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Abstract

We study a nonlocal wave equation with logarithmic damping which is rather weak in the low frequency
zone as compared with frequently studied strong damping case. We consider the Cauchy problem for this
model in R™ and we study the asymptotic profile and optimal estimates of the solutions and the total
energy as t — 0o in L?-sense. In that case some results on hypergeometric functions are useful.
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1 Introduction
[] We consider a new type of wave equation with a logarithmic damping term

ug — Au+ Louy =0,  (¢,z) € (0,00) x R, (1.1)

with initial data
u(0,2) =0, w(0,2) =ui(z), zeR", (1.2)
where u; is chosen as
u; € LY(R™) N L*(R™)

and a parameter dependent operator

Ly : D(Lg) C L*(R™) — L*(R"™)

is defined for each 6 > 0 as follows:

D(Lg) = {f€L2(R”) i <1og<1+5|29>>2|f<s>2d5<+oo},

n

and for f € D(Lyp)
(Lof)() = F b, (log(1 + €2 f(©)) ().

The case @ = 1 has been introduced by Charao-Ikehata [5].
Symbolically writing, one can see that

Lo = log(I + A?),

where A = —A is the Laplacian operator. Here, we denote the Fourier transform F,_,¢(f)(§) of f(z) by

Fase QO = @) = [ e pla)da
as usual with ¢ := /-1, and .Fg_lm expresses its inverse Fourier transform. Since the new operator Ly is
constructed by a nonnegative-valued multiplication one, it is nonnegative and self-adjoint in L?(R™). Then,
by a similar argument to [2I, Proposition 2.1] based on the Lumer-Phillips Theorem one can find that the
problem (1.1)-(1.2) has a unique mild solution

u € O([0,00); H'(R™)) N ([0, 00); L*(R™))

satisfying the energy inequality

E.(t) < E,(0), (1.3)

where
Bu(t) = 5 (llue(t, )2 + [Vult, )Z2) -

A main topic of this paper is to find an asymptotic profile of solutions in the L? topology as ¢t — oo to
problem (1.1)-(1.2), and to apply it to get the optimal rate of decay of solutions in terms of the L? and energy
norms. It should be noticed that when one studies the asymptotic profile of solutions to problem (1.1)-(1.2)
under the moment condition

N —

/ uy(z) de # 0,

it suffices to assume that the initial amplitude satisfies (0, z) = 0, without loss of generality.

The asymptotic profile v(t,z) as t — oo of the solution u(¢,z) to the equation (1.1) with § =1 is already
known by [5], and has been represented as

v(t,z) = (/ i m(x)dx) fgjz ((1 + |§|2)_% Sin(€'|§|t)> :
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and the dissipative structure of the solution u(¢, ) as t — oo is basically dominated by the factor
(14 [€2)F = e~ los(1+11"),

In this case, it should be noticed that the behavior of the factor e~ 2 log(1+1¢1) for small |€| is similar to the

Gauss kernel e~ #/€I” in the Fourier space because of the fact that

2
o Tog(1+ J¢f?)

= 1.
€] =0 €]?

So, the recent result due to Chardo-Ikehata [5] is included, in a sense, in the framework of [17], which dealt
with the equation (1.1) with L replaced by A = —A (strong damped waves).
A similar consideration remains valid if 6 € (1/2, 1), in the sense that, due to

20
im log(1 + [€]*%)

=1, 1.4
GES 1€]2¢ (14)

the results obtained for the wave model with logarithmic damping Lyu; are analogous the results which may
be obtained for the wave with fractional damping A%u,, namely,

Ut + Au + Aout = 0, (t,l’) S (0, OO) x R". (15)

However, when 6 > 1, the asymptotic profile for the wave model with logarithmic damping Lgyu; is, in general,
different from the asymptotic profile for the wave equation with fractional damping A%u,. For this latter a
regularity-loss structure appears (see [18]), due to the different behavior at high frequencies:

20 20
i OEQHIE)
le[—o0 [€]

R
This shows a crucial difference between (1.5) and (1.1) in the high frequency region, when 6 > 1. The
regularity-loss structure that appears in the equation (L.5) with 8 > 1, do not appear in (1.1} (see Theorem
1.1).
Finally, we observe that the dissipative structure of the solution u(¢,z) to problem (1.I1)—(1.2) as t = oo
is associated basically with the function

=00 (0>1).

t 6 t
Wb(t,€) = e~ 1osUHET) — (1 4 |¢20) =3,

and to get the exact asymptotic behavior we handle with several results from the hypergeometric functions
combined with the Gautschi inequality.

Now we mention some previous related works.
After two pioneering papers due to Ponce [25] and Shibata [26] studying the strongly damped wave equation

appear from the viewpoint of LP — L7 estimates, it seems that one of the main topics on the equation
has been shifted to study the asymptotic profile and optimal rate of decay of various norms of solutions. The
first trial from the point of view of the asymptotic profile of solutions (as — oc) has been done in abstract
form by [2I], and in concrete form by [I7]. In this connection, before |21, [I7], in [4] sharp energy decay
estimates of the total energy are derived by a new type of energy method in the Fourier space combined with
the Haraux-Komornik inequality. Although the sharpness of the results has been already discussed in the
higher dimensional case such as n > 3 in [I7], the low dimensional case (n = 1,2) has been completed in the
paper [19] at last by observing a strong singularity. Quite recently, in the papers [1l 2, [3] and [23] higher order
asymptotic expansions of the solutions as t — oo to the equation are investigated by finding optimal
rates of decay and/or blowup in infinite time.
On the other hand, a complete generalization to the structurally damped wave equation (a,v > 0):

g + A%+ vA%u, =0 (1.7)

with a parameter o € (§,2d) can be done in the papers [12] and [20] (only for o = 1) from the viewpoint of
capturing the leading terms of the solutions as time goes to infinity. In this connection, we have to cite a



paper due to Narazaki-Reissig [24] which studies L' — L' estimates for solutions of the equation with
oc=a=1and § € (0,1) (see also L' — L' estimates in [6] for waves with dissipative terms and in [14]
for o-evolution equations).

