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Abstract. Qualitative properties such as precise decay estimates for energies of higher
order and smoothing effects for a special class of structurally damped wave models are
investigated in this paper. The main tools are diagonalization techniques and the theory
of zones in the extended phase space. Some special effects for visco-elastic damped wave
models are explained. These models are limit cases of structurally damped wave models
interpolating between classical damped waves and visco-elastic waves.

1 Introduction

The structurally damped wave model has been motivated in an abstract form
Uy + Au + Agut =0

in [3] for o € [0, 1] and is also of interest in the framework of control theory (see [1], [2]
and [6]). Most of the applications of this abstract model are devoted to mixed prob-
lems in bounded domains. There are very few contributions to the Cauchy problem.
Choosing A = —A, where A is the Laplacian on R", we consider for o € [0,1] the
Cauchy problem with a time-dependent coefficient in the damping term

up — Au+b(t) (= A) 7wy =0, w(0,2) = up(z), w(0,2) = uy(z). (1.1)

This special damped wave model represents an interpolation between the external
damped wave model (¢ = 0) with the damping term b(¢)u; and the visco-elastic damped
wave model (o = 1) with the damping term —b(¢)Au;. These two models have been
investigated, see e.g. [12], [13], [10], and [11]. The case of structurally damped waves
with time-dependent coefficient b(t) = u(1 +¢)°,6 € (—1,1) was studied in [7] and [9].
The main goal was to discover the parabolic effect for solutions to

uy — Au+ p(1+1)° (= A) 7w =0, u(0,2) = up(x), w(0,2)=ui(x). (1.2)

Under the parabolic effect we will understand that energies of higher order of the
solutions to (1.2) decay faster with increasing order, although the classical energy might
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have no decay behaviour. It is proved in [7] and [9] that in our language this parabolic
effect appears for o € (0,1). Up to now a diffusion phenomenon for (1.1), that is, a
connection from the point of view of decay estimates for solutions of parabolic type
Cauchy problem is to the authors knowledge still open. Such a diffusion phenomenon is
true for ¢ = 0. The optimality of these decay estimates remained open. The first goal
of this paper is to prove optimality for a class of scale invariant models. The second
goal of this paper is to explain the smoothing effect for solutions to structurally damped
waves. This smoothing effect and a related parabolic profile of solutions was already
studied by using a spectral theoretical approach in an abstract setting in [4] and [5].
Applications are given to mixed problems for the case of interior domains.

The main tools of our considerations will be elliptic as well as hyperbolic WKB-
analysis to obtain solution representations. For proving the optimality of energy decay
estimates we will use ideas from scattering theory and component-wise analysis. In
order to comprehend the qualitative behaviour of the solutions to (1.2) for o > 1 the
case 0 = 1 is also described and some new effects will be sketched.

2 Precise estimates for the energies of higher order

We are interested in the structurally damped Cauchy problem (1.2). But now we
restrict ourselves to scale invariant models, that is, if u(1 + ¢, x) is a solution of

uy — Au 4 p(1 + t)‘s( — A)Uut =0,

then v(t,z) = w(A(1 + t), Az) is a solution as well for every A # 0. This convention
leads to the family of scale invariant models

Uy — Au+ p(1+ ) (= A)u =0, 0 €10,1], p> 0.
Theorem 2.1. Let us consider the Cauchy problem

U — Au+ p(1+1)* (= A)u =0, 0 €(0,1), >0,
u(0,z) = up(x), u(0,7) = uy(z).

Then the following estimate for the energy

Eulw)(t) = 3 [9°ult, Mg+ 32 [Pl )|

2 n
6= [ D

of order m > 1 holds and is optimal:
—om 2 —2(m— 2
By ()(8) < o (1407 il By + (L 02 )

Remark 2.1. Such estimates are proved in [7] and [9] for the solutions to (1.2).
Applying these estimates to the solutions for (2.1), then these estimates coincide with

those ones from Theorem 2.1. In this sense the optimality of the results from [7] and
[9] is shown.
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2.1 Proof of Theorem 2.1

The proof bases on the use of the scale invariant models (2.1) and the application of
different methods from the theory of ordinary differential equations.
First we apply partial Fourier transformation to the equation from (2.1). We obtain

Uy + |§| o+ p(1+ t)% ! |§|2t7 iy = 0, (2.2)

where u = 4(t, ) denotes the Fourier transform of u.
Then we apply the transformation

=(1+1t)€, wir)=a(l+t/¢).

The scale invariance of the model implies that @ is constant for ¢ and £ satisfying
(1 +1t)|¢] = 7 = const. The function w = w(7) satisfies the ordinary differential
equation

Wy +pm* tw, +w=0,7€ERT, 1 >0,0€(0,1). (2.3)

The information about the data is transformed to the Cauchy conditions w(|{]) = wy
and w,(|¢|) = w; depending on the parameter |£|. For this reason we shall study in
the following proposition a parameter-dependent family of Cauchy problems with a
parameter in the Cauchy data.

Proposition 2.1. Consider the parameter-dependent family of Cauchy problems

Wrr +pm . +w =0, p>0, 0¢c(0,1),

w(r) = wy, we(r) =wy, r>0.

The following estimates hold for 0 <r <7 and o € (0, %]

[w(r)| < Cexp (= (7 =12 ) ()] + w-(r)]).
(7)) < Cexp (=L = 7)) (Juw(r)| + o, (7)]).

