WELLPOSEDNESS AND DECAY RATES FOR THE CAUCHY PROBLEM
OF THE MOORE-GIBSON-THOMPSON EQUATION ARISING IN HIGH
INTENSITY ULTRASOUND

M. PELLICER! AND B. SAID-HOUARI?

ABSTRACT. In this paper, we study the Moore-Gibson-Thompson equation in R”Y, which
is a third order in time equation that arises in viscous thermally relaxing fluids and also in
viscoelastic materials (then under the name of standard linear viscoelastic model). First, we
use some Lyapunov functionals in the Fourier space to show that, under certain assumptions
on some parameters in the equation, an energy norm related with the solution decays with
a rate (14 t)*N/4. But this does not give the decay rate of the solution itself. Hence, in the
second part of the paper, we show an explicit representation of the solution in the frequency
domain by analyzing the eigenvalues of the Fourier image of the solution and writing the
solution accordingly. We use this eigenvalues expansion method to give the decay rate of the
solution (and its derivatives), which (for the solution) results in (1 4 ¢)'=N/4 for N = 1,2
and (1 +¢)Y/2=N/4 when N > 3.

Keywords: Moore-Gibson-Thompson equation, decay rate, Fourier transform, energy
method, eigenvalues expansion method.

1. INTRODUCTION, DERIVATION OF THE MODEL AND WELL-POSEDNESS.
Acoustic is an active field of research which is concerned with the generation and space-
time evolution of small mechanical perturbations in fluid (sound waves) or in solid (elastic
waves). One of the important equations in nonlinear acoustics is the Kuznetsov equation:

0 (1B
2 2 2
(1.1) Uy — ¢“Au — bAuy, = 5 (02 2A(ut) + |Vu| ) :

where u represents the acoustic velocity potential, and b, ¢, and B/A are the diffusivity and
speed of sound, and the nonlinearity parameter, respectively. The derivation of equation
(1.1) can be obtained from the general equations of fluid mechanics but we include a brief
summary of its derivation, that can be found with more details in [12], [22] or [4] and the
references therein, for instance. It is based on the relations coming from the conservation of
mass, conservation of momentum and entropy balance in the model of thermo-viscous flow
in a compressible fluid:

e the equation of conservation of mass (continuity equation):

(1.2) o+ V- (ov) =0,
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e the equation of conservation of momentum (Newton’s second law):
(1.3) o(ve+ (v-V)v) =V T,

e the equation of conservation of energy (first law of thermodynamics):

(1.4) o0(n+ (v-V)n)=-V-q+T:D.

In the previous equations we are considering v, p and 7 as the velocity, pressure and specific
entropy of the acoustic particle, and ¢ and ¢ as mass density and the heat flux vector,
respectively. Also, D is the deformation or strain tensor given by

1
D= §(VU + (Vo)h)
and T is the Cauchy-Poisson stress tensor given by
T=(—p+ XV -0)I+2ub,

where I is the identity matrix, p is the shear viscosity (the first coefficient of viscosity) and
A=(— % i, where ( is the second coefficient of viscosity (the bulk viscosity). The components
of T : D are T;;D;;, where Tj;, D;; are the components of T and D, respectively.

It can be seen (see the above references for the details) that equations (1.3) and (1.4) can
be rewritten as

(1.5) o(ve + (v-V)v) = =Vp+ puAv+ (¢ + p/3)V(V - v)
and
(1.6) o0+ (v V) = 2D : D+ A(V - 0)2 =V - g,
respectively.

The previous equations, together with (1.2) and the following equations of state
(1.7) p=ple,n),  0=0(en)

are the Navier Stokes equations.

First, we assume that the deviation of g, p, n and 0 from their equilibrium values gq, po, 1o
and 6y is small. By taking the Taylor series expansion of (1.7) around values at rest gy and
1o and ignoring the higher order terms, we get

p(o,m) = p(o, M)+ (%Z(@oﬁo)) (Q—Qo)‘ir% (%(QOWO)) (0—00)*+ (%i(@oﬂo)) (n—mno)-

We put
op 0%p y—1 0Op
po = p(00: M), QoaQ(Qo,ﬁo) Qo€ QoaQQ(QO, M); Qo » 877(@0, ),

where Vpy = 0, x is the coefficient of volume expansion and v = ¢, /¢, is the ratio of specific
heat, as ¢, and ¢, are the specific heat capacities at constant pressure and constant volume.
Then, the pressure p is given by

2
o—0 B [0o— 00 7—1
1.8 — 2 = _
(1.8) p(o;n) P0+QOC[ o +2A( o > T (n no)],
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By assuming that the flow is rotation free, that is V x v = 0, and introducing the acoustic

velocity potential v = —Vu, then it has been shown in [14] and [4], that equation (1.1), can
be derived from the above set of equations by assuming the Fourier law of heat conduction
(1.9) q=—KVo,

where K is the thermal conductivity and @ is the absolute temperature. It is known that
by modeling heat conduction with the Fourier law (1.9), which assumes the flux ¢ to be
proportional to the gradient of the temperature VO at the same time ¢, leads to the paradox
of infinite heat propagation speed (that is, any thermal disturbance at a single point has
an instantaneous effect everywhere in the medium) and also fails when ¢ increases or V6
decreases (see [10]). To overcome this drawback, a number of modifications of the basic
assumption on the relation between the heat flux and the temperature have been made, such
as the Maxwell-Cattaneo law, the Gurtin—Pipkin theory, the Jeffreys law, the Green—Naghdi
theory and others. The common feature of these theories is that all permit transmission
of heat flow as thermal waves at finite speed. See [2, 11] for more details. One of these
laws is the Maxwell-Cattaneo law, that assumes the following relation between heat flux and
temperature:

(1.10) T +q=—KV6,

where 7 is the relaxation time of the heat flux (usually small). By considering (1.10), instead
of (1.9) and combining it with the equations of fluid mechanics, we get, instead of (1.1), the
Jordan-Moore—Gibson—-Thompson equation (see [10])

0 (1B
(1.11) Ty + Uy — AU — bAu, = 5 (——(ut)2 + |Vu]2) :
where b = § + 7¢2, with § being the diffusivity of sound.
In this paper we consider the linearized version of equation (1.11), known as the Moore—
Gibson—-Thompson equation in the acoustics theory:

(112) TUgr + U — C2Au — bAut =0.

This linear equation is an active field of research. It also arises in viscous thermally relaxing
fluids and has applications in medical and industrial use of high intensity ultrasound such
as lithotripsy, thermotherapy or ultrasound cleaning (see [16]). But it also appears in vis-
coelasticity theory under the name of standard linear model of vicoelasticity (sometimes also
called Kelvin or Zener model) to explain the behaviour of certain viscoelastic materials (that
is, that exhibit both a viscous fluid and an elastic solid response) such as, for instance, fluids
with complex microestructure (see [15]). In this context, u represents the linear deforma-
tions of a viscoelastic solid with an approach that is considered to be more realistic than the
usual Kelvin-Voigt model. Actually, this model seems to be the simplest one that reflects
both creeping and stress relaxation effects in viscoelastic materials (see [6] or [21] for more
details).