We stress that the case 0 < 26 < ¢ in corresponds to a very different asymptotic profile of the solution,
and in general, two different diffusive profiles for the solution may appear, see D’Abbicco-Ebert [7, 8, [, [10].

Theorem 1.1 Letn > 1, 6 > 1/2 and uy € L*(R™) N LYY (R™). Then, the unique solution u(t,r) to the
problem (1.1)-(1.2) satisfies

u(t, ) — (/ ) ul(:z:)dx) Fels ((1 i |5|2e);sirlﬁs|§llt)>

where B = B(n,0) depends only on n and 6 and is given by

< Tt POt 1),

L2

n n+40 —4
B 0 for >1 and f 0 for 1/2 <6 <1, (1.8)
and
Io = |lull1,0 + fJlua || g2

We stress that 8 > 0, exception given for the case n =1 and 6 € (1/2,3/4].

Theorem 1.2 Letn > 1, and let u; € L2 (R™)N LY (R™). Assume that 0 > 1/2. Then, the unique solution
u(t,x) to problem (1.1)-(1.2) satisfies

() n>3= CulPift="5% < |ult,")||p2 < C;Ipt= 5% (t> 1),
(ii) n =2 = Co|Py|VIogt < |Ju(t, )||z> < Cy ' Igy/Togt (t > 1),

(ii)n =1 = C1|PiVE < |Ju(t,)||z2 < CT oVt (t> 1),

where Iy is defined in Theorem[1.1
Py :/ uy(x) dx,

and C,, (n € N) are constants which depend on 6 and are independent from any t and initial data.

We stress that S(n,0) — (n —2)/2 as § — 1/2 in Theorem so that, in view of Theorem it is not
possible to describe the asymptotic behavior of the solution to problem (1.1)-(1.2) as we did in the case
6>1/2.

Remark 1.1 The reason why we are particularly interested about the estimates of the solution itself (not
the time and/or spatial derivatives of the solution) is that the solution itself sometimes includes a kind of
singularity near 0 frequency part, and this observation clearly appears by measuring the solution itself in
terms of L?-norm, and as for the time and/or spatial derivatives of the solution we may be able to treat
sometimes by another well-known method. Anyway, we want to observe how a singularity appears in the
solution throughout our series of papers. It is also interesting to note that although the estimate for the
L?-norm depends on 6, for low dimension n = 1 and 2 the blow-up explosion rate at infinity is the same as
for the case 6 =1 (see [3]).

Unlike the L?-norm of the solution, the energy norm decays for all dimension n. We observe that to
obtain the optimal behavior in time for the L?-norm of u;(t, ) we use the asymptotic profile given by (4.3
(see Proposition [4.5)). In particular the following result holds.

Theorem 1.3 Let n > 1, and let wy € (L*(R™)NLY(R")). Assume that 0 > 1/2. Then, the unique
solution u(t,x) to problem (1.1)-(1.2) satisfies
Crol Prlt™ 30 < ug(t, )| L2 + [IVu(t, )2 < Cpglot™ 4, > 1,

where Cy, ¢ s a positive constant, and Iy is a constant defined in Theorem .



Remark 1.2 The optimality of the estimates obtained in Theorems and hints to the possibility to
compute the critical exponent of global-in-time solutions to

uy + Au+ Louy = |ul?,  (t,x) € (0,00) x R™.

Following as in [13], it is easy to show that global-in-time energy solutions exist for initial small data in L'*NL2,
ifp>p.=1+(1420)/(n—1), in space dimension n = 2, for any 6 > 1/2, and if p € (p,, 3|, in space
dimension n = 3, if § € (1/2,3/2). It remains open to check whether some kind of nonexistence of global-in-
time solutions result may hold for p < p. or, otherwise, if the existence exponent may be improved by some
means (in the case of g-evolution equation with structural damping as in (L.7), see [LT] for a different kind of
exponent).

This paper is organized as follows. In section 2 we prepare several important lemmas, which will be used
later. In section 3 we shall derive the asymptotic profile of the solution as ¢t — oo, and Theorem [I.I] can be
proved at a stroke. Section 4 is divided into two subsections, and in subsection 4.1, we study the upper and
lower bound of the time estimates to the profile of the solution found in Section 3, and in subsection 4.2, we
study the optimality of the decay rate of the total energy by deriving the leading term of the time derivative of
the solution to problem . The result in subsection 4.2 seems new in the framework of this type of equations.

Notation. Throughout this paper, || - || stands for the usual L(R")-norm. For simplicity of notation, in
particular, we use || - || instead of || - |2. Furthermore, we denote || - || ;: as the usual H'-norm. Furthermore, we define
a relation f(t) ~ g(t) as t — oo by: there exist constant C; > 0 (j = 1,2) such that

Cig(t) < f(t) < Cog(t) (> 1).

We also introduce the following weighted functional spaces

LY (R") = {f eL'R") | |If]

b= [ AP < 4o}

Finally, we denote the surface area of the n-dimensional unit ball by w, := / dw.
|wl=1

2 Preliminaries

2.1 Basic integral estimates

Taking advantage of the theory of hypergeometric functions, we are interested in studying the asymptotic
behavior as t — co of special integrals.

Lemma 2.1 Let 0 <z < a3 <00, p € R, andt € (0,00). Also, assume that p > 0 if x1 =0 and that t > p
if o = 00. We consider the integral

T2 .Z‘“_l
Liw: o (t) = ——_dx.
1, 2() /x (1+x)t

1

Then the following asymptotic behavior holds, for any x4 € (1, 0]:

lim t* 10,5, (t) = T'(p), V>0, ifz; =0, (2.1)
t—o00
Jim (21 4+ 1) Doy 0, () = 7t iy > 0. (2.2)
— 00

The limits in (2.1)) and in (2.2) are uniform with respect to x4 on closed subsets of (x1,00].

