affect the sign of the coefficients of the leading terms in G, 1). Also, we
are going to use two inequalities. First:

Lfogo 1.5 Lfoo 1.5
—2<ca +62b><ab<2<ca —|—C—2b (27)

which is true for any a,b € R and ¢ > 0. And secondly, if {s,},{r,} are positive
real sequences such that lim,_, (s, /r,) = C > 0, it is easy to see that there exist
m, M > 0 such that

mr, < s, < Mr, (28)

if n is sufficiently large.
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Now, we start with the lower inequality of (22). From (25) and using the left
hand side inequality of (27)

2082 + 3a+ sa+p

(@,9,2) Gt (2,,2)" > ( - 0(1)> fin

2032 A 2a8
a+pB 1la+p 9
+< %0 & 208 +0(1)> HnY
a+pB 14022+ B%2+3a® 1 (a+p)? 9
+< B & 4P 3 dap? “(”)Z

(29)

for certain ¢y, co,c3 > 0 such that the previous coefficients are positive for n suf-

ficiently large. Observe this is possible just taking ¢; > 0 and with 1/8 < ¢ <

2(xb’2+3a+[3
Bla+B)

constants independently of n.

The same idea applies to prove the upper inequality of (22). From (25) and using
the right hand side inequality of (27),

2032 + 3a+ a+p
T ~ 2
(.’E,y,Z) Gn,l (SU,.%Z) = ( 20(62 Cy 20‘6

a+B 1la+p 9
— D)
+< 2a Jrc?l 203 +ol )>uy
N at+pf | 148>+ 5% +30% 1 (a+f)?
28 c? 4a33 2 dap?

, and cg, c3 > 0 and large enough. Observe also that we can choose these

+ o(1)> pinx?

+ o(l))(;o)

for certain ¢y, c5,cg > 0 such that the previous coefficients are positive for n suffi-
ciently large. In this case this is achieved simply taking ¢4 = c5 = cg = 1.

Finally, with this choice of the constants ¢;, (28) holds for (29) and (30). Hence,
there exist mq, M7 > 0 such that

< M, (unxQ + unyQ + 22)

n,l =

my (na® + pay® + 2°) < [|(2,9,2) 113

if n is sufficiently large, which proves this lemma for Gy, ;.

The proof of this result for G, 3 follows the same idea, but with some slight
differences that we will point out. Again, consider (z,y, z) € R3 (or C3) and n large
enough such that all the terms of (26) are positive (that is, large enough such that
o(u?), o(pn) and o(1) do not affect the sign of the coefficients of the leading terms
in Gy, 3). We start with the lower inequality of (22). From (26) and using the left
hand side inequality of (27),

2, 452
(I,y7 Z) Gn,3 (I7ya Z)T Z (.U“EL - C%%#n - C%%/},n + 0(#%)) I2

2 2 3aB—a21t 2 6a28—30312a82133
+ (a +20:>53ﬁ+ﬁ Hn — é aﬁzaaﬁjﬁ Hn — C% o ZQE;W 5 4 O(Mn)) y? (31)

2 2 20 .3 2 53

+ <3a -;%[25—&-[3 _ é(%ﬂn +0(Mn)) _ éﬁa 8 3(3;&-;?0([3 +5 _|_0(1)) 52

for other ¢y, c2,c3 > 0 such that the previous coefficients are positive for n suffi-
ciently large and of order O(u2), O(u,) and O(1), respectively. For this to be true,
we will need to choose ¢2 = ca(py,). It suffices to choose ¢; > 0, independent of

n and such that ¢ > ;’(Z%‘;igz), co = Ca\/fln, With ¢ > 0, independent of n
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% <&’ < g, and c3 > 0, independent of n and such that

6a28—30°+2042 4 8° <3a2+aﬁ+ﬂ2 _ i)il
4ap? 2p 2 ’
For the upper inequality, from (26) and using the right hand side inequality of
(27) one gets

and such that

c§>

2 g2
(2, 2) Gus (0,9, 2)7 < (12 + 200 4 2, + 0(4i2) ) 22

2 2 2, 52 25 o .3 2, 33
+ (R, + é?’“@a‘%;ﬂ i + g SOL=S SR0B AP +o(un)) ¥ (32)

2 2 2 3 2 3
(BB 4 (S + 0ln)) + p CLICAZOND 4 o(1)) 22

2
€6

for other cg4,c5(pn),c6 > 0 such that the previous coefficients are positive for n
sufficiently large and of the right order. In this case this is achieved simply taking
cg=cg=1and c5 = \/ly.

So, as in the case of G,, 1, with the previous choice of the new constants ¢;, (28)
also holds for (31) and (32). Hence, there exist mg, M3 > 0 such that

< My (p22® + poy® + 2°)

n,3 —

ma (pna® + pny” + 2%) < (2,9, 2)[1E
if n is sufficiently large, which proves the present lemma also for G,, 3. O

Remark 7. To prove that the three subspaces F¢, i and Fi defined in Remark
2 are mutually transversal, with nonzero angles, is equivalent to say that if we
define a new scalar product in the space Fi + F4 + Fi that coincides with the
scalar product of H; in each of the ]-'; but makes each of the three to be mutually
orthogonal, this new scalar product will define a new norm in F7 + 74 + F4 that will
be equivalent to the natural norm of H;. And this is deduced from what is stated
in the previous Lemma 3.1, where it is crucial that the constants m and M can be
chosen independently of n.

Let us now prove Theorem 1.1.