The derivation of equation (1.12) in R in the context of viscoelasticity theory can be
obtained in the following way. Let us recall that in viscoelasticity theory, springs and dashpots
represent the elastic and viscous components of the materials, respectively. According to [7],
[1] or [6], among others, in the one dimensional case this equation represents a linear spring
connected in series with a Kelvin-Voigt system, that is, another linear spring connected in
parallel with a dashpot. This is a common way of approaching viscoelastic systems using a
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rheological point of view. Using this formulation (see again [7], [1] or [6] for more details), it
is easy to see that such a system is governed by the following relation

(1.13) o+ 70" = E(e+ Be),

where o is the stress and e is the strain. According to [6], 7 is the stress relaxation time under
constant strain, S is the strain relaxation time under constant stress and E is the relaxed
elastic modulus. In any case, all of them are parameters involving the elastic and viscous
constants of the material. More concretely, if 1 stands for the dashpot viscosity coefficient,
and Fy, Fs represent the Young modulus of the first and second elastic springs respectively,
one has that
_ n _ EiEy 8= n

B+ By’ B+ By’ By
However, there are a few references in which the standard linear model is described as a linear
spring connected in parallel with a Maxwell model, that is, a spring and a dashpot connected
in series (see for instance [18], where this model is also called the 3-parameter model). In
this case, the relation between the stress and strain of the system is also (1.13), but the
parameters are

(1.14) T

n n
1.15 = E=F = ,
(1.15) ! Ey’ b & E, * E,
In both descriptions of the standard viscoelastic model, as relation (1.13) is the same, the

corresponding equation would be
TUttt + Ut — ;(Um + Btee) = 0,

where p represents the longitudinal density of the material. This equation is obtained thinking
our material as a sequence of increasingly series-coupled systems of (1.13) type, that is, a
continuous model with (1.13) as single component (see Chapter 6 of [5] or Section 2 of [19]
for a similar deduction on different models).

In [7], [1] or [20] it is assumed that 0 < 7 < [ (dissipative system), with 7, 5 being small
constants. Observe that in both descriptions of the parameters (1.14) and (1.15) this is a
natural assumption: in (1.14) it is fulfilled unless = 0 (no dashpot), E; = 0 (only the
Kelvin-Voigt sytem) or Ey = oo (infinitely rigid second spring) ,while in (1.14) it is fulfilled
unless 7 = 0 (no dashpot) or E; = oo (infinitely rigid first spring). In all these particular
cases, we would obtain the conservative case 7 = 5. The case 7 > [ is treated in [3], where
the authors show the chaotic behaviour of the corresponding solution.

The initial boundary value problem associated to (1.12) has been studied recently by many
authors in bounded domains. In [12] (see also [13]), the authors considered the linearized
equation

(116) TUgt + Qg + C2AU + bAut =0

where A is a positive self-adjoint operator, and showed that by neglecting diffusivity of the
sound coefficient (b = 0) there arises a lack of existence of a semigroup associated with the
linear dynamics. On the other hand, they showed that when the diffusivity of the sound is
strictly positive (b > 0), the linear dynamics are described by a strongly continuous semigroup,
which is exponentially stable provided that v = a — 7¢?/b > 0, while if v = 0 the energy is
conserved (the same type of results are obtained in [1] or [7] using energy methods, or in [17]
using the analysis of the spectrum of the operator). The exponential decay rate results in [17]
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are completed in [20], where the obtention of an explicit scalar product where the operator
is normal allows the authors to obtain the optimal exponential decay rate of the solutions.
Finally, in [3], the authors show the caotic behaviour of the system when v > 0, as we have
mentioned above.

Observe that in this third order in time equation, the strong damping term b.Au; is respon-
sible for the well-posedness of the problem, while in the wave equation with strong damping
(1 = 0) the strong damping term is responsible for the analiticity of the semigroup.

We also mention the recent paper [15] where the authors consider (1.16) with a memory
damping term and show an exponential decay of the energy provided that the kernel is
exponentially decaying. This result is generalized in [16], where it is shown that the memory
kernel decay determines the solution decay.

To the best of our knowledge, these equations have not been studied yet in an unbounded
domain. So, the goal of this paper is to show the well-posedness and investigate the decay
rate of the solutions of the Moore-Gibson—Thompson equation in an unbounded domain.
Namely, we consider the equation

(1.17) Tupt + U — CAu— BAu, =0 inRY, >0,
with the following initial data
(1.18) u(z,0) =wug(z), u(x,0)=u(x), uy(z,0)=us(z).

In order to state and prove our results, let us first and without loss of generality, take ¢ = 1.
In addition, we assume that 0 < 7 < 3, which corresponds to the dissipative case.

We first observe the well-posedness of (1.17) with initial data in H*(RY), s > 1. This can
be seen using the result of [12] (also [17]) after applying the following change of variables to
the equation (1.17):

u=¢e "y
with v > 0. After this change of variables we obtain the equation
(1.19) TUw + Yo — 1AV — Y Av + 30+, =0 in RY, ¢>0,
with
=137, 11 =c(1=B7), =B, =2 (1—-7), 1u=—72-3).

Observe that +; > 0 for ¢ = 1,2, 3 if v is small enough. After rearranging terms, equation
(1.19) can be written as

(1.20) TUwt + YoUs — M1 <Av — Ev) — Y2 <Av — Ev) + (74 — M) v, = 0.
! gi! 2!
Observe that, if v is small enough, A = — (A By d) is a positive and self-adjoint operator
2!
: 1N Y273
in H'(RY) and 7,7 > 0. Observe also that (7 — —) vy can be seen as a bounded
2!

perturbation term. So, the hypotheses of [12] are satisfied and, hence, (1.17) is a well-posed
problem in H'(RY) (and, by linearity, in H*(R") for s > 1).

The two main results we obtain for the decay rate of this equation can be seen in Theorems
2.6 and 4.1 (and 4.2) below. First, in Section 2 and using the energy method in the Fourier
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space, we show that, if 7 < 3, the energy norm of V and of its higher-order derivatives &2V,
with V' = (1w + uy, Op(Tuy + 1), 0puy), decay as

(1.21) 02V (#)llz2 < O+ )2 Vo | + e |02 Vol 22,

for a certain ¢ > 0 (see Theorem 2.6). The decay rate in (1.21) is a direct consequence of the
estimate of the Fourier image V' (z,1):

¥ 2 —cp(&)t|Y, 2 _ |§|2

V(& 1)]" < Ce VO, p&) =17 GE

which we derive using the Lyapunov functional method (see Proposition 2.1). This method
is a very powerful tool in proving the decay rate of the energy norm (see [8, 9]). But,
unfortunately, it is obvious that the estimate (1.21) does not give us any information about
the decay of the solution u(x,t) itself. It only gives us the decay rate of the energy norm which
eventually follows the decay rate of the slowest component of the vector V. So, to overcome
this limitation of the Lyapunov functional method, we use the eigenvalues expansion method,
which is based essentially on the behavior of the eigenvalues of the equation in the Fourier
space. In Section 3 we give a complete description of the solutions of the characteristic
equation of the corresponding operator and use it to divide the frequency domain into three
main parts (low frequency, middle frequency and high frequency regions) and estimate the
Fourier image of the solution in each region. In Section 4 and using this method, we are
able to prove our second main result, which is the following decay rate of the solution of

(1.17)-(1.18) when 0 < 7 < 3 with initial data in L*(RY)N H*(RY), s > 1 (see Theorem 4.1):

1.22) +C(|0uo]| 12 + @ || 2 + ||ug || 2)e

[02u ®)] . < Clluollz + llullz + [luzllz) (1 +8)t =472

(
(for certain ¢,C' > 0 and 0 < j < s) and even better estimates if N + j > 3 (see Theorem
4.2):

|26 (@B, < Cllluollpr + lluallpr + fJug]| ) (14 )N =2/
(123) +C(||8£U0||L2 + H@iulﬂLz + ||8£U2||L2>6_Ct.