The relation of I,,.5, 4, (t) with the hypergeometric functions is based on the fact that (see, e.g., [15] 3.149]):

n
x
0,0, (1) = f 2F1(t s+ 15 —a2) (2.3)
bt
Ly oo(t) = tl_uQFl(t,tfu;t—u+1;71/x1). (2.4)



The definition by series of the hypergeometric functions oF1(a, b; ¢; 2) is:

(@) (b)), 2™
2F1(a, b ¢; 2) Z;)( )(C)(n) T

Proof. We first notice that, by difference, it is sufficient to prove (2.2) with x5 = oo, due to (z2 +1)7¢ =
o((x1 +1)7%) as t — oo. This latter property implies that the limit in ([2.2)) is uniform with respect to x5 on
closed subsets of (z1, o0].
Then we remark that (see, for instance, [27]):
L(p) T(t —p)

Lo,00(1) = /000(1 o) dp = Bl = ) = =

where B is the Beta function and I" the Gamma function. As a consequence of the Gautschi inequality, it

holds PT( - 5)
.ttt —s
lim W = ]., Vs € (0,1),

t—o00
so that
: p _
tlggot Ts0,00(t) = T'(p) -

By difference, now (2.1]) follows as a consequence of (2.2) with zo = co. In particular, the limit in (2.1)) is
uniform with respect to z on closed subsets of (0, c0].
Using (2.4)), thanks to the formula

2F1(a7b; C; Z) = (1 - Z)Ciaib 2F1(C —a,C— b7 C; Z)7

we see that L

o7 (xg + 1)
L—p

and the proof follows by noticing that oF1(1 — p, ;¢ + 1 — p;—1/x1) = 1, as t — co.

Liey oo(t) = oF 1 (1—p, Lt +1—p;—1/2q),

O
By the change of variable
2 1 7139 »
/ (L+72)"'rPdr = — / (1+ r)_tr%el_ldr,
0 20 ),
we obtain the following.
Corollary 2.1 Let 8 >0 and p > —1. Then
1 1
Jim ¢57 I, o(t) = 35 T (p;e ) . Vp> -1, (2.5)
lim (14 721 ¢ Jyo(t) = L Npe R,y >0 2.6
im (14 7~) o (t) = pef,n>0 (2.6)

t—o0 20 ’

where

72
I, (%) :/0 (1+72)"Pdr,  for some 1y € (0,00],

72
Inipo(t) = / (1+ r29)_trpdr, for some ny € (n,0].
n

2.2 Inequalities and asymptotics
Remark 2.1 Let # > 0. Then, it is important to note that the inequality
[€[" = log(1+ [¢*) = 0 (2.7)

holds for all £ € R™. Moreover, for each § > 1/2 there exists a number dg = do(#), 0 < Jp < 1, such that the
inequality
4[¢[* = log®(1+ [¢**) > 0

holds for £ € R" such that 0 < [£] < do.



Remark 2.2 An explicit computation of the possible zeroes of the function
i 4r? —log?(1 4+ r%%) = (2r — log(1 + r2%))(2r + log(1 + %))

is not necessary to prove our estimates, however we may include a few details for the sake of completeness.
The zeros of the derivative of the function h(r) = 2r — log(1 + r2%) are given by the equation g(r) = 0, where

g(r) =r¥ —or?=1 4 1.

Since min g = g(f — 1/2), the equation above admits two different real solutions if, and only if, g(6 —1/2) < 0,
that is, 0 verifies the inequality (6 — 1/2)?~/2 > \/2. In this latter case, noticing that g(6) > 0, we find that
the local minimum of A is attained at some 7 in (0 — 1/2,0). Indeed, ¥ — 6 as 6 becomes larger. Due to
h(0) < 26(1 —log ) we find that the minimum of A is negative at least for § > e.

Lemma 2.2 Let 6 > 1/2. Then, the real functions a(§) and b(§) given by

o 20
a() = ) g e = e 1020+ 1) (28)

are well defined for & € R™ such that 0 < |¢] < dp.

To study an asymptotic profile of the solution to problem (|1.1)—(1.2)) we consider a decomposition of the
Fourier transformed initial data.

Remark 2.3 Using the Fourier transform we can get a decomposition of the initial data 4, as follows
41(§) = A1(§) —iB1(§) + P, £ €RT,
where Py, Ay, B; are defined by

Py :/n uy(z)dz, Al(f)Z/” u1(z) (1 — cos(éw))dz, 31(5)2/ uy () sin(éx)dz.

The next lemma according to the above decomposition appears in Ikehata [16].
Lemma 2.3 Let s € [0,1]. For uy € LY*(R™) and £ € R" it holds that
(A1 ()] < K[| [luallprn and  [By(§)] < MIE[" uallprn,

with positive constants K and M depending only on n.

3 Asymptotic profiles of solutions
The associated Cauchy problem to (|1.1))-(1.2) in the Fourier space is given by

A (t, €) + [€7a(t, &) +log(1 + €7 i (t,€) = 0, (3.1)
12(0,5) = 07 '&'t(ovg) = 121 (E)

The characteristics roots Ay and A_ of the characteristic polynomial
A +log(1+ )N+ [¢* =0, ¢eR”
associated to the equation (3.1)) are given by

—log(1+ [€/2%) + 1 /log?(1 + [¢[2¢) - 4l¢]?
+ = 3 .

For € > 1/2 it should be mentioned that there is a number dy > 0 such that (see (2.1]))

(3.2)

log®(1+ [£[*%) — 4[¢)> <0

for £ € R™ with 0 < |£] < dyp. Therefore the characteristics roots are complex-valued and the real part is
negative for § > 12 and £ € R™, 0 < |¢| < dp.