Furthermore, we have for 0 <r <7 and o € (%, 1):

()l < Coxp (——Co (7272 = 220) ) ()] + url)]),

C S =) ) ()] + ).

lw, ()] < Cexp (—M

Here the constant C' = C(u, o) is independent of r and the constant C" is independent
of r,p and o.

Proof. We introduce the following two zones:

Zi(N)={0<7 <N}, Zy(N)={N<7<o0}.
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Here N > 0 is a constant that should be chosen later. Due to the integrability of the
damping term p72°~! in the first zone Z;(N') we can show for the energy W = (w, wT)T
the following estimate:

[W(T)|| < Cn [[W(r)]l

for every 0 < r < 7 < N and o € (0,1). To examine the second zone Zy(N) we
distinguish between the cases r < N and r > N. At first we examine the case r > N.
Later we will use the estimate from above for ||| in order to obtain results for r < N.
We apply the Liouville transformation

1

v(T) := w(T) exp <E7'2”> , N<r<r

to equation (2.3) and obtain the new Cauchy problem

1 20 — 1
Urr + <1 — ZM2T402> v— 02 ur* 2 =0, (2.4)
vy = exp (ﬁﬁ") wo and v; = exp (ﬁr%) (Br%_lwo + wl) .
4o 40 2

The term 2"2—_1 ur?° 2y is considered as a term of lower order from the point of view of
WKB analysis. For N sufficiently large the dominating term 1 — }1;197'4“*2 in (2.4) is
positive for o € (O, %] and negative for o € (%, 1). We want to distinguish these two
cases by emphasizing the hyperbolic and elliptic behaviour of the system for o € (0, %]
and o € (%, 1), respectively. To do so we rewrite equation (2.4) in the following way:

1
Urr + a3 (T)v+b(T)v =0 for o € (0, 5} (2.5)
1

1
vy — a3(T)v+b(T)v =0 for o€ (5, ), (2.6)

where a3(7) =1 — 1742, a3(7) = $p°7*7 % — 1 and b(7) = 21722 with p > 0.
In both equations the term a? or a3, respectively, denotes the dominant part. The term
b is subdominant for o € (0, 1) concerning the asymptotic behaviour of the coefficient
in 7.
Beginning with the Cauchy problem for (2.5) we set up the system of equations for
the micro-energy V(7) = (a1 (7)v(7), UT(T))T and diagonalize it by using the diagonal-
i —i

izer M = ( 11 ) We obtain for V(1) :== M~V (1) the system

A, Vi = A((T)Vi + Bi(1)Vi, Vig=Vi(r) = M7V (r) (2.7)

with NV < r < 7 and the matrices

= (0 5, ) s -k (487 8)

Here the matrix A; describes the hyperbolicity of our model (2.5) while By is integrable
over (N,00). Since we want to obtain estimates for |w| we have to estimate ||[Vi(7)]|.
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Using the theory of matrizants and the integrability of B; on (INV,00) we obtain the
estimate ||V1(7)|| < Cn ||[V1(r)|| and, analogously, ||V (7)|| < Cy ||V (r)|| for N < r < 7.
Summarizing, we have for o € (O, %} the estimates

lw(T)] < |v(7)| exp (_ﬁ7_20>

< Onay (1) exp (—%720> lay (r)v(r) 4+ v (r)]

< Oar' () exp (1= (7 = 1) ) (@) + 52 ) w(r) + wi (r)
< Oy exp (== (77 = 1) ) (Jw()] + w,(r)]),
(7)) < (@1 () [o(r)] + [or(7)]) exp (2727

< O exp (- (7 =) ) (@ (r) [o(0)] + |ox (7))

< O exp (o (7 =) ) ()] + (7)),
Now let us devote to the case o € (3, 1). Based on equation (2.6) we set up the system
for the micro-energy V(1) := (az(7)v(7),v,(7)) and diagonalize it two times. To do so
1 1

-1 1
for the first step. Applying the second step of diagonalization we use the matrix

] b(r)—dzas ()
4a3(1)+2b(T
Nl(T) = ( b(1)+draz(T) 21 +20() )

4a2(7)+2b(T) 1

we use the diagonalizer M (1) = M Ny(7), where M = is the diagonalizer

proposed by Yagdjian (see [14]|) which is invertible for 7 > N large enough. We obtain
the following system for V(1) = Ny ' (7)M 1V (7):

d:Va(7) = Ag(T)Va(7) + Ba(T)Va(7), Voo =Va(r) = Ny ' (r) M~V (r) (2.8)

with N <r <7 and

dras(T)—b(T
Ay(T) = —az(7) + ;t(IQ)(T)( : 0
2 0 as(T) + —dTai(Qj)b(T) .