For initial data in the weighted space LV1(RY) N H*(RY), s > 1, the above estimates will be
improved (see Theorem 4.4 for more details).

To summarize, the remaining part of this paper is organized as follows. In Section 2 we use
the energy method in the Fourier space to build an appropriate Lyapunov functional, that is
used to derive the decay rate of the energy norm explained above. Section 3 is devoted to
the eigenvalues expansion method, that is used in Section 4 to derive the decay rate of the
solution and its spacial derivatives.

2. ENERGY METHOD IN THE FOURIER SPACE

In this section, we apply the energy method in the Fourier space to show the decay rate
of the energy-norm of V' = (Tuy + w, Ox(Tuy + u), 0puy), where u(x,t) is the solution of
(1.17)-(1.18).
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First, we can write the problem in the Fourier space taking the Fourier transform of equation
(1.17) and the initial data (1.18). We then obtain the following ODE initial value problem:

(2.1) Tl + Ty + €0+ BE[Pd = 0
and
(2.2) W(§0) =uo (&), w(&0)=1a(€), (& 0)=1ay(E)
with ¢ € RY. Introducing the new variables
U= Uy and W = Uy,

the previous ODE can be rewritten as the following first order system

>
I
>

t

S>

t = W,

N (4 i[9

L 2 g —

T T

(2.3)

1
U — —.
T
We can write the previous system in a matrix form as
with the initial data
Uo(§) = U(¢,0),
where U(€,t) = (a(¢,1), (¢, 1), @(€,1))" and

01 O 0 0 0
(2.5) o) =LrlePa=| OO L e O %0
00 —= — 20

T T T

Now we define the vector V' = (Tuy + ug, Op(Tuy + u), 0zuy). Thus, the pointwise estimate
of the Fourier image of V' reads as follows.

Proposition 2.1. Let 4 be the solution of (2.1)-(2.2). Assume that T < 3. Then, the Fourier
image of the above vector V' satisfies the estimate

(2.6) V(& D < Cem @V (g, 0),
for all t > 0 and certain ¢,C > 0, where

€17
2.7 = —

The proof of Proposition 2.1 will be given through some lemmas, where a certain Lyapunov
functional is obtained and used. First, we may rewrite system (2.3) as

>
I
>

t

>
I
S5

(2.8)

t

Y
iy = —[¢[*0 — B[P0 — .
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Lemma 2.2. The energy functional associated to system (2.8) is

29) B(E.t) = 4 {[0-+ 7o + (8 — IEPIof + €l + ol

and satisfies, for all t > 0, the identity

(2.10) ©B(E.1) = ~(5 ~ Dlellol

Proof. Summing up the second and the third equation in (2.8) we get

(2.11) (0 + Tw0); = —|&*a — BIE[*o.

Multiplying (2.11) by © + 7w and taking the real parts, we obtain,

(212) %ot raf = —rlel* Re(ih) — BrIe]’ Re(o) — [€]* Re(id) — BlePlol”

Next, multiplying the second equation in (2.8) by 7(8 — 7)o and taking the real part, we get
(2.13) S7(8 — 7)ol = 7(5 — 7) Re(utf).

Now, multiplying the second equation in (2.8) by 7 and adding the result to the first equation,
we obtain

(2.14) (4 +70), = T+ 0.
Multiplying (2.14) by @ 4 70 and taking the real parts, we get
1d = - =
(2.15) 5%\12 + 70* = 7 Re(wa) 4+ 7% Re(w0) + Re(va) + 7|0
Now, computing [£]?(2.15) + |£[*(2.13) + (2.12), we obtain (2.10), which finishes the proof of
Lemma 2.2. 0

Now, we define the functional Fi(,t) as
(2.16) Fi(¢,t)=Re{(a+70)(0+7w)}.
Then, we have the following lemma.

Lemma 2.3. For any ¢y > 0, we have

d
(2.17) ZFUED) + (1= e)l€Pli+7o* < [0 + 7] + Cleo) P[0

Proof. Multiplying equation (2.11) by 470 and equation (2.14) by 947 we get, respectively,
(0 + Tw)(a+70) = (=[¢[*a— BIE[D)(a+ T0)
(—le*a — BIEP*0 — l€*0 + |€*0) (@ + T0)
and
(4 + 70)¢ (0 + 70) = (T + 0) (D + 7).
Summing up the above two equations and taking the real part, we obtain

SRE 1) + |ePla+ 7o — [0+ Tf? = € (r — B) Re(o(i + ).

Applying Young’s inequality for any €y > 0, we obtain (2.17). This ends the proof of Lemma
2.3. OJ
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Next, we define the functional F5(&,t) as

(2.18) Fy(€,t) = —7 Re(d(0 + T10)).
Lemma 2.4. For any €1,e5 > 0, we have

d . . . o
(2.19) EFQ(&,t) + (1 —e)|o+ 70]* < Cler, &)1+ |€)|0]* + ea|€?|a + T0]2.

Proof. Multiplying the second equation in (2.8) by —7(9+7@) and (2.11) by —79, we obtain,
respectively,
—70:(0 + T) = —TW(0 + TW)
and
—7(0+T0) 0 = (7|€]*0+ BT|E|*D)D
=:(ﬂﬂ%+7mﬁ%+ﬁmﬁ%wﬂa%+@way—@+7w)

=X

Summing up the above two equations and taking the real parts, we obtain

%Fz(g, )+ o+ 70> = 7(8—1)ELI0]* = 7P Re { (2 + 70)0} + Re { (0 + T0)0} .

Applying Young’s inequality, we obtain the estimate (2.19) for any €;, €, > 0. O
Proof of Proposition 2.1. We define the Lyapunov functional L(,t) as

ﬁF1(£7 t) + ’71ﬁFQ(£7 t)u
14 [¢]? 14 [¢?
where vy and ~; are positive numbers that will be fixed later on.
Taking the derivative of (2.20) with respect to ¢ and making use of (2.10), (2.17) and (2.19),

we obtain

(2.20) L(&,t) = B (& ) +

d g

%L(gat) + <’Yl(1 —€) — 1) 1 —’i- ||£‘2 |0+ Tw‘z
2

(0= @) = mee) (el + 7o)

(2.21) +(90(8 =) = ) = uCler ) ) I ol < 0

where we used the fact that [£|?/(1+]£]?) < 1. In the above estimate, we can fix our constants
in such a way that the previous coefficients are positive. This can be achieved as follows: we
pick €y and €; small enough such that ¢y < 1 and €; < 1. After that, we take v, large enough

such that .

1—61.