Remark 3.1 We note that the function f(r) = log®(1 + %) — 4r2, r > 0 has derivative singular on 7 = 0 if
0 < 6 < 1/2. Thus, in this case the characteristics roots given by are real on the zone of low frequency
and the structure of solutions will be different and we need to use a special method to deal with. Therefore, we
do not study this case here and it remains open. The threshold case § = 1/2 also needs a different treatment.
Indeed, for example, to obtain the important Proposition we use the crucial fact that (see )

2 20
lim log=(1 4 r2%)

2 =0.
r——+0 r

that holds only to § > 1/2 while for § = 1/2 this limit is 1 and for § < 1/2 the limit is +o00 (see Remark [3.2).

From now on we will consider only the case § > 1/2. Then, for § > 1/2 we can write down Ay in the
following form

Az = —a(§) £ ib(E),
where a(€) and b(¢) are defined by (2.8) in Lemma [2.2] In this case the solution of the equation (3.1 is given
explicitly by

a(t,§) = ﬁbl(g) sin(b(€)t)e A&

for £ € R™, €] < dp and ¢t > 0.
Next, in order to find a better expression for 4(t, &) we apply the mean value theorem to get

sin (b(&)t) = sin(|€[t) + ¢ (b(&) — [€]) cos(u(§)), (3.3)
with
p(€) = mb(&) + (1 —m)[¢]

for some 7, € (0,1), and

1 log®(1 + r2? 1
P SChi (3.4)
1—g(r) 8r (1 —m2g(r))?
with some 75 € (0,1), where r := ||, and
o log?(1 + r2%)
g(r) == 42
The identity (3.4) was obtained by applying the mean value theorem to the function
1
Gs)= ———=,0<s< 1.
(1—sg(r))?
Then by using Remark (3-3) and (3.4)) a(t, &) can be re-written as
in(t log”(1 + r2? 1
a(t, &) = Pre” &)t sin(tr) + P o —;—r ) e~ 1Ot gin(tr) (3.5)
r 8r (1= mg(r))?
Ai(§) — iBl(f)) —a(€)t o —a(ey () =7
4+ 2R TS ) e a@tgin(b(€)t) + Prte Ot [ 22— ) cos(p(é)t).
(2O (b(6)0) + P, ) costul€)e)

It should be remarked that (3.5) holds for small frequency parameters § € Ry satisfying 0 < [§] < do.
We now introduce a candidate to be a leading term as ¢ — oo of the solution in the following simple form:

POt sm(|§|t)7 (3.6)

€l

where a(&) = M.

Our goal in this section is to get decay estimates in time to the remainder terms defined in (3.5). To
proceed with that we define the next three functions which imply remainders with respect to the leading term

BH).



A1(§) —iB1(E)\ _agere . _
o Ki(t,§) = (W)ﬁ (©F sin(b(&)t);
e Jog? (14 r20) 1 _ .
o Ky(t, &) = Pre=*©tsin(rt) 53 T r=1¢ > 0;
o K3(t,&) =t Pe ¢ (%) cos(pu(é)t),

where a(§) and b(£) are defined in Lemma Note that using these K;(t,€) (j = 1,2, 3) the solution (¢, €)
to problem ([3.1)) can be expressed as

aft,€) - Pre—@ ST _

r Kj(tag)' (37)

-

Jj=1

Let us check, in fact, that {K;(¢,£)} become error terms by using previous lemmas studied in Section 2.
First we obtain decay rates for each one of these functions on the zone of low frequency |£| < 1.

We begin with the estimate for K7 (t,&). For this function we prepare the following expression for 1/b(&)

based on ([3.4]):
11 log(1+1r%) 1
= =—+ , r=1¢>0. 3.8
&) 8r? (1 —mn2g(r))? < o

Then,

AQ) =~ iBO) e
€]

+ (A1(8) = iB1(€))

Ki(t,€) := sin(b(&)t)

log? (1 + r2%) e=2(&)t sin(b(£)1)
8r (1= m2g(r))?

It is easy to check the following estimate based on Lemma [2:3] with & = 1 and Corollary 2.1 with p = n — 1:

?’1 / e—tlog(1+|£|29)d£
[€1<o

= Klyl(t,é) + K1,2(ta 5)

/ Ko (1,€)de < (M + K)?|luy]
1£1<s

5
= w, (M + K)2||ul||i1 / (1+ rze)_tr”_ldr
0
< Clon(M + KPP # w2y, (63 1), (3.9)

Remark 3.2 We note that
log?(1 + r2%)

Tl—l)I—r‘rlO 7“2 =1
for # = 1/2 and
1 2 1 260
lim e (L+r7) = 400

r—+0 7“2

for 0 < @ < 1/2. Due to theses limits the corresponding cases for 6 are more difficult to treat.

Now, using the important fact
loo2(1 -+ 120
i 2£0+7%)
r——+0 T

for 6 > 1/2, we see that there is a constant §, 0 < § < 1, such that for all 0 < r < ¢ it holds that

=0 (3.10)

B log2(1 +72%)
o 4r2

g(r) <1/2. (3.11)

Then, this implies

<2V2. (3.12)



Thus, from (3.11)), (3.12) and Corollary together with Lemma for k = 1, similarly to (3.9) one can

also derive

2
(10%2(1 + T26)> e—2ta(f)d§

r2

[ Kt e <871 5 K2l [

l€l1<é

< Lor 4 22, / ¢ 210 ¢

|€1<é

o
(M -+ K P g [ (14 77) 107

| = DN

2
< Cwn(M + K)?|lug|lf 720,  (t>1). (3.13)

By combining (3.9) and (3.13) we have the following estimate for K (t,£),

/W K (1, €)Pde < ConllunZ 4t~ 5, (635 1). (3.14)

Similarly to the computations to (3.14]) and using (3.12]) one can also obtain the following estimate for K(¢, &)
[ st oPd < CulPP e B, (1), (315)
1€1<6

in the case of 8 > 3/4, due to
. log?(1 4 r%9)
hm e ——

lim 3 = 0. (3.16)