The term Bs(7) is subdominant in (2.8) and its norm is asymptotically equivalent
to 772971 thus, By(7) is integrable over (N,o00). Using the definition V(1) =
Es(1,7)Va(r) and (2.8) we can write

dr Ex(7,7) = (Ao(T) + Ba(1)) Eo(T, 7). (2.9)

Here Ey = Es(7,7) is a propagator to V5, thus, as a first statement we have the
propagator property FEs(r,r) = I. Due to the ellipticity of the system for V5 the
propagator consists of increasing and decreasing components. Thus we are interested
in sharp estimates for the increasing components in order to get information about
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the behaviour of ||V4||. We will obtain these estimates using a weight-function and the
Lemma of Gronwall.
We make the following ansatz

Es(1,7) = Eyq(1,7)Q(7,7)

with Es 4(7,7) is the propagator to d, — As(7). Using the system for @) we can lead
back to a system of integral equations for Es:

Ey(1,7) = Eoq(r,7) +/ Es 4(T, 8)Ba(s)Es(s, r)ds.
Due to the form of E,,; we can not apply the Lemma of Gronwall yet. Hence, we
modify the system of integral equations introducing a multiplier:

EV(7,1) = By(r,r) exp (- / Tw(s)ds) - B (r,r) = Eya(r,r) exp <— / Tw(s)ds)

draz(s)+b(s)
2a2(s)

with w(s) := as(s) + . With this choice we have

ESY(r,7) :Eg};(n )+ / Eg;(s,T)BQ(S)E;”(S,T)dS.

r

As we can prove boundedness of HESC% ’ we can apply the Lemma of Gronwall. Using

the propagator-property of Fy(7,r) we obtain

IVl < C Vel < Covesp ([ aate) + F22 0 vl a0

Summarizing, we obtain the estimates

At this point we use the asymptotic equivalences
Boagr 1 19,

ay(s) ~ 587 = —s and draz(s) — b(s)

~ (20 —1)s7!
2 o 2a5(s) (20 = 1)s™,
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and get
lw(T)] < Cy (;)20_1 exp <—C’/TT %sl_zgds — %r%’) (Jo(r)] + (az(r))~" o, (r)])
< Cyexp (_—M(Q ? %) (7’2_2‘r — 7’2_2‘7) — %TQU)
X (Jo(r)] + (aa(r) ™" Jo-(r)])

¢ —20 —20
= L)

< (J )+ (@) ™ g ()] + (az() 7 52 ()]
C

< Cyexp (—m (72_2‘7 - 7“2_20)) (\w(r)| + [w-(r)] )

For |w,(7)| we can estimate in the same way

C

m(’ﬂf% _ r220)) ( lw(r)| + |w-(r)] )

()] < Civ exp (—

To complete the proof we use for r < N < 7 the estimate

(o )= Cah))

and, finally, we may conclude for 7 > 0 and ¢ € (O, %} the estimates

w(r)| < Cexp (== (% =12 ) (Jw()] + [w-(r)]).

(7)) < Cexp (— 22727 — 1) ()] + e (1)),

Furthermore, we have for 7 > 0 and o € (%, 1) the estimates

M(ng " (7_2720 — 1"220)) ( |w(r)| + |w,(r)] )7

¢ 2720 _ p2720 w(r w,(r
(- )) (o)l + untr))

(2 =20

w(r)] < Cexp (—
wr(7)] < Cexp (—

This completes the proof. ]

The next step is now to prove the optimality of the estimates from Proposition 2.1.
With these optimal estimates for w we can deduce to optimal estimates for the energy
Ep(u)(t) of order m > 1. Due to the hyperbolic character of the system for o € (0, 1]
we will use ideas from scattering theory in order to obtain estimates from above and
below for E,,(u)(t). The main idea is to compare the system d,V; = A;(7)Vi+ By (7)V}
with the system dTVI(l) = A1(7')V1(1) in order to prove that the asymptotic profile of V}

and Vl(l) coincide for 7 — oo.
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Proposition 2.2. Let us consider the following Cauchy problem for equation (2.5) for
o€ (O, %]

Uy + ai(T)v + b(T)v =0,
v(r) =wvy, v.(r)=1

with N < 7 and r < 7. Defining the micro-energy

V(r):= (al(T)U(T),’UT(T))T
we obtain for N large enough
Ci(r, N) [Vl < V(T < Calr, N) [[V(r)]]-
Therefore, the estimate ||V (T)|| < Cy ||V (r)|| is optimal.

Proof. We want to use the notations of the proof for Proposition 2.1. We set up the
systems d.Vy = Ay (7)Vi + Bi(7)V; and dTVl(l) = Al(T)Vl(l). We immediately obtain
the propagator E; 4 = E 4(7,r) for Vl(l), ie. Vl(l)(T) = Ey (T, 7")1/1(1)(7’):

= [P (=i [T a(s)ds) 0 ) =
Eva(T,r) = ( 0 exp (z fTT a(s)ds) ) , Bralrr) =1

for N < 7 and r < 7. For the propagator E;(7,r) for Vi(r) we use the approach
E\(1,r) = Ey4(1,7)Q(7,7). This leads to

d;Q(1,7r) = E14(r,7)B1(7)Ey o(1,7)Q(T, 7).

Let us denote By(7,7) := Ey4(r,7)B1(7)Ey 4(7,7). Then we can also obtain for the
inverse of () the system

d-Q(r,r) = —Q Y (r,7)Bi(7, 7). (2.11)

The goal now is to prove the existence of the so-called Mgller wave operator W, =
W, (r). This operator maps the data of the system for Vl(l) to the data of the system
for V} in 7 = r so that the asymptotic profile of V; and Vl(l) coincide in the following
way:

lim

T—00

Vi) = Vi) =o. (2.12)
Following this construction the Mgller wave operator can be expressed as

Wi(r) = lim Ei(r,7)Ey4(1,7) = lim Q™ '(7,r).