M1 >

Once v, and ¢, are fixed, we select €5 small enough such that
1 —
€r < il .
24!
Finally, and recalling that 7 < 3, we may choose vy large enough such that
N C(e0) + 11C (€1, €2)

8—T
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Consequently, we deduce that there exists a positive constant -, such that for all ¢ > 0,

€ E(£,t) <0
et =0

On the other hand, it is not difficult to see that from (2.20), (2.9), (2.16) and (2.18) and
for 79, large enough, that there exists two positive constants 73 and 74 such that

(2.23) B 1) < L&) < mBE(E ).

Combining (2.22) and (2.23), we deduce that there exists a positive constant -5 such that for
allt >0,

d
(2.22) aL(ﬁ,t) +7

€17

d
(2-24) EL@J) +%T|§|2

L(¢,t) <0.

A simple application of Gronwall’s lemma, leads to the estimate (2.6), as L and the norm of
V' are equivalent. O]

In order to prove our first main result, we also need the first inequality of the following
lemma. The rest of it will be used to prove the decay results in the other sections.

Lemma 2.5. For allt > 0 and for all j > 0,c > 0, the following estimates hold:

(2.25) /§|§1 e dePtge < C(14+4)" N2 for N >1.
Also,
(2.26) A|<1 |§]je_c|§|2t |cos(t[E)|* de < C(1 + t)~N/273/2, for N >1.
Moreover, _
(2.27) / ekt %‘de SC(L+t) PR for  N>1
1€1<1
and
(2.28) / | eclelt Mrdg < Ct~IN=2/2-3/2, if 4+ N>3.
RN

€]

Proof. First, to prove inequality (2.25) we will first prove that for given ¢ > 0 and k& > 0, we
have

1
(229) / ,,,,k:e—CTQtd,r, S C(l + t)_(k+1)/2’
0

for all ¢ > 0, where C' is a positive constant independent of ¢. To see this, observe first that
for 0 <t < 1, the estimate (2.29) is obvious. On the other hand, for ¢ > 1, we have

(2.30) (1+1t) <2t
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Now, by using (2.30) and the change of variables z = cr?t,
1 1
2—(k+1)/2c(k+1)/2(1 + t)(k:—l—l)/Z/ T,Ice—.er?tdr < C(k+1)/2t(k+1)/2/ Tke—cr2tdr
0 0

1
= / (cr2t)k/2e’”2t(ct)l/2d7’
0

1 ct
= 5/ (z)k/ze_zz_1/2dz
0

1 [e.e]
- / Z(k+1)/2—16—zdz
2 Jo

1 k+1
S Nl (A
5 ( 9 ) < 00,
where I' is the gamma function. This yields (2.29). Applying the change of variables r = [¢|
and d¢ = |€|N"1dr to the left hand side of (2.25) and using (2.29), (2.25) is immediately
obtained.
Second, the estimate (2.26) is straightforward: we may just use the fact that | cos(¢[¢])| < 1

and apply (2.25).
Third, to show (2.28) we first see that

| sin(Z|g])] < t¢]

IN

for all |¢] > 0. Using this, we have

/ € eclelt sin([¢]) ‘2(15
el<1 §

IN

[ tepeiag

|€]<1

< (141 / e
|€]<1

< C(A+1)?- (1 4t) N2
= C(1+)> N2

where we have used (2.25). This inequality holds true for all N > 1, in particular for N = 1, 2.
But now, for N > 3, we can improve the above estimate and get (2.28). Indeed, by taking
the change of variable r = [£| and d¢ = |€]V " dr, we write

. 2 oo
/ |€|j6—c|§\2t Sln(t’ﬂ) ’ dé- _ / Tj—i—N—le—crzt
RN 3 0

Now, we put the new change of variable w = v/tr and then we get

> 2
/ T]+N—1€—C7” t
0

sin(tr)|?
r

dr.

sin(tr) |*

r

ir = [T e fini| @tV
= (\/{)—(j+N—2) /OoijrN_ge_cwz

0

sin(\/z_ff,u)‘2 dw

o0

_itN-2 UN-3 —ew?

< {772 / WNBemw" qu.
0
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Now, for j4+ N —3 > 0 (which holds for all j > 0and N > 3 or forall j+ N >3 and N > 1),

we have ,
J+N—-2

/OO wj+N—3e—cz2dZ — r (T) ]
0

JEN—2
2c 2

Consequently, we have from above that

/ |¢|Feclel*t
RN

J+N-2

with C' = %c’ = I (#), which is exactly (2.28). O
We can now proceed to give and prove our first main result, which reads as follows.

Theorem 2.6. Let u be the solution of (2.1)-(2.2). Assume that 0 < 7 < 3. Let V =
(Tugs + ug, Op(Tus + ), Opuy) and assume that Vo € LY(RN) N HS(RY), s > 1. Then, for all
0 <y <s, we have

(2.31) 182V () 2y < C(L+6) M 92|Vl gy + e[| Vo | 2y -

. 2
SN g < oz N4>
e |57 | !

Proof. First, observe that the Fourier image of V' satisfies the decay estimate of Proposition
2.1. Now, to show (2.31), we have from (2.7) that

g, i€l <1,
2.32 >
232 p(ﬁ)_{C’ et
Applying the Plancherel theorem and using the estimate in (2.6), we obtain

o ol = [ PV o pa
RN
< €[ e (€0 P
RN
= C /IE P ey o) g+ © / €[ e OV (€,0) [Pdg

1€1>1
(2.33) = L + .
Exploiting (2.32), we infer that

(2.34) I < Va2~ / €% e8Pt e < O (14 1)V |12, |

l€1<1
where we have used the inequality (2.25). In the high-frequency region (|¢| > 1), we have

I <e /|€ 760 Pae < o1

Collecting the above two estimates, we obtain (2.31). This finishes the proof of Theorem
2.6. O]

Remark 2.7. The estimate (2.31) does not give the decay rate of the solution u. In fact, it
gives the decay rates of the norms ||Tuy + w||r2, ||0:(Tus + u)||z2 and ||0yu||z2 (and also of
the corresponding derivatives). These three norms are expected to decay with different rates.
In order to know the decay rate of the solution and all its spatial derivatives, we need to
use the explicit form of the solution and the eigenvalues expansion. This will be done in the
following section.
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3. EIGENVALUES EXPANSION

In this section, we use the eigenvalues expansion and the explicit form of the Fourier image
of the solution in order to find the decay rates of the solution and its spacial derivatives.
The characteritic equation associated to (2.4) is

(3.1) det(L + |€JPA — M) = 72% + 2\ + BIEPA + €2 = 0.

The solutions A;, i = 1,2, 3 of the previous equation are the eigenvalues of ®(£). We will
use either \;(§) or A\;(|¢]) to denote them (depending on which of both notations is more
convenient and when no confusion is possible) during the text below.

The following proposition on the description of these eigenvalues is an adaptation of some
of the results of Proposition 4 of [20] (some part also in [17]), that we summarize and adapt
here for a better comprehension and to be used later in the present work.

Proposition 3.1 (Description of the eigenvalues, [20] and [17]). For each & € RN there exist
three corresponding eigenvalues of ®(§), that we name X\;(|€|), j = 1,2,3, the three solutions
of the corresponding characteristic equation (3.1).

We define the following numbers my, ms, which are the zeroes of the Cardano discriminant
associated to the characteristic equation (3.1):

(3.2) my = T—_Ol A my = T—_Cl + V0
. 1 8ﬁ3 ) 2 8/63
with

2 3
(3.3) C, =27 18 <§) — (é) : Cy=C? — 64 (é> :
T T T

Under the dissipativeness condition 0 < T < [3, the eigenvalues of ®(&) satisfy the following:
1. a) M ([€]) = =% and A\23(€]) = 0 when €] = 0.