However, if 6 € (1/2,3/4], we have a different estimate. In this case, we estimate
log?(1 +720)\ *
G )
r

so that

[ Rt st nE [ e
[§1<8

|€l<6

)
_ 871 |P1\2wn/ (1—|—T‘20)7t7"8076+n71d7‘
0

n+86

< Cuwn|P 25, (> 1), (3.18)

where we used that 89 —6+n > 0 for any § > 1/2 if n > 2, and for any § > 5/8 if n = 1. On the other hand,
ifn=1and 0 € (1/2,5/8], we estimate

log?(1 +72)\*
sin?(tr) (g<+>) < tr%05, (3.19)

so that
s
/ | Ko (t, €)|?dE < 4_1t|P1|2/ (14 720)=1p80=5 gy
[§1<o 0
< Cwn|PL2t345, (t>1). (3.20)
Finally, we have to deal with the case of K3(¢,£). This part is crucial in this paper.

We need suitable estimates on this term because the multiplication by ¢ is included in its definition. To
do that we observe that it is not difficult to see the following expression:

log2(1~2kr29) g(?")
b)) —r=r|- Ar =r| -——F+———1, (r=|[£#0),
© 14 /1 — ) ( 1+V1_9(7")> o

10



where again
B log?(1 + r2%)

g(r)

4r2
This implies
b() —r -1
=g(r) =: g(r)h(r).
b(&) 1—g(r)++/1—g(r)
We make a next identity to gain r*~2 near r = 0:
b(§) —r 46—2 g(r)
e R R [C = SR
Notice that 1
Jim, h(r)] = 5.
because of the fact
i () =0
for § > 1/2. Furthermore, one can check that
g(r) _ 1

lim —+% = -
ro40 r40-2 4’

for 20 > 1. Therefore, from these facts one can find C' > 0 and 61, 0 < 01 < 1 < dg such that for all » € (0, dy)

b(g) —
‘ (25) "l < oro-2, (3.21)
By (3.21)) and the definition of K5(t,£) one can estimate K3(t,£) as follows:
[ M oPde <ipPe [ e @i < opppe S (322)
|€1<61 |€1<d1

for each 6 > 1/2 > 3/8, where one has just used Corollary and the definition of a(§) in Lemma
Note that in the case when 6 > 1/2 we see
n+40 -4  n—2
> .
20 20

Now, by summarizing above discussion one can arrived at the following crucial lemma based on ,
(3-14), (3.15)), (3.22).

Proposition 3.1 Letn > 1 and 6 > 1/2. Then, there exists a small constant 61 € (0,1] such that

/€<51

where the constant = B(n,0) depending only on n and 6 is given by (1.8), that is,

. _a(eyeSin(tr) 2 _9283(n
i(t,6) ~ e O e < o (1P g a3 )10, 15,

n+40 —4

10 for 1/2 <6 < 1.

n
= — > frg
8 10 for 8>1 and p

We stress that 8 > 0, exception given for the case n = 1 and 0 € (1/2,3/4]. The constant C = C,, > 0 in
above estimate depends only on the dimension n. [

Remark 3.3 We observe that to the case n = 1 and 6 € (1/2,3/4] the blowup order O(¢26~2) is slower than
O(t), which is the optimal blowup order of the leading term coming from Proposition

11



Next, let us prepare the so-called high frequency estimates to the L2-norm of the solution @(&,t). In fact,
the solution decays very fast, as usual, to the case § > 1/2 on the high frequency region |¢| > d;.

We note that on this region the characteristics roots can be real on part of the region {|¢| > ¢;} depending
on the size of 6, as for example § > 3. In fact, for § = 3, according to Remark on the zone of high
frequency r1 < [€] < 7o the characteristic roots are real, and the structure of the solution in the Fourier space
is diffusion-like instead of wave-like type.

Thus, we apply another method to get the precise decay rate of the L?-norm of solutions on the zone of
high frequency, based on the following.

Lemma 3.1 Assume that the roots Ay of
M +a+b=0
verify RA_ <Ry < 0. Then the solution to
y'+ay +b=0, y(0)=0, y'(0)=u,
verifies the decay estimate
O < e tll, [y (O <L) [y,
for any t > 0.

Proof. If A\; = A_, then the solution is y = te’*y,, and the proof is concluded. Otherwise, the solution is

At _ At 1 A=At
it

y:7>\+f)\_ Y1 =e¢

1
Y = eA+t t1r / 69()\_—)\+)t de,
0

where we used the Taylor expansion

1
e’ = 1+/ z e dh.
0
As a consequence, using R(A_ — Ay) <0, we derive |y(t)] < e*'t|y|. Using

Aert — \_er-t
V=T = Ay
+ - —

we conclude the proof.

O

Proposition 3.2 Letn >1, 0 > 1/2 and ), = {€ € R" : |§]| > 01}, where 61 > 0 is defined in Proposition
3.1} Then, it holds that

/ g (£, ©)PdE < C ua]? ™, (t — oo),
Qp

and

[ttt P < e, @ o)
Qp
for some constant v > 0 and C > 0.

Proof. By Lemma [3.1] we immediately obtain
[t Pd < e
Qp

where
v = rgin R(=Ay) > 0.
h

The proof follows estimating t2e~7" < C. To obtain the estimate for the time-derivative i;, we need a
preliminary step. Let B = B(6) > 1 be such that log(1 4 72?) < r for any » > B. As a consequence:

4r% —log®(1 +7%%) > r (2r + log(1 4 r*%)) > 22 (3.23)

12



for any r > B. We divide 2, into two subzones. We define
OQn1={{€R": 61 <[{|<B}), Qn2={{cR": [{]>B}

For any £ € Qy,1, we apply Lemma Using [A_|2 < C(1 + [¢|*) < C(1+ B?), we obtain
/ (8, )Pd€ < e (Jlua|” + C(1 + B?) ?[lua||*) < Cre™ Jlua .
Qn1

On the other hand, for any £ € Qy, 2, it holds

—al©)t sin b(&)t
b(&)

where a(€) and b(§) are defined in (2.8). Hence, we may estimate

L 2 al€) 2\ " a0t g, (62
/Qh?2 Iut(ta€)| dﬁSAhQ <1+|b(§)| > e |u1(£)| dé‘

< 4/ e 24O 41y (§)7de < 4e™7" [Juy ||
Qp 2

a(t, &) = (8)

Here, one has just used the fact that (3.23]) implies

log?(1 + |€]?%) < log?(1 + |£]2%) <1
T 42 —log® (1 + [¢]20) 2¢|2 -

for any £ € Qp 2. (]

In order to get Theorem 1.1 we need one more proposition in 2.