T—00 T—00

To prove the existence of the operator W, we use (2.11) with

drai(T) + b(7)

ai(T)

[Bi(7,7)|| < € L*(N, ).
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We obtain for 7,7/ > R
_ _ — 1/ "
Q7 (7, r) — Q7 (1) < Zm (/ ||Bl(ﬁ,r>\|dﬁ) < e(R).
n=1 T
Thus, the limit lim Q!(7,r) exists. We can prove the invertibility of W analogously.

We therefore obtain with (2.12) and energy conservation for Vl(l)

(1= W@ Il < @+ |yo)|.
(L= Wil <@ < (1) [ 0]
G MIVE <IVEI < Calr, NIV

Therefore, we can not expect any decay or blow up for V(7) for 7 — co. O
For o € (%, 1) we can show the following statement:

Proposition 2.3. Let us consider the following Cauchy problem for (2.6) for o €
(3:1):
Vrr — a5(T)v + b(T)v = 0,

v(r) =wvo, v (r)=mn

with N < 7 and r < 7. Defining the micro-energy

V(7) = (ag(r)v(7),0-(r))"

draz(7)+b(r

we obtain for N large enough and w(T) = 503 (7) ) the estimate

cxtrMyesp ([ wlo)as) VO < IV < Catrn ) exo [ ohts) V0

Therefore, the estimate ||V (7)|| < Cyexp ([T w(s)ds) ||V (r)|| is optimal.

Sketch of the proof. The main idea of the proof of Theorem 2.3 is to analyse every
component of the propagator Es(7,r) for the system d, — As(7) — Ba(7) = 0 in order
to solve the occurring ordinary differential equations. This leads to integral equations
for the entries of

ED (r,7) = exp (— / Tw(s)ds) Es(r,7)

so that we can apply Gronwall’s inequality in order to obtain estimates from below and
above. These investigations lead to the optimality of the estimates of Proposition 2.1.
As we have sketched on page 89 we want to obtain estimates of the increasing
components of E,. With this information optimal estimates for ||V5|| can be conceived.
Thus the following investigations restrict ourselves to (Es),,. With (2.8) we define

Ay(r) = ( “in a;zf) ) Balr) = ( ﬁz?T) 61((;))
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and obtain the ordinary differential equations

d, (EQ) L1 (T7) = au(7) (Eg) (T 7) + Bi(T) (Eg) 5 (T57),
d, (EQ)QQ(T, r) = an(T) (Eg) 0o (T3 1) + Ba(T) (E’g) (7).

Integrating these two equations and applying each representation into each other leads
to an integral equation for

4o, 1= exp (_ / ’ ag(s)d8> (), (721,

Note that exp (— [ as(s)ds) < Cyexp (— [T w(s)ds) for N <r < 7. Thus, simulta-

neously we are investigating (Eé ))22. We have

qoo(T,7) = 1+/ (T, 8)qaa(s,7)ds

o) = (o) | " Ba(s') exp ( / (o) - ag(s”))ds") s’

Using the representation

wm(rr) =1+ Y [otrrn) [ [T e n)in, dn
n=1v" r T

With mathematical induction it follows

with

we can show |goa(7,7)] > 3.

T T1 Tn—1
/ o(7,71) / P(T1,T2) - / O(Tn1, Tn)dTy - - - dmy

and thus |goo(7,7)| > 1 — Z 37 = 3. This implies the estimates ‘(E(l))

1
<—, n>0
S N2

0o| = Cy and

| (E2) 22! > Cyexp ([ w(s )ds) with N <7 <7 and Cy > 0. Together with (2.10) the
optimality of the estimate in Proposition 2.3 is shown.

Now the last step is to obtain estimates for the energy E,,(u)(t). Let |5] > 1. By
Proposition 2.1 we have

€1 a(t, &) = 1€ [w((1 + ) ¢])]
< Cleexp (=4 (147 = ) 167) (Jalleh] + - (6D

for o € (0, %] and

/

R C 294 2-2¢
61" ae.€)) < Clel " exp (‘m“l )

for o € (%, 1). By Propositions 2.2 and 2.3 we know that these estimates are optimal.
At this point we distinguish two cases:
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1. For t € [0, 1] we obtain for o € (0,1)

8114 9 (1 w
& a0 < el (| () + 75 | T<|fsm)

< Clo,p, 1B1) 1617 1(0,€)] + Clor p, 18) 617 an(0,€) ] (2.13)
This result for small ¢ affects the regularity of the data.

2. For t € [1,00) we have for o € (0, 5]

617 11 < 161 exp (~4=(t16)) (D] + ol (eD) )

due to the asymptotic equivalence (1 +¢)* — 1 ~ t**. For o € (3,1) we can
estimate

a 1A ex b 2-20 w L w
617t < €161 exp (— oyt 102 ) (IulleDl + 1 (€D

due to (1 +1)27% — 1 ~ {272,

Now the terms

1
(t1&))" exp <—M

are bounded so that we have for o € (0, 1)

€™M a(t, &)l < Clo, w181+ )77 1a(0,¢)| (2.14)
+C(o, 1, 1B (1 +1)~0P7D [2,(0,€)]

This estimate concerning large times proves the decay of the elastic energy.