T

b) If 5 < 7 <1 Ai([€]) € R and A2([€]) = As([€]) € C\R for all values of [£] > 0.
c) If 0 < 5 < 5. the type of eigenvalue depends on the value of €| (see Figure 1). More
concretely:

(1) As(lE]) € R and M([€]) = Ao([€]) € CAR for 0 < |¢] < /m1.

(11) M23(|€]) € R for /mi < [£| < \/ma. Moreover, in the case that || = \/my or
€| = \/ma, two of these real roots are equal.

(iii) M(I€]) € R and 2(€) = %(€) € C\R for |¢] > /s,

d) ]f% = %, we have my = my and

(i) Ms(J€l) € R and M(J€]) = %a0IE]) € C\R for 0 < |e] < v/
(11) Ma2s(|€]) = —% eR  for |§] = /mi=/mq (triple root case).

(iii) M(]) € R and A (€]) = As([€]) € CAR for [¢] > /ma.
2. a) If X([€]), |&] # 0, is a real eigenvalue of (), then

(3.4) 2 <A < —%.
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If X(|&|) is nonreal, then

(3.5) - % (% _ %) < Re(AM(€])) < 0.

b) If [&] < [&a] and such that As(|€1]), Ax(l€2]) € T\ R, then Re(Aa([61])) > Re(Aa([&2]))-

FIGURE 1. Plot of A([{]) when 0 < 3 < 5 (case (1c) of Proposition 3.1).
Top: the three sequences of solutions of the characteristic equation. Bottom
(from left to right): separated plot of each of these sequences A;(|¢]), A2(|¢])
and A3(|€]). The large dot and diamond correspond to the double eigenvalues
A(ym2) = Aa(y/m2) and Aq(y/m1) = As3(y/mq) respectively. The dashed ar-

rows represent how each family of solutions is increasing as a function of |].

The dashed vertical line is Re(\) = —3 (% — %), which is the limit of the non-

real sequences as |£| — oo, and the cross represents the point (—%, 0), which is
the limit of the real one as |£| — oo (see [20] and [17] for more details).

Remark 3.2. Observe that with the previous labelling of the eigenvalues in part 1 of Propo-
sition 3.1, each X\;(|€]), i = 1,2, 3, is a continuous function in {. However, during the rest of
the paper and for simplicity in the notation we may call \; the real eigenvalue and Ay 3 the
complex conjugate ones for all £ in some proofs (it will be mentioned when this is done).
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In the description of the eigenvalues, we also need to prove the following lemma.

Lemma 3.3. The characteristic equation associated to (2.1) has no pure imaginary solution
if 0 <71 < B (dissipative case).

Proof. We consider (3.1), the characteristic equation associated to (2.1). Assume that there
exists an eigenvalue \o(|£]) = icv as a solution of (3.1) with o« € R. Plugging \q into (3.1)
and splitting the real and imaginary parts, we obtain

—7a® + Bl€Pa=0  and I€]> —a® = 0.

From the first equation, we have two possibilites: o = 0 or o = i\/%{]. In the first case

and using now the second equation, the only possibility is that o = || = 0, which actually
means that Ay = 0 is a (double) real eigenvalue when [£] = 0. The second one would be
fulfilled only if |{| = 0 or if 8 = 7. If [{| = 0, we would again obtain \g = 0 as a (double)
real eigenvalue. The case = 7 will not be considered since we assumed that 0 < 7 < (.
Hence, the characteristic equation associated to (2.1) has no pure imaginary solutions in the
dissipative case.

OJ

In order to give the decay rate of the solution in the next section, we now proceed to
give asymptotic approximations of the eigenvalues of ®(£) when (| — 0 and || — oo. For
this purpose, it will be more convenient to apply the change of variables ( = i|¢| in the
characteristic equation (3.1), that now becomes:

(3.6) det(L — CCA— X)) =7\ + X2 = BCA - * =0.
Recall that \;({), j = 1,2, 3, are the roots of (3.6), that we write
(3.7) (O =N+ AV AT j=123

or, equivalently,
(D) = A7 + XV ilel = ATIEP + . j=123
For simplicity, we will denote now as A; the real root and Ay 3 the complex conjugate ones
when || — 0, both when 0 < 7/8 < 1/9and 1/9 < 7/ < 1 (see Remark 3.2 and Proposition
3.1).
We can now compute the first coefficients in (3.7) using the characteristic equation (3.6),
obtaining that
)\(0) _

1
- _Z
(3.8) T ,
0 1 2 .
A§):O, )\E-)::tl, )\§~)25(5—7‘) for j=2,3.

Consequently, we have for |{| — 0 that

~~+0(l¢) for  j=1
(39) Re((€)) =4 T | |
—5(B-TEP 0>, for  j=2.3

Under the assumption 0 < 7 < 3, it is clear that Re();) < 0 for all j = 1,2, 3 when [{| — 0.
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Remark 3.4. The behavior of the solution of (2.4) depends on the behavior of the function
eReXi®1 5 =12, 3. Since in most cases \;(|£]) is a power series of |¢[, so it is its real part.
Observe that as Re \;(|¢|) < 0, the frequencies that give the dominant part of all eRei(I€ht
are those corresponding to small frequencies |£|. For this reason, the behavior of the real part
near |£| = 0 determines the decay rate of the solution. For large frequencies, and again as
Re \;(|€]) < 0, it is clear that eReX (D! can be always estimated by e~ if the powers in the

Taylor series expansion of Re \;(|¢]) near infinity are positive or by |¢|™e~klI™ for a certain
m > ( if one of the powers in the Taylor series expansion is negative. In both cases and using
Plancherel’s theorem, we see that the integral in the high frequencies is bounded if and only
if some derivatives of the solution are bounded, which means that the solution should be in
some Sobolev spaces and this gives the regularity of initial data needed for the desired decay
rate.

Next, we proceed to give asymptotic approximations of the eigenvalues when || — oo.
Following [8], we can take n = (7! = (i|¢|)~! and write the equation (2.4), with L and A
defined in (2.5), as

Ui(n,t) =0~ (L = A) U(n, 1),
whose characteristic equation writes as
(3.10) det(Ln? — A — pl) = 7° +0*p® = B —n" = 0.
Observe that we have the relation
2(0) = Cpy(¢Th

between 11;(n) and A;((), solutions of (3.6) and (3.10) respectively.
Now, for n — 0 we can write p;(n) as:

0 1 2 .
(3.11) pi(n) = 18" + i + P + j=1,2,3.

J
Or, equivalently,
(€D = =€ + uVile] + j=123.

Plugging (3.11) into (3.10), we get, after performing some computations,

(1 =0, for  j=1,2,3
1
uy =0, w =3 for j=1,
&) g @__B-7) _
\/Lj —:I:\/:, ;= 55 for 71=2,3
Consequently, we deduce from above that for |£| — oo we have
1 . ,
5t O(l¢[), for  j=1,
(3.12) Re(X;(l¢])) = (6 1)
- +O(l¢]7), for — j=2,3,

20T



MOORE-GIBSON-THOMPSON EQUATION IN R¥ 17

where we are denoting as A; the real root and A, 3 the complex conjugate ones when || — oo
(see Proposition 3.1). Under the assumption 0 < 7 < 3, it is clear that Re();) < 0 for all
j=1,2,3 when [{]| — 0.