Proof of Theorem 1.1. When p,, # mi, me, then in each of the A-invariant three-
dimensional subspaces F,, defined in the beginning of this Section there are three
different eigenvalues of A and one can consider the scalar product given by the
real symmetric matrices G, ; defined in (21). We can then extend the definition of
the scalar product to the whole of H; = @, E,, by a block-diagonal procedure,
Gi = diag(Gl, GQ, NN )

With the scalar product so defined, the subspaces F, are orthogonal to each
other, so the whole set of eigenfunctions

Fi= (O wl ot n=1,2...} (33)

becomes orthonormal. The operator A diagonalizes in this basis, its adjoint A* is
given by just its conjugate matrix, and so A and A* commute and A is a normal
operator.

To see that this new scalar product gives a norm that is equivalent to the old
natural norm, we use the Lemma 3.1 above in E, 41 @ Ep 42 @ ... for ng large
enough and use in E1 @ Eq@. .. £, that in finite dimensions all norms are equivalent.

To finish the reasoning we have still to prove that the family F? of eigenfunctions
is complete in each H;. Suppose that U’ = (u/, v, w’) € H; is a nonzero vector that
is orthogonal to the whole family F*?, and we will arrive to a contradiction. If U’
is nonzero, then at least one of its three components will be a nonzero element of
H. Because of that, it will have at least a nonzero component in the basis {¢,},
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suppose for n = n/, so it will have a nonzero projection in E,, namely U, . Since
the projection U’ — U, is orthogonal in all of the cases i = 1,2,3 and 4, we see

that (U’, \I/?/’i>(;i = Uy, \Il?l’i>gi, and this cannot be zero for all j = 1,2,3 if U,/
is nonzero.

To prove the last part of the Theorem let us suppose p,, = m; < ma (the cases
my < Mg = [in, OF [y, = M3 = My are similar). In this case the characteristic
equation (10) has one double real root A\5* = AZ* and a different simple real root A7*.
The restriction of A, as it appears in (4), to the invariant subspace F,, expressed

in the basis {(¢n,,0,0), (0, ¢n,,0), (0,0, ¢, )} will have the form

0 1 0

0 0 1
_Hng Beey 1

[e3 « «@

It is easy to see that this matrix has A\J* as an eigenvalue of geometric multiplicity
one but algebraic multiplicity two. This is a property that will hold independently
of the scalar product considered. And it is well known that this is impossible for
normal operators, that have the property that geometric and algebraic multiplicities
of eigenvalues always coincide. O

Let us now proceed with the proof of Theorem 1.2.

Proof of Theorem 1.2. The proof of this theorem is the same in all the spaces given
in (7). Hence, our notation will no distinguish among them and we will not include
the superindex 4, which distinguishes among the spaces.

i) For the parameter values that make A a normal operator in the suitable new
scalar product GG given in Theorem 1.1, it has been shown that there exists
an orthonormal and complete set of eigenfunctions {\II?}, with AUT = \2U7,

j=1,2,3,n=1,... 00 IfU0) =3, d'W? then Ut) =3,  dre or

n,j %j
and, because of the orthonormality of the eigenfunctions,

(U = 37 1d7 22RO < 37 |drf2e2mmast (¢ > 0).
n,j n,j

ii) We have seen in Proposition 3 that 0,4, is either Re(A\) or —1/3. In the
first case, the solution U(t) = erat Ul itself has the optimal decay rate. In
the second case, if o4 = —1/8, the sequence A} tends to —1/5 from the
left (see Proposition 2, parts 2(a) and 2(c)) and the corresponding solutions
U, (t) = e’M*W? have decay rates A7, which can be taken as close as we want
to —1/p.

iii) The idea of the proof of this part is that when there are non-semisimple eigen-
values they cannot be dominant. To proceed in this way, among the sequence
0< pr <po <oy < -+ — 00 of eigenvalues of L we distinguish the finite
set S of those that coincide either with m; or ms defined in (8) (see Propo-
sition 2), parts 1(b) and 1(c)) and accordingly decompose H = Hy @& H; and

L . .
L= OO I ) in such a way that o(Lo) = o(L)\ S and o(L1) = S (H; is
1
finite dimensional). We make the same corresponding decomposition in each
. . A
of the spaces given in (7), H; = HY ® H}, and the operator A = 00 /(1) )
1
Observe that Ag is in the situation described in the first part of Theorem 1.1
and A; is a finite dimensional operator, with all its eigenvalues being real, and
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some of them being multiple. Hence, according to Theorem 1.1, we can define
a new scalar product (-,-)g, in HY in which we can obtain the optimal decay
inequality of part i) above

||eA°t||GO < eomaz(A0)t for ¢ > (.

On the other hand, as H} is finite-dimensional and according to a well-know
result of Linear Algebra, for each ¢ > 0 we can define a new scalar product
(-,)G,.. in H} such that

||6A1t||G175 < elomas(A)+e)t £ 4 > ),

As it is deduced from Proposition 2 part 2(a), omaez(A1) < —1/5. So, we can
choose € > 0 such that 0,,4:(A1) + € < —1/8 < 0max(Ao). Finally, we define
the scalar product G in H; as the orthogonal extension of Gy and Gy. It
is equivalent to the natural scalar product of each H; because it is so when
restricted to each of HY and H}. And the optimal decay rate result follows in
the G norm because the dominant part of the spectrum is in o(Ag) and the
optimality is true for Gy because of part ii) above.

O
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