Merging the behaviour of @ in (2.13) and (2.14) we obtain
€l at, o) < C((1+6)771E a(0,6)] + (1 + )17 ()P [a,(0,€)] ).

Our first goal is to get conclusions about components of the elastic energy:

97 ult.) gy = [ 16 0, e

< € (1 7 (0, Y + (1 2 a0, -1y )

(t|§|)2"> and (t]¢])" exp (—M(Q%

(i)

Analogously, we can study the kinetic energy. Hence with ‘ 3 ’ = |5| — 1 we obtain

b O (07 0,y + (02 a0, ) gy ) -

Summarizing, the energy

0= 9l o+ 3 [Pt

|6l=m |]=m—1

L2(Rn)

L2(R™)

of order m > 1 satisfies

En(u)(#) < C (1487 (0, ) ym oy + (1+ 872 10, ) sy ) -

This completes the proof of Theorem 2.1.
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2.2 The caseoc =1

The case 0 = 1 denotes the visco-elastic case of the structurally damped wave model,
the so called visco-elastic damped wave model. Recalling the statement in Theorem
2.1 it is obvious that for o € (0, 1) the rate of decay of the energy increases as the order
of the energy increases. This effect is called parabolic effect. We are now interested if
this effect is also observable in the scale invariant case with o = 1.

Theorem 2.2. Let us consider the Cauchy problem

uy — Au — p(1+t)Auy =0, p>0,
U(O,I) = U0<m>7 ut(O,x) = Ul('r>

Then the following estimate for the energy

Eulw)(t) = 3 [9°ult, Mgy + 32 [Pl )|

B=m || =m-1

L2(R™)

of order m > 1 holds and is optimal:
B (1)(2) < Con (140 Nty + (140 s s ) -

The constant C" is independent of m.
Proof. The proof can be found in Diplomarbeit Matthes, Section 2.5, [8]. O]

Remark 2.2. The study of the scale invariant models in Theorem 2.1 brings optimal
estimates for the energies of higher order for o € (0,1). Moreover, the parabolic effect
can be shown. For o =1 we only know that the scale invariant model does not possess
the property of parabolic effect. This observation does not exclude the parabolic effect
for other visco-elastic models.

3 The smoothing effect

In this section we will explain another property of solutions to structurally damped
waves, the so-called smoothing effect. To explain this effect we introduce the following
definition:

Definition 3.1. A function u : R® — R belongs to the Gevrey space T'*(R™) if it
satisfies

a(€)e
with suitable constants C' > 0 and s > 1.
More precisely, a function u : R" — R belongs to the Gevrey-Sobolev space T'*¢(R™) if

it satisfies

€ L*(R")

1/s

() (€)?eC € L*(R™)

with suitable constants C' > 0, s > 1 and o € R.
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Theorem 3.1. Let us consider the Cauchy problem

ug — Au+ (14+1)°( = A)u =0, 0 €(0,1), [§] > 1,

u(07 I) = Uo(x), ut(O,x) = ul(x) (31)

with (ug,u1) € H'(R™) x L*(R™). Then fort > 0 the solution u = u(t,-) belongs to the
Geuvrey-Sobolev space. More precisely, we have u(t,-) € T'5(9):2@) y;th,

s(0) = { %1, for o € EO, 2% and  olo) = { —20, foro € (2 %}

555, Jforo € 1 %—30, fO?“O’G(

for o < —1 and o(o) = —20 for § > 1.

3.1 Outline of the proof

The proof consists of the following three main steps:

1. Determine the characteristic roots of the partial Fourier transformed operator of
(3.1),

2. set up the zones in the extended phase space,
3. obtain estimates for |u| using elliptic as well as hyperbolic WKB analysis.

The characteristic roots of the partial Fourier transformed operator of (3.1) are

M) 1= — b0 2+ | T2 1 — i

with b(t) = (1+1¢)°. Thus the principal behavior of the system is ruled by the behavior
of the discriminant 1b(¢)* |¢ " — |€|°. We therefore set up zones in the extended phase
space in which we can observe elliptic and hyperbolic behaviour as well. We define
with e > 0

the elliptic zone Zg(¢) := {(t ) 6] < e= b( )2 \5]40}
the hyperbolic zone Zyy,(e) := {(t,f) : Zb(t)2 1" < e ¢ }
<

the reduced zone Zq(e) := {(t,f) € \§|2 < —b(t)? ]§|4" §| ] }

Sl

Due to our investigations on regularity we have to devote to high frequencies, i.e.
|€] > N with N large enough. Figures 1 and 2 give a geometrical idea of the zones.
Choosing a fixed t > 0 we can choose N large enough such that we
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t Zh}rp{ € ‘|

N ||

Figure 1: Principal shape of the zones for decreasing and decaying dissipation for o € (O, %)
(left) and o € (1,1) (right).

t Leai(e) t

|&] N €]

Figure 2: Principal shape of the zones for increasing and unbounded dissipation for o € (O, l)

2
(left) and o € (1,1) (right).

can completely work in one zone. Depending on the zone we have to apply the corre-
sponding WKB analysis. The hyperbolic WBK analysis we are applying for o € (0, %)
involves one step of diagonalization while the elliptic WKB analysis involves two steps.