Let us now divide the frequency space into three regions: low frequency, high frequency
and middle frequency region, that is

TL:{£€RN;’§‘<V1<<1},TH:{SGRN;K’>I/2>>1},TM:{€E]RN;I/1§yg‘fljg}.

The choice of v; and v, will be discussed in the proofs of Proposition 3.5 and of Lemma
3.8. For the moment, we need v, and vs sufficiently small and large, respectively, such that
the asymptotic expansions of Propositions 3.5 and 3.7 hold.

We write the solution of the system (2.1) in the above three regions. In the following
Propositions 3.5, 3.7 and 3.9 we give bounds of the solution on each of this three regions
using the previous asymptotic expansions of the eigenvalues. These bounds will be used in
Theorem 4.1 to proof the decay estimate of the solution of problem (1.17).

Proposition 3.5. If0 < 7 < (3, the solution U(é,t) of (2.4) satisfies, for all & € Y with
€| # 0, the estimates:

a(e, t)] < Cp (1€l a0l + €12 |an] + |asl) e
+Cy, (Jiao| + 1€]P[an | + |tia]) €727t cos(|€]¢)

1
(3.13) +Cp, (\§|Wo| + — €] |tq| + E ‘|uQ\) —e2lélP gin(1¢]1), for all t > 0.
with ¢; =  and ¢ = B—;T and Cp, = CL(B,7) > 0 (all positive constants). Moreover, if

fRN uy(v)dr = fRN ug(z)dz = 0 we have

&) < Cr (€% a0l + [€°|an] + |ao]) e
+Cp, (Wo| + &P ] + |ﬁ2|) emcalelt cos(|&]|t)

(3.14) +Cy, (€] |do| + Jul|prr + |Juel[ria) e8P sin(|]¢), for all t > 0.

where LY is the L'-weighted space defined by

(3.15) LYY (RY) = {u e L' (RY); [|lwa]l proeny = / (1+ |z|)|u(z)|dx < oo} :
RN

Remark 3.6. Observe that the estimate (3.13) is not satisfied if |{] = 0 but, as it is a set of
measure zero, it will not affect the decay of the solution in Theorem 4.1.

Proof. According to part 1 of Proposition 3.1, if £ € T is such that |£] is small enough (that
is, |{] < v1 < /m1) we know that there exist one real root and two complex conjugate ones.
For simplicity, we are going to denote \; the real root and A3 the complex conjugate ones
when || — 0, both when 0 < 7/8 < 1/9and 1/9 < 7/ < 1 (see Remark 3.2 and Proposition
3.1). Hence, the solution of the equation (2.1) when £ € YT, can be written in terms of the
corresponding eigenvalues as

(3.16)  a(€,t) = Oy (€)Mt 4 RPN [0y (€) cos(Im( A (€))t) + C(€) sin(Im (Ao (€))1)] -
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We may use the initial values (2.2) to find the above constants by solving the system
C1 + Cy = 1y,

(3.17) MOy + Re(A2)Cy + Im(Ay)Cs = 1y,
(A1)2C1 + ((Re(X2))? — (Im(A2))?) Cy + 2 Re(Xg) Im(Xo)C3 = iy

(we are omitting the £ dependence in order to simplify the notation). By neglecting the small
terms, we have from (3.9) that in T, the eigenvalues are:

( Al(&) ~ _%7
(3.18) 22 (6) ~ el - 58~ DIel?
| 2al6) ~ —ilél — 55— e

Solving the system (3.17) and using the asymptotic expressions of the eigenvalues when
|€] = 0 in (3.18) we get that, in Tz,

Co(&) = (=71 + O(&F) o + (=7(8 = TIEP + OUE) i + (=% + O(IE])) e
Co(€) = (=1 +0(€) o + (r(8 = T)[EP* + O(P)) n + (7 + O([€]))
Co(&) = (=257l + O(€) to + (~ i + O + (—1g +0(1)) e

We can now take the following approximate solution of (2.1) and (2.2),

B—1

1) = CrlE)e+ 4 = T (Gyf6) conllt) + Ol snleln)

where

Ch(€) = —7|€2a0 — T2(8 — )€ 20 — T30,
Cy(€) = —itg + 72(8 — 7)|€ 20 + 200y,
53(5) = _%‘f’ﬁo — %ﬁl - %ﬁQ.

Observe that, at a first leading order, solving the system (3.17) is equivalent to solving

;

C1 + Cy = 1y,
c, 1 .
—— — CHlEP(B —T) + Csl¢] =,
T 2
Ch

1 N
S+ (qlet -7~ 6 ) Ca - CulgP (3 - 7) =
which has the previous 5’1, 52, 53 as exact solution.
It is immediate to see that @ (¢, t) satisfies the bound given in (3.13). Also, from the previous
calculus on the asymptotic expressions of C, Cy and Cj it is clear that
lim |a(€,t) —a(&,t)] =0 for all £ > 0,
|€]—0
where (&, 1) is the exact solution given in (3.16). Hence, the bound (3.13) is also satisfied
by the exact solution @(&,t).
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To prove (3.14), we assume that [,y ui(2)de = [,y uz(x)dz = 0. Then, we may show (see
9, Lemma 3.1])

(3.19) ()] < el pany,  i=1,2

where LV (RY) is the L! weighted space defined in (3.15). Consequently, for |¢| small enough,
we have

Cy < O (|€][to] + [lua || Lrr @y + lluall i @ny) -
Therefore, taking the last inequality into account, the solution in (3.16) satisfies (3.14). O

Proposition 3.7. If 0 < 7 < f3, the solution u(&,t) of (2.1) satisfies in Yy the estimate:
(3.20)

it 01 < i ((1+ 7+ ) o)+ (g7 1) 19601+ (i ) et )

for all t > 0, where c3 = min {%, gﬁ;:} and Cyg = Cyg(B,7) > 0 (all positive constants).

Proof. According to part 1 of Proposition 3.1, if £ € Ty such that |£] is large enough (that
is, €| > ve > \/mgy) we know that there exist one real root and two complex conjugate ones,
namely A\; and Ag3. So, as before, the solution of (2.1) can be written as

(3.21)  a(&,t) = Dy(£)eM @ 4 RO [Dy (&) cos(Im(Az(€))E) + D3 (&) sin(Im(X2(€))t)] -

where D;(£) can be written in terms of the initial data (2.2) and hence satisfy the same
system as in Proposition 3.5, (3.17). From (3.12) and by neglecting the small terms, we also
know that, when |£]| — oo,

;

)\1(5) ~ =

Y

(3.22) M(€) ~ =5 +i|§|\/§,

5
@~ -T2

Hence, observe that at a first leading order, solving the corresponding system is equivalent
to solving

Dy + Dy = 1y,

_%+D2( |§|\/7—U17

Dy Da((B= 1)~ 48°reP) DS’f‘\[ (r=5
=7 15 Br

||
=)
2
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Solving the corresponding system and using the asymptotic expressions of the eigenvalues
when [£| — oo in (3.22) we get that in Tg

Di(§) = (1 + 0l ito + (i + OUIE1™) ) i + (5 + 0(I€1™))
Ds(€) = (% + OUEl™)) o + (e + O(€] ™)) s — (mgp +0(I¢1)) @
| D) = (5 + 006 )t (o + 0l )+ (257 + 00l )

In a similar way as in Proposition 3.5, we deduce that (3.20) holds.