Proposition 3.3 Let § > 1/2. Then, there exists a € (0,1) such that

/ |Ple_“(5)tsm|(§||§|)|2d§ <CIP P, (t>1).
Qp

Proof. Indeed,

/ ‘efa(,f)tsin(t|§|)|2d€ S 51—2/ e~ 10g(1+|§|29)td£ _ 51—2/ (1 + ‘€|29)7td€
Qp |§| Qp, Qp,

oo
_ 6f2wn/ (1472~ Idr < Ot (1463) 70 < Ce™®, ¢ 1,
G

for some constant C' = C'(n,0) > 0 and a suitable a € (0,1), where we have applied Corollary in the last
inequality (see also Lemma 2.2 in [5]). This concludes the proof. O

Finally, Theorem [T.1]is a direct consequence of Propositions and We shall draw its outline of
proof in the case when 6 > 1/2.

Outline of proof of Theorem 1.1. Let n > 1, § > 1/2 and set

g Sn(tlE])

=P
V@(tag) 1€ |£|

Then, one can estimate as follows.

[ 1.9 - (e, )P

( / n / >|fa<t,s>ug<t,5>|2ds = 1(t) + Lo(t). (3.24)
[€]1<01 Qp

13



To begin with, by using Proposition [3.1| one has
L(t) < C(\P1|2 + ||u1||%,1)t‘2ﬁ‘”’9> (t>1), (3.25)

where §(n, 0) is defined in (|1.8).
Secondarily, from Propositions and forn > 1 and 6 > 1/2 we have

L) <C [a(t, €)2d¢ + C/ lvo(t, €)|2de < C llur|? e 4+ C |Py[Pe™,  (t — o). (3.26)
Qh, Qh,
The statement of Theorem 1.1 can be proved by combining (3.24), (3.25), and (3.26)). O

4 Optimal asymptotic behavior

In this section we study the optimality of various estimates of the integrals closely related with the leading
terms obtained in previous sections.
We first prepare the following proposition in the large dimensional case.

4.1 Optimal behavior of the L?-norm
Proposition 4.1 Let n > 2 and 0 > 1/2. Then there exists to > 0 such that for t > to it holds that

-1 2/ etlog<1+|5|2">m(f||52|t)|2d€ > o,

with C' a positive constant depending only on n and 6.

Proof. First, we may note that

M(t) : = / ot log(1+1e™) Sin|(£||52|t)|2d§

oo
= wn/ et log(1"”2(9)7“”_3|sin(rt)|2dr
0

oo
>wn/ et TZQT"_3|sin(rt)|2dr.
0

Now we apply the change of variable s = t'/2?r, for a fixed t > 0, to arrive at
_n-2 [0 20 o o, 2001
M(t) > wyt™ 2 e s" Psin® (177 s)ds.
0

For 6 = 1/2 the result directly follows from this last estimate. For 6 > 1/2 we use the fundamental identity

2sin? 2z = (1 — cos 2z),

to obtain

1 noz [ _

M(t) > gwnt_ 27 / e gn=3 (1 - cos(Qt%s))ds
0
Lot 7 (Ang — Fuglt
= — 2 —

2wn n,0 n,9( ))a

where

o0 o0
Ang = / e~ s 3ds, Foo(t) = / e=*"" 573 cos (21629251 s)ds.
0 0

Due to the fact e~ s"~3 ¢ L'(R) (n > 2), we can apply the Riemann-Lebesgue theorem to get

F,o(t) =0, t—o0.

14



Ap
Then we conclude the existence of ty > 0 such that F,, o(t) < T’a for all t > tg. Thus, the half part of

wnpA
proposition is proved with C = Ininb

Now we prove the estimate from above of the proposition. Indeed,
M) < [ et RO g g
o0
= wn/ et log(14+7), =34,
0

o0
= wn/ (1 + 2=t =3qr
0
<Chgt™ ", t>1,
where one has just used Corollary This estimate completes the proof of the proposition. O

Proposition 4.2 Let n =1 and 8 > 0. Then it is true that
t
Larie 2 i @5,
R

The proof of this proposition is the same to the case § = 1 which appears in a Lemma by Charao-Ikehata
[5]. In fact, the expression (1 +r2%)~* 6 # 0 does not change the proof of the case § = 1. That is, the result
of the lemma is independent of 6.

Next we also deal with the two dimensional case.
The following proposition has a version for the case § = 1 in Charao-Tkehata [B] and its proof is also
independent of 6.

Proposition 4.3 Let n =2 and 6 > 0. Then it is true that

| aigen D g 1ogt, (¢35 1),
R? €]

Finally, let us now prove Theorem [T.2] at a stroke.

Proof of Theorem[1.3 completed. It follows from the Plancherel theorem and triangle inequality, with some
constant C,, > 0 one can get

Cullut ) 2 |11+ 622~ 22— face ) - A+ )+ 2EEED,
and ' .
Cullu(t, )| < |P1IlI(L + |£|29)ésm(§|€')| +lla(t,-) — Pyl + |5|29);m(;€|>|.