3.2 The proof for o € (O, %]

As we have shown in the last section we can restrict ourselves to the case when |¢]?
dominates such that we will work completely in the zone Zyy,(c). We will write the
characteristic roots in the following way to emphasize their behaviour in this situation:

1 1
M6 = — S+ J2 7~ S e

. /

v v~

=m(t,) =:dy (£,£)
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Here and in the following we restrict ourselves to a > 1. Here we can see that the
term m(t, ) may determine the regularity in some sense. Thus, we apply the Liouville
transformation

iit.8) = exp (5 [ m(t. 9t ) w6 = o (3 167 [[+0)at ) ot

to obtain the Cauchy problem

1 o 9 a . 2 e
vt (16 = U702 ) 0 SIP (1) o= 0
) :dg(rt,g) ==l;(rt,£)

with the data vg(€) = v(0,€) = do(&) and v (€) = v(0,€) = —F [ do(€) + @ (€).
We define the micro-energy V- = V(t,§) := (dl(t,ﬁ)v(t,f),vt(t,g))T and set up its
corresponding Cauchy problem

0 d L ddy 0
Vo(€) 1= V(0,€) = (ds(0,€)vp(€), v1(6)) "

Now the goal is to investigate V for ¢ — oo. To understand the terms in (3.2) we
consider

Bdy(t, ) 1 o 1
2td1(t & = el
n 1- 7€l )
<e iI:rZ1(€)
1 B
< §a|§|40 P4t (1t e+e+..0), (3.3)
Bt &) 1 o u 1
2d,(t,€) :§a|§|2 T 42
s VI 4160 (e
1 oo o 13,
§§a|§| (1+1) 1+§€—|—§8 +...). (3.4)

Taking into consideration this information and the definition of the hyperbolic zone we
can interpret the first matrix in (3.2) as “principal part”. Moreover, we see that the two
terms from above are integrable with respect to ¢. This will be very helpful. Thus, we
T —1
1 1

We define V (t,&) = MV (¢, €) and get

AU ( —id; 0 )V(n n %( 1 -1 )va) I ( 1 -1 )Vm,

choose the diagonalizer M = ) in the following diagonalization procedure.

0 id 2, \ —1 1 5, L1 —1
—:Dy (1,€) —Ri (1) —Ria(t)
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To find a representation of the solution to (3.5) we begin with the fundamental solution
of the diagonal part 0, — D;(t,£). This is the linear propagator Eq1 = E41(t,s,§)
satisfying 0,Fq1(t,s,§) — Di(t,§)Eqq(t,s,€) = 0 and Eg4(s,s,§) = I. Due to the
structure of D (¢, s,&) we get
exp (—z’ [hdy(t, g)dt') 0
0 exp (z f: dl(t’,g)dt’>
For the fundamental solution Ey = Fi(t, s, &) of the full system we make the ansatz
Eq(t,s,€) = Eaa(t,5,8)Q(, s, ).
The matrix @ satisfies Q(s, s,&) = I and
atQ<t7 S, g) - Ed,l(s7 t? 5) (RLT (ta §> + Rl,i(t7 §)>Ed,1(t7 S, 5) Q<t7 S, g)

::Rl (t757€)

Ed,l<t7 S, f) =

Using the matrizant representation for ¢) and the special structure of E;; we arrive

immediately at
o0 1 t . . n
ot s ol =3+ ([ IR snar)
n=0 §

(5.0l <o ( [ R, 58] ). (36)

respectively. At this point we can use the integrability of R; with respect to t, i.e.
Ri(-,8,&) € L'(0,00). This follows from the integrability of R, and R;; with respect
to t. Having the estimates (3.3) and (3.4) in mind a direct consequence is

1Q(, 5,9 < exp (ClE[ %) < C
1

for o € (0, 5} and large |£]. An interpretation of this inequality is that v does not
contribute to any smoothing effect for u. We will show this in detail in the following
lines. We obtain with ||Eyz1(t,s,&)|| = 1 the estimate

IV (&, = || MEx(t,0,6)M Vo () || < C[Vo(€)]-
Consequently, we have
il0.9) = exp (5 67 [ +0)0at ) )
0

dl(oaé) 1 20 ¢ NN—a jyu/
< o9 S oxp (—5 1 [ eyar) (lnf©)] + )

< Cexp (=5 16 [+t (Jul©)] + ()

<cleem (~5 16 [ @) (@] + )

for |£| > N. Finally, we obtain for those £ the desired estimate

it < 0@ exp (<30 [+ 0)wat) (aule)] + ).
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3.3 The proof for o € [%, 1)
In the case o € (%, 1) we have to recall two facts concerning our investigations:

1. We are interested in large frequencies, therefore we can choose a constant N large
enough and [¢| > N.

2. We make statements about the smoothing effect for every fixed time ¢. Therefore,
some crucial constants may also depend on t.