(

0
Lemma 3.8. There is a constant ¢y > 0, such that, for all £ € Ty,
(3.23) Re(A;(§)) < —cq <0,
where \;(€), j =1,2,3 are the eigenvalues of the matriz ®(§).

Proof. Let us recall that Ty, = {5 eRY;p < €] < VQ} and that we have chosen v; and s
sufficiently small and large, respectively, such that the asymptotic expansions of Propositions
3.5 and 3.7 hold. That is, we have chosen vy and 15 such that 0 < vy < \/m; and v, > /My,
where my, my are the constants defined in (3.2) and (3.3). Let us call §,, and &, those £ such
that |£,,| = v1 and [€,,| = v, respectively.

First, suppose that % <z <L According to parts 1.b), 2.a) and 2.b) of Proposition 3.1,
A(€) € R and Mg 3(8) € C\ R for all |£] > 0 (in particular, for all £ € Tj) and fulfill

—_

(3.24) M) < —+ and Re(A23(£)) < Re(Ag3(6,,)) <0

=

Suppose now that 0 < % < é. From the choice of v,v, (see above) and according to

Proposition 3.1, we have A\2(&,,), A2(&,) € C\ R and we can actually divide Y, in three

parts: £ € Ty such that [£| € [v1,/m1), £ € Ty such that [£| € [/mq,/m2] and £ € Ty

such that [£] € (y/ma, v,]. For those £ such that |¢| € [v1, \/m1) U (y/mz2, 1], the same bounds

for the real and complex eigenvalues that in the previous case hold. For those ¢ such that

&| € [\/ma, /M2, we recall that A\ 23(£) € R (see part 2.c) of Proposition 3.1) and, hence,

we can use part 2.a) of this proposition and we obtain A 23(§) < —%3.
1

Finally, consider the special case in which % = 5. Again according to Proposition 3.1,

(3.24) holds for all £ € T, with || # /m1 = /ms, which is the one in which the eigenvalue

is a triple real one. Actually, this triple eigenvalue is ;23 = —2 < —2% and, hence, (3.24)

B B
holds for all £ € T); when 5=73
Therefore, we can conclude that (3.23) holds in T, with ¢4 = min {%, | Re()\273<€y1))|} > 0.
O

Proposition 3.9. There exists two positive constants Cyy and ¢y such that the solution u(€,t)
of (2.1) satisfies in Lpr one of the following estimates:

(3.25) a8, D) < Cur ([0 ()] + [ (§)] + |2 e, if [€] # 0, /my, v/ma.
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or
(3.26)
1

(€. )] < Car(1+) (n(©)] + [ (€)| + [ia €)™, if €] = 0. or % # 5 and |g] = vy, v
or
(3.27)

3 1
(€] < Cur(LH4£) (i0()] + 10 (€)] +aa(O)) e ¥, 5 = 5 and [¢] = yim = v

for allt > 0, where ¢4 is defined in the proof of Lemma 3.8 and Cpy = Cp (B, 7).

Remark 3.10. Observe that the estimates (3.26) and (3.27) are satisfied in a set of measure
zero, so they will not affect the decay of the solution in Theorem 4.1.

Proof. First, and according to Proposition 3.1, it is clear that for all £ € Tj;, the characteristic
equation (3.1) has three roots satisfying one of the following cases:

e one real and two complex conjugate roots (see the cases in Proposition 3.1);
e three distinct real roots (see the cases in Proposition 3.1);
e there is one real root and another real root of double multiplicity (if |£] = 0, or 57 5

and |{] = /mq or \/my);

e a real root with triple multiplicity (if 5 = s and ¢ = /my = /ma).
In the following, we discuss the above four cases.

First, suppose (3.1) has one real root and two complex conjugate ones, that, for simplicity
of notation, we will call A\;(§) and Ay 3(§) respectively (see Remark 3.2). Then the solution is
written as in (3.16):

(3.28) (&, 1) = Cr(€)eM ) 4 e [Cy(€) cos(Im(Aa(€))1) + C(€) sin(Im(Ae(€))1)]

with C}, Cy and Cj satisfying (3.17). It is clear that C;(§) (that is, C;(|£])), i = 1,2, 3, are
bounded in the compact set T);. Thus, there exists a constant C' > 0 depending on the
bounding constant and v; and 1, such that

(3.29) Ci(©)] < Cllao(E)] + laa(E)] + |a2(E)]), forall¢ €Ty (i=1,2,3).

This last inequality together with (3.23) and (3.28) leads to (3.25).
Second, if the roots of (3.1) are real and distinct, then the solution of (2.1) is written as

(3:30) W(&:1) = Cr(EeM D! + Co(€)e™ O + Ty,
where (', Cy and Cj are satisfying the system

C1 4+ Cy + C5 = 1y,
(3.31) MOt + A0 + A3C5 = 4,

MC1+ X305 + A3C5 = 1o

(that this system was obtained imposing that @(&,t) must satisfy the initial conditions (2.2)).
It is not hard to see that (3.29) also holds and therefore (as before) (3.25) is also satisfied.

Third, we assume that there exists £, € T such equation (3.1) has three real roots, one
of them with double multiplicity, \2(&y) = A3(&) (according to Proposition 3.1 that is when
1&| =0, or 7/8 # 1/9 and || = \/m1 or /m2). In this case, the solution of (2.1) is given
by

(3.32) (€0, t) = C1(£0)eM & + (Co(&) + Cs(&)t) X2,
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where C, Cy and C3 are the solutions of the system (again obtained imposing the corre-
sponding initial conditions of (&, t)):

C1 + Cy = 1y,
(3.33) MO+ XCy + Cs = 1y,

N2Cy 4+ M2Cy + 2X0:,C5 = fiy.
The same estimates as in (3.29) hold. Consequently, we obtain

[6(€0, )] < Crr(1+1) (Jo(&o)| + [t (€o)] + la2(&o)]) e~

Finally, suppose that we are in the special case of § € T, such that equation (3.1) has
a triple real root A;23(&0) = A(&). According to Proposition 3.1 this would happen when
/6 = 1/9 and |&| = /m1 = /my and we would have A\(§) = —3/5. In this case, the
solution of (2.1) is given by
N _3
(334) u(&], t) = (Cl (fo) + CQ(&)ﬁ + O3<§0)t2) € 5t,

where C', Cy and Cj5 are the solutions of the system obtained by imposing the corresponding
initial conditions of u(&y,t):

Cl = ﬁ(]?
(3.35) ACy + Cy = 1y,
A2CL 4 20Cy + 2C5 = 1.

The same estimates as in the previous cases hold and, hence, we obtain

(€0, 8)] < Car(1 4+ +12) (o (&0)] + | (€0)] + |8a(E0)]) € 7.

4. DECAY ESTIMATES

In this section, we show the decay estimates for the solution wu(z,t) of the system (1.17)-
(1.18) using the eigenvalues expansion results of Section 3. For simplicity in the notation, all
the norms of this section will be in R¥, although we are going to skip this in the notation.