These inequalities together with Theorem Propositions [42) and [£:3] imply the desired estimates.
This part is, nowadays, well-known (see [I7, 19]). We stress that 6 — 80 < 2, for any 6 > 1/2, and this

n—(6—86) e
gives = = o(t*?ez). In the case n =1 and 6 € (1/2,5/8), we also notice that 1/6 —3/2 < 1/2, for
any 0 > 1/2. O

4.2 Optimal behavior of energy norm

In this subsection, we get the optimal decay estimates of the total energy itself. Again the total energy
E,(t) is defined by
2B,(t) = ue(t, > + IIVU( ol

We will study the topic based on the expression defined by (3 .

First of all, the estimate of the part |Vu(t,-)|| = |||¢]a(t, )| is simple. It is sufficient to multiply the
expression (3.5)) by [£| and to make estimates similarly to get decay rates of the L?-norm of u(t,¢). The result
will be

15



c- 2 <|Vult,)|>P<CIZt7 3% (t>1) (4.1)

with C a positive constant depending on n and 6.

The delicate part is to get the precise estimate of the L?-norm of (¢, €). In order to do that, we take
the time derivative of 4(t, &) given by to obtain the following expression to the time derivative of the
solution with r = [¢],

iy (t, &) = —Pra(§)e " bmitr) + Pre”%®t cos(tr)

_p logr“(;;r ) - ai)g(r))gea@)tsm(tr)

P 10g2(;; ) = ;g(r))ge—a@tr cos(tr) (4.2)
- (P ) @O s + () - () costoe)n
PO (U2 eostule)e) - emre @ (METY ey s

Pree @ (M) cos(uton)

It should be remarked that (4.2]) holds for small frequency parameters || < 1 and all § > 1/2. A candidate
to be a leading term as t — oo of the velocity u(t, ) is given by a simple form:

Pre= % cos(|]t) (4.3)

lo 20
w and P := / up (z)dz.

Our goal in this section is to get decay estimates in time to the remainder terms that appear in (4.2), and
are defined by the next 8 functions which imply remainders with respect to the leading term (4.3)).

where a(§) =

. 10g (147 a(§) —a(©)t
o= TR o A
o 2 7“29
* Bt ) = P S e st
o £t = - (PP e orsinie),

o Fit,€) = (Al(f) ~iBy <£>)e-a<f>t cos(b(€)1),
o F(t,6) = tPrag)e— " (26 ) S(u()D),
o Fift.g) = eme o (Mo )u<>sm<u<5>t>,

18
Fr(t,6) = Pre @ (MO0 coslu(e),

o F3(t, &) = Pla(g)e—a(g)tsinl(é:ﬂ)?

where r := |£]. Then, the remainder term for (¢, &) is given by

8
Gy (t, &) — Pre”*®) cos(tr) = Z F;(t,6). (4.4)
j=1
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We need the following lemmas in order to show that the remainder terms decay faster than the leading
term (asymptotic profile).

Lemma 4.1 Letn > 1 and 0 > 1/2. Then there exists tg > 0 such that for t > to it holds that

2
Cti% Z/ (5)2 7t10g(1+‘5‘29 |Sln(§|-|£t)| d§>0 1t7%§72,

with C' a positive constant depending only on n and 6.

Proof: First place we note that
log(1 +r*") <r?,

for all » > 0 and 6 > 1/2.
Then, using the definition of a(§) we can easily obtain the estimate from above.

00 : 2
/ 0(5)2 —tlog(1+|€]%%) | Sln(|£‘t)| d§ =w, / 1 10g2(1 + T26)eftlog(1+r28) | Sln(rt)‘ " Lip
n 0

e 1 =

oo 40 | sin(rt)|?

< ] 20\—t nfld

_wn/o 1 (1+7=%) T r
oo

< Wn, prta0-3(1 4 p20) =t gy

4 Jo
< Cha 252 > 1,

with a positive constant C,, g, where we have just used Corollary [2.1]
Next we want to get the lower bound. We first observe that

log(1 4 72%)

Thus, there exists dg = dp(€) > 0 such that
1 1 26
1jg < s+ (4.5)

T29 -

for all 0 < r < §p. By using (4.5)) we may obtain for ¢ > 2529

Isin(t) = /ﬂ (5)2 —tlog(1+]¢]%9) Slnl(||£2|t)|d£

14+729) | sin(rt)|? =1y

1 2
_ | 1 20y ,—tlog(
—wn/o 1108 (1+7*%e 2

00 ,.404+n—3
Whn, T _ o420 . 9
> — —e¢ sin“(rt)dr
4 /0 4 (r)

/5756
_i_49+n 3 404n-—2 2ty 364n—2 _ .2 o 1 20-1 1
=Yg 0 ¢ 20 s— 0 e ¥ sin®(2720¢ 2 $7)ds.
166 0

1
We use the identity sin® z = 5(1 — cos(2z)) to get

L (1) > 2ng—g—2045=2 -
sin(t) 2 76627 t ) 2

/5750
_L_46+n 3 464n—2 2t 304+n—2 _ 2 1 1 ,20-1 1
) 0 {7 20 s ¢ e ° —cos(2° 20t 20 s7)ds
160 o 2

1
1 49+ —3 404+n—2 304+n—2 2
—2 50t 20 s- 0 e % ds
=320 o

o0
Wp 1 _404n—3 _ 4604n—2 304n—2 _ 2 20-1 1
———272 " 20 {2 / s 0 e cos(2'™ ¢ s9)ds.
0

/5750
1 464n-3 _ 404n—2 200 4o inos 21
20 S 0
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30+n—2

We note that s~ 8 e~ € L!(0,00) because of § > 1/2.
Then, we define the following positive constant depending on 6 and n

1
3604n—2 _ 2
An,g;:/ s o e °ds.
0

Moreover, by the Riemann-Lebesgue Lemma one has

oo

lim s
t—o0 0

30+n—2 _ 2 1 20-1
7 e cos(2!

because of § > 1/2. So, we can choose ¢y > ﬁ such that

An
2

0

5

oo
30+n—2 _ 2 1 20—1 1
/ s 0 e % cos(2'720t 20 59)ds <
0

for all £ > tg.
Combining these results with the last estimate for Iy;,(t) we arrive at the desired estimate:

ne n— 1
Lin(t) > %Qfﬁf%t,“éiezmnﬂ — 5 Ang). t=to, n>1.