These two facts and the geometrical representation of the zones for o € (%, 1) depicted
in Figures 1 and 2 lead us to the conclusion that we can restrict ourselves to the zone
Zen(€). For every t we can choose N = N(t) such that for [{| > N we work in Zy(¢).
In this zone we have 1 €]*7 (14-¢)72* as the dominating term in the square root of the
characteristic roots. The definition of this zone is

1 1 - %
Sl <l a7 (37)
The upper bound for ¢ satisfies
1 1 oo B
ZIEP = 161" (L + te)

Following the main principles of construction from the last section we first apply the
dissipative transformation

a(t.6) = exp (516 [0 ) ofe.6) for € Ot

in order to obtain the differential equation for v(t, §):

Vit — G €[ (1 +)72 — W) v ST (L) o =0

N
J/ -~

with the Cauchy data vy(€) := v(0,€) = @o(€), v1 (&) := v,(0,€) = =4 |€]* (&) + 11 (£).

=
We define the energy V(t, &) := (da(t,&)v(t §),vt(t,£))T and obtain the system of
differential equations

oV — ( ;2 Céz ) V+di2 ( 8_%;2 8 ) V., Vo(€) = V(0,€) = (da(0,€)ve(€), v1 (€)).

We want to diagonalize the first part of this system. Hence, we are using the diagonal-

izer M = ( _11 1 ) and V(t,€) = MV(t,€) to get

—dy 0 Bdy (1 —1 G (1 -1
W _ [ (1) 4 % A 1)
oV ( . d2>v +2d2(_1 . )v +2d2(1 _1)V
N—————

=:Ds(t,€) =:R‘2,(t,£)
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with the Cauchy data V(&) := V(0,£) = M~1V,(€). In order to make statements
about solutions of this system of differential equations we will need the estimates

atdQ(t>§)‘ _ -1 1
—dz(t7§) = a(l + t) 1 _il|f|2f40' (1 + t)z(i
ga(1+t)’1(1+5+52—_i—...) and
BEE | _ 1 1
dz(t7§>’ St

V1= 4leP (1 1y

1
<a(l+t)* <1+§5+282+...).

Here we used (3.7) and the definition of the zone Zg(¢). To describe the solu-
tion VW (¢,&) for t € (0,t¢,] we introduce the propagator Fy = Fy(t,s, &) and get
V(&) = By(t, s, )V (5,€), Ex(s,s,€) =1 for any t,s € (0,t,1]. After setting

Aydy(t, €) + B(t,€) Oidy(t,€) — B(t,€)

Spl(tv 6) = _d2<t7 6) + 7902(t7 6) = dQ(t> 5) +

2d2(t7 E) 2d2<t7 5) ’
o _atdQ(t7 5) - 5(t7 g) o _atdQ(t) 6) + ﬁ(tv f)
7’12(15, 5) T 2d2(t, 5) yT'21 (ta 5) T 2d2(t, 5)
we obtain
_ (et &) 0 0 mat9)
c%Eg(t,s,f) = ( 10 ¢2<t7£) ) Eg(t,S,g)—f— ( Tgl(t,é-) 120 ) Eg(t,S,g).
(3.8)
In the following we want to show that
Vool < exp ([ eaten ot ) [0 o)
0

holds and is optimal. Now we diagonalize (3.8) a second time in order to obtain
integrability of the remainder terms. For that we use the transformation

EM(t,€) = Ny(t, &) Ealt, €)

with the diagonalizer

1 _ Orda (t7£)+18(t7£)
1d2(1.6)—28(t,
Ni(t,€) == ( Buda (£,6)—B(L,E) 2(t£1) oo >

proposed by Yagdjian (see [14], Proposition 2.2.8). We obtain the following new system
of equations:

W o [ o1t + i) 0 )
& (t’o‘( 0 akaiey )00
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0 7”12 (t £) (1)
4 ( oo ) EV( ) (3.9)
_. @gl)(tvf) 0 E(l)(t 5) + 0 T%)(t7€) E(l)(t 5)
oo e ) (66 0 s
(3.10)

with

e e
R(0,€) = ( B e ) = NP R N €) — 1) — AN (1, 6))

Using this representation and the definition of the zone Z(¢) we obtain the estimate
|r o) < ca+o2er.

Having this in mind we can follow the construction of component-wise analysis as we
did in Section 2.1 and get for

V(t,€) = BV (¢ exp (— /0 e <t1,§>dt1)

the integral inequality

Q11 tf‘<‘041 t§ / ‘ag 7585‘|q11 €)|ds, where
m(t £) :=exp (/0 ((pg )(tl,é) — <p2 (tl,f))dh) and
i (t,5,€) == 75 (5,€) / P (11, €) exp ( /t (1 (t2,6) — soé”(tz,ﬁ))dtz) dt.

Analysing the terms ag and a( ) we see

a0, < 1 and |t 5.0)| < jgI7 (14 9)
which leads to
)q(l) )‘ <C

by using Gronwall’s inequality. Going through these steps for every entry of QU(¢, £) :=

( q%i)(t 9 q% (t,¢) ) we obtain
421 <t7§) 422 (t 5)

t
Q9 = A (00 + [ A(5,9) 0 QU(k 5,
0

with the Hadamard product o and the matrices Agl)(t, ¢) and Ag)(t, €¢). The modulus
of every entry of these two matrices can be estimated by C' and C' |§|_1 (14 s)~2 respec-
tively such that we can apply Gronwall’s inequality to every component of Q) in order
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to obtain |g¢;;(¢,£)| < C for i,7 = 1,2. Now we can show ‘qé?(t,f)‘ > < such that we