Theorem 4.1 (L'-initial data). Let (ug,u,uz) € LY(RY) N H¥(RY), s > 1, and 0 < 7 < 3.
Then for any t > 0 the following decay estimates hold for all 0 < j < s and certain constants
C,c > 0 independent of t and of the initial data:

|5u@)]| . < Cllluoller + lullz + fuall o) (1 + £~ V/4=72
(4.1) +C(0uoll 2 + 107w ||z + 109 ua | 2)e .

where ¢ = min {%, gﬁ;:, | Re()\Q,g(f,,))|}.
The above estimates can be improved for if N 4+ 7 > 3 and get the following Theorem.

Theorem 4.2. Let (ug,ui,uz) € LRY) N HS(RY), s > 1, and 0 < 7 < 3. Assume that
N + 35 > 3. Then, fort > 0, the following decay estimates hold for all 0 < j < s and certain
constants C,c > 0 independent of t and of the wnitial data:

(02 )], < Clluoller + unllzr + [luzllz) (1 + 82747972
(4.2) +C(107uollz2 + | 0|2 + [|OFuz] r2)e™.



MOORE-GIBSON-THOMPSON EQUATION IN RV 23

where ¢ = min {%, %, | Re()\273(§y))|}.

Remark 4.3. Tt is clear that for N = 3, the estimate (4.2) improves the one in (4.1). Indeed,
from (4.1), we deduce in this case that the L*-norm of the solution does not decay if j = 0.
On the other hand and from (4.2) we deduce that, for N = 3, the L?-norm of the solution
decays with the rate (14¢)~'/4. Also, for N =1 and j > 2 or N =2 and j > 1, the estimate
(4.2) gives faster decay rate than (4.1).

Proof of Theorem 4.1. Applying the Plancherel theorem, we obtain
oz}, = [ lerla .o Pae
(43) = [ lePlao P+ [ lePlan i | lelaen P
T Tar TH

Using Proposition 3.5 (the estimate (3.13)), we have in the low frequency region

| lePlaras < 0 [ e (el ol + €l + laaf?) e g
Tr T,

+C / €17 (Jtio)? + [€]4an [? + |aia]?) e P~ cos([¢[t)2de
Ty

) 1 1
+C / {5 (‘f|2|7f0’2 + |+ |a212) e~ =TIt sin(|¢|t) | 2de
v, B B

(4.4) = C(L1 + Ly + L3),

where C'is a generic constant which may take different values in different places. In (4.4) we
have used the algebraic inequality (z +y + 2)? < 3(x? + 3% + 22).
For L; and since || is small, we have that

; N N ~ _2
L < / €17 (€[ Maol® + Il + [aaP?) e 24 dg
Tp

~ i _ 2|2 ~ : _ 202
< llaollzeger) / [ RAREL S [ / €[ e Helt e
L

L
. o,
+Hu2”%°®(RN)/ €17 e FlePtge
Tr
This gives, by using the estimate H{””L""(RN) < ”UiHLl(RN), ¢ = 0,1,2, and the bound in
(2.25),
L < Clluol3i (1 4+ 6972 4 Olfur]3a (14 £) 922 4 Cllun3 (14 )92
< Clluollfs + lluall7n =+ [luzll 7o) (1 + )72,

For L, and recalling that 0 < 7 < 3 (dissipative case), by using the estimate (2.26) and with
the same method as before we have

Ly < C(lluoln + lluallfs + lluallF) (1 4 £) 77772,
For the term L3 and using (2.27), we have that
Ly < Clluolfa (14677 + Cllua |34 (14 )77 + Cllug 72 (1 + )77
< Olluolle + Juall? + lJugl2)(1 + )27/,
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Collecting the above estimates, we obtain
(4.5) /T €] (&, 1) [2dg < Clluoll3 + lualls + uall3) (1 + )N/
L

Next, in Ty, we can use (3.20) and proceed as above, obtaining that

/T P a (6, 1) Pde
<c / €129 (1 €172 + 161 1o €) + (€72 + 6l an(©) + (€]~ + € aa(©)[? ) e~*dg

=C /jr €12 (lao(©) 2 + 1 (©)F + [aa(€)[?)e~2dg

(4.6)
< C(|2ug|| 2 + |0%us |2 + [|0hugl|r2)e >

where we have used the fact that & is in Tg, so all the terms |£]72,]¢[7%, [£]7% are bounded.
Finally, in T/, we have, by exploiting (3.25),

an [ Il n Pag < OOkl + 10 + [0usl)e
Ty

Consequently, (4.5), (4.6) (together with the Sobolev embedding) and (4.7), then the esti-
mate (4.2) and (4.1) hold with ¢ = min{cs, ¢4}, hence,

1 38—
¢ = min {B, %, | Re(Ag’g(&,))l} .
Observe that, as we had already pointed out in the previous Remarks 3.6 and 3.10, the values
of & where we have double or triple real roots are sets of measure zero and, hence, they do

not affect the decay of the solution. OJ

Proof of Theorem 4.2. The proof is exactly the same as the one of Theorem 4.1, except for
the estimate of L3 in (4.4). To estimate L3 we have, by using (2.28) and 0 < 7 < /3 that, for
N+j>3,

Ly < Clluol (@ + 77 4 Cllnl3a (1 + /29 4 g3 (1 4 1) 272
< O(lluol3r + NJwalFr + JJual[70) (1 +¢)~N=2/277,

Collecting the above estimate with the estimates of L; and L, in the proof of Theorem 4.1,
we obtain

(4.8) / (€[} (¢, 8) [Pdg < C(JluollFs + llual[ 7 + [uall72) (1 +6)" 2279 for N4 > 3.
Tr

As we have said, the estimates in T); and Ty remain the same as in the proof of Theorem
4.1. O

Theorem 4.4 (L"“'-initial data). Let s > 1, 7 < 3 and let ug € L*(RY)NH*(RY), (uy,us) €
LYY RN) N HARY) with [on wi(z)de = 0,7 =1,2. Then, for 0 < j < s, the following decay
estimate holds:

(02 )], < Cllluollzr + llurllzis + gl (1 + )=

(4.9) + C(l95uol L2 + [10fus | 22 + 10}ua]|2)e ™
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where ¢ = min{cy, c3, ¢4} (defined in Propositions 3.5, 3.7 and Lemma 3.8, respectively).

Proof. The proof is the same as the one of Theorem 4.1, except the part of the low frequency
region. So, for £ € T, we have by making use of (3.14) that

/ €]t Pds < C / € (Jel iol? + €] ? + lia]?) e de
TL TL
+ C/ 127 (Jaio|? + |€]* | |? + |a|?)e 2218 cos(|¢[t) P de
Tr

+ C/ €1 (1€ il + NluallFr + uzllF 1) =225 sin([¢]t)2dg
Tr

< C(lluol%s + Jua||2in + Jug|2i0) (1 +2) N2,

where we have used that as £ € T we have e 24! < 6*2C1|5|2t, that the sinus and cosinus
functions are bounded and the inequalities (3.19) and (2.25). Collecting this estimate with
the other estimates obtained in the proof of Theorem 4.1 for the high and middle frequency
regions and, proceeding in the same way as in the proof of Theorem 4.1, then (4.9) is fulfilled.

O
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