Lemma 4.2 Let n > 1 and 6 > 1/2. Then there exists to > 0 such that for t > to it holds that

C 't >/ eftlog(1+\€\29)|COS(|§|t)|2d£ > th%,

with a constant C > 0 depending only on n and 6.

Proof: To get the upper estimate we have

20
Lon(t) = / e~ t108CH1E) | cos([¢]t) 2de = / (14 JE[2%) " cos(|€[t) e
n Rn
< wn/ A+ [r?) =t ldr <Ct72%, t>1
0

with a constant C' > 0 depending only on n and 6 according to Corollary
To get the estimate from below we use (4.5). Then one has

o) 1
Toos(t) = wn/ e*t(1+‘rl29)|cos(rt)|2r"*1dr > wn/ g2 cos?(rt)r™tdr
0 0

20—1

n \/Z 2 1 1
= —Q_Qt_ﬁ/ e s 0 cos?(2720t 20 59)ds
0

1
2%27%t7%/ 67828%0082(27§t202;18%)d8, > 1.
0

Next, with the same argument as in Lemma [£.1] via the Riemann-Lebesgue Lemma used to prove the lower
bound for Iy (t), and the fact that e s e L (0,1) one can obtain the estimate from below of this lemma.

O
Next we give various estimates to the functions Fj(¢,§), j = 1,---,7, since the estimate for the term
Fy(t,€) is already given by Lemma

To estimate F}(t,€) one notes that due to the limit in (3.16), if # > 3/4, then there exists dy € (0, 1] such
that

log2(1 + 729)

< 1)2 (4.6)
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for 0 < r =] < do.
While, to the function ¢(r) defined in Section 3 such that

log2(1 +r29)
g(r) = — 5z

it happens that
lim g(r) = 0.

r—0

Therefore, there exists a number §; € (0, 1] such that

(1 =m29(r))* > (1 = g(r))* = (1/2)°

for 0 <r < 6.
Now, we define 6 = min{do , d1}. Then, using the last estimate and (4.6)) in

log®(1 + r2?) a(€) - . 5
*d ? a©)t gin(er)|d
/|§|<6 . efa = [l /|5|<5 ‘ 8r - g sm(er)] 4.

one can obtain that

/ |Fi(t,€)[Pde < C|P1|2/ €220t g,
el=0 jel<1

with a constant C' > 0 because of the fact that a(¢) = 1 log(1 + [¢]??) < L[¢| for [¢] < 1.
Using Corollary it implies that

[ IRGoPi < cippeE, s, @
|§1<6

n+2—(6-86)

If 6 € (1/2,3/4], then we use (3.17), so that |P1|2t’n274(32 is replaced by |P;|*t~ 20 in the estimate
for Fy (there is no need to distinguish n > 2 and n = 1 in this case). Again, we stress that 6 — 80 < 2, for
any 6 > 1/2. We estimate F» as we did for Fj.

The estimates for the other functions on low frequency zone are similarly done by using the method to
estimate functions K;(¢,€), 7 = 1,2,3. In particular, when one estimates Fg(t, &), it is necessary to use the
inequality |1(€)[* = |mb(&) + (1 — m)[¢|[* < 10[¢|? for [¢] < 1 and estimate similar to (3.22). The result is
that there exists a number ¢ > 0 such that

[ Ineopa<cnpe®, e, (4.8)
[€1<0

for 7 =4,5,6,7.
Finally, the estimate for F3 can be obtained by following the similar estimate to that of K; in (3.14). The
result is

/W Fy(t, )2de < Cllun |27, ¢ 1. (4.9)

Combining these estimates above one can get the following result on the difference between (¢, £¢) and
the asymptotic profile given by (4.3).

Proposition 4.4 Letn >1 and 0 > 1/2. Then, there exists a small constant § € (0,1] such that

_n42 n+46—2
0

/ ’at(t,g)_Ple—a(atcos(tr)\?dggc[(\P1|2t<6—se)++||u1||il)t 20 4 [Py 2t } (t>1),
le|<o

with some generous constant C = Cy, g > 0 depending only on 0 and n.

Based on Proposition [£.4] one can get the crucial result on the behavior for the time derivative of the solution.
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Proposition 4.5 Letn > 1, 0 > 1/2. Then, in the case of 1/2 < 8 <1 it holds that

J.

and in the case of 0 > 1 it is true that

J.

with some generous constant C = C,, 9 > 0 depending only on 6 and n.

n(t,€) — Pre~© cos(tr)|*dg < O w2, + w257 (1),

1+

(t,€) = P cos(tr)"dg < C| w2, + 2|t (1> 1),

Proof: According to the Proposition 4.4} in order to prove the statement it suffices to get the estimates
on the high frequency region Qp, = {¢€ € R™ : |¢| > ¢}. In fact,

)

Gy (t, &) — Pre="©" cos(tr)|2de

2
Qp

< ] e "t + 2|P1|2/ (1 +72)~tw,rn e (4.10)
5

0 (t,€)de + 2| Py 2 / ¢ 2Ot ge
|€]>0

_ 140%0)"
< a2 et + 21 pe LTI

which holds for ¢t > 1, where we have just used Proposition and Corollary (]
Proof of Theorem : The proof for lower bound of decay can be done by and the following
estimate
lJue(t, )| = ||Pre™ " cos(tr)]] = ||ue(t,-) — Pre™* " cos(tr)|

combined with the estimates from below of Lemma and Proposition
The estimate from above can be obtained using by Proposition the estimates for the functions Fj(t, §)
(j=1,---,8) and the estimate from above of Lemma O
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