1
2
have the equivalence of || Es|| to the weight-function exp (fot wa(t1, &) + 7“§2 (t1, 5)dt1>
We know that

t
D(te) =1+ / o (t, 5, €)a) (s, €)ds
0

where )a(;)(t, f)‘ < C'|€|7" (1+1t)72. Using the matrizant representation we obtain the

following representation for q%):

00 t
@y (L) =1+ / b (t, 11, €)
n=0 0

t1 tn—1
X / agl)(tl, t9, &) - / agl)@nil’ b, E)dtpdty,_y - - - dty.
0 0

Our goal is to show ’q (¢, 5)‘ > £ for a constant N large enough. Here N is the

constant we have used to constrain |{]. We can do this by verifying the inequality

t t1 tn—1 1
/ oD (1,11, €) / oD (ty 5, 6)- - / Ot s )bt - -ty
0 0 0

S J—
by using induction principle. In detail HV(l)(t, €) H behaves like

3?’L
ol <ew ([ (e + 2EEE=IOE 40 o) an) vt

<Cn ;lj((é:?) exXp (/Ot d2(t17f)dt1) Hvo(l)(f)H :

With this we have

ot < e (= [ 16 1+ 0 ) bie.6)

<0209 o / | (dzm,g) - Sl ) an)

X (vo(§)] + [vr(€
<o+ Sexp< ( o —%|£]2”(1+t1)“> dt1>
x (lvo(©)] + i ()])
< e zexp( /Ot;\g (14+t)~ (1—\/1 416772 (1 + )2 )dt1>
x (lao(&)] + @ (€)])-

Furthermore, we see 1 — \/1 —4)E]7Y (1 +t1)% > 2|6/ (1+11)2 using the Taylor
series for the square root. It follows

olt. ) < Cle e (51607 [+ 0pdn) (au(©)] + ).

0




104 S. Matthes, M. Reissig

Looking for the regularity of u at t = ¢ty we now can choose N = N(ty) large enough
to work completely in Zg(e) (see Figures 1 and 2). Due to the structure of Zg () this
can be done for every ¢y > 0. Consequently,

alta 1 < ClefFexp (5167 [Maran ) (Jao©)]+ (o))

< Clel 2 exp (=Clto) [€77) (lao(€)] + [ (€)])
holds and it is optimal for |{| > N. Summarizing, for all £ € R™ we obtain

[i(to, )] < C(€)*7 exp (=C(to) (€)77) (lao(€)] + @ (O)])-
Remark 3.1. Following the approach from this section we are even able to prove the
following result:
Let us consider
U — Au+ (1417 = A)u, =0, 0 € (0,1), u(0,2) =up(z), u(0,2) = u(z)

with the Cauchy data from HY(R™) x L*(R"). Then we have for every t > 0 the optimal

smoothing of solution
u(t,-) € T3@elo)(R™),

where
% for o e (O,%} ,
s(o) =
ﬁ foro € (%,1),
and

o(0) = { —20  foro € (0, %} ,

%—30 foro e [%,1).
As we see from the approach the constant C(ty) in the exponential term is increasing

like (14 t9)*™ for a > —1 such that the reqularity remains Gevrey for any ty > 0 but
improves concerning the exponential term.

3.4 The case o =1

Let us consider the Cauchy problem for the visco-elastic damped wave equation

Ut — Au — (1 +t)5AUt = 0, |5| > 1, (3 11)
u(0,2) = ug(x), u(0,2) = uy(z). '

Can we observe a smoothing effect for this model, too?

Theorem 3.2. Let us consider the Cauchy problem (3.11) with (ug(z),ui(x)) €
HY(R") x L*(R™). Then we can not observe any smoothing effect for the solution
u(t,-) fort > 0.

In the proof of this statement we are going through the three steps as we have done
in the proof to Theorem 3.1. We obtain for the Fourier transform (¢, -) of the solution
u = u(ty, -) only the estimate

li(to, €)] < C(€)? (ao(&)| + a1 (€)]), €] =N

with a fixed t{5 > 0 and NN large enough. This leads to the desired statement. More
explanations can be find in Diplomarbeit Matthes, Section 3.4, [§].
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4 Some concluding remarks

We have shown optimal higher order energy estimates for the solutions of the struc-
turally damped wave equation with the special dissipation term b(t) = p(1 + t)?>~1
with ¢ > 0 and o € (0,1). We used statements from the scattering theory and the
component wise analysis in order to show the optimality. Furthermore, we observed a
smoothing effect to the solutions of the structurally damped wave equation with the
dissipation term b(t) = (1 +t)° with || > 1. Analysing the characteristic roots of the
structurally damped wave equation we conceived zones where we can observe elliptic
and hyperbolic behaviour of the solutions. These zones crucially depend on the be-
haviour of b(t). Thus, it is interesting and congruous to extend these results for general
dissipation terms. We expect the following statement:

Let us consider the Cauchy problem

utt—Au—l—b(t)(—A)aut:O, o€ (071)7 (4 1)

u(0,2) = u(x), u(0,2) = wi(z) '
with (ug,u1) € HY(R™) x L*(R™) under suitable assumptions for the coefficient b(t).
Then for t > 0 the solution u = wu(t,-) belongs to a Gevrey-Sobolev space. More
precisely, we have u(t,-) € T5):2) yjith

—20, for o€ (0,3],
1 1
5 — 30, fora€(§,1 .

and  o(o) = {
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