DECAY ESTIMATES FOR WAVE EQUATIONS WITH VARIABLE
COEFFICIENTS

PETRONELA RADU, GROZDENA TODOROVA AND BORISLAV YORDANOV

ABSTRACT. We establish weighted L2—estimates for dissipative wave equa-
tions with variable coefficients that exhibit a dissipative term with a space
dependent potential. These results yield decay estimates for the energy and
the L2 —norm of solutions. The proof is based on the multiplier method where
multipliers are specially engineered from asymptotic profiles of related para-
bolic equations.

1. INTRODUCTION

Consider the following dissipative hyperbolic equation

(1.1) uy — div(b(z)Vu) + a(z)u, =0, x€R", t>0,
where the coefficients a € C°(R), b € C*(R) are positive functions, and the initial
data uli—o = ug € H'(R"), u|t—o = u3 € L*(R™) have compact support

up(x) =0 and wuy(z) =0 for |z| > R.

Such a system appears in models for traveling waves in a non-homogeneous gas with
damping that changes with the position. The unknown u denotes the displacement,
the coefficient b, called the bulk modulus, accounts for changes of the temperature
depending on the location, while a is referred to as the friction coefficient or po-
tential (see [4] pg. 11-12 and 131). This problem has been studied intensively for
the homogeneous medium, when b is constant (see [11] for a review of the pertinent
literature), but the results are scarce for the variable coefficient case. We first men-
tion the work of Tkehata [5] in which the author finds rates of decay of solutions for
a problem set on an exterior domain, however, no damping is present (Morawetz
first looked at this problem with constant b in [7]). In addition, Tkehata imposes
that the bulk modulus be constant at infinity, so that b is space dependent only
inside a ball. In [3] S. J. Feng and D. X. Feng look at an equation with interior
damping (possibly nonlinear) but for bounded domains. To our knowledge, the
results of this paper are the first to be obtained for damped wave equations which
exhibit space dependent hyperbolic operators and space dependent potential on the
entire space R"”.

Recently a strengthened multiplier method has been developed in [11] and used
to derive the weighted energy of solutions for equations (1.1) with space dependent
decaying potential a(x) and b = 1. For time dependent potentials a(t) and b(z) = 1
the Fourier transform yields optimal results - see [9], [10], [13, 14, 15].
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The diffusion phenomenon for wave equations with damping (see [6], [8]) is cru-
cial since it suggests considering multipliers related to a parabolic equation; these
multipliers yield almost optimal decay estimates. Unfortunately the diffusion phe-
nomenon for more general second-order hyperbolic equations with damping is not
well understood yet.

The existence of a solution u to (1.1) with the regularity

u € C((0,00), HY(R™)), wu; € C((0,00), L*(R™)),

can be obtained through linear semigroup theory (see for example [1]).
We assume that

(1.2) bo(1+ [2])° < bl) < ba(1 + [2])",
and

ap ap
(18) T laDe == T e

for some «, 8 € R and ag, a1, by, by > 0.

This paper is an extensive generalization of [11] to the case of variable coefficients
b. When b is space dependent we find that although the general method of [11]
remains viable some nontrivial obstacles have to be surmounted. Since the problem
does not have constant speed of propagation anymore, we have to construct new
multipliers to obtain the desired estimates. A meticulous analysis also enables us to
extend the range of exponents of [11] obtained for b = 1. For a space dependent bulk
modulus the results of this paper apply whenever o and 8 belong to the following
range of exponents

(1.4) a<l, 0<B<2 2a+B<2.

Note that for @« < 0 and 0 < 8 < 2 the last inequality is always satisfied. In [11]
the authors covered the case 0 < a < 1 for = 0.

In the case of variable coefficient wave operators we observe some new phenom-
ena. The decay rates pinpoint the interaction between the coefficients a and b.
Thus, an increase in the bulk modulus b will trigger a faster decay of solutions, but
one would have to decrease the damping coefficient a to produce the same effect.
Since the exponents that control the growth of a and b play opposite roles in the
decay rates we choose the asymmetric notation with « in the denominator and 3 in
the numerator in (1.3) and (1.2). It is worthwhile to mention that the energy decay
rate goes to infinity (see Corollary 1.5) when 8 — 27 and o — 0. This shows
that the range of the exponent 3 in (1.4) is natural. On the other hand in the case
of overdamping, namely when o« — —oo (see (1.3)), we prove that the energy decay
stabilizes at ¢t~ 1.

In [11] the multiplier was constructed based on a solution to a related elliptic
equation, but a more thorough analysis shows that a subsolution of the same elliptic
equation is sufficient. This observation provides us with a better understanding of
the problem so that we can ultimately find the natural multiplier for the equation.
Also, we now have much more flexibility in constructing such functions (the set
of subsolutions is considerably larger than the set of solutions). The far reaching
applicability of our results is demonstrated in the Section 7 where we explicitly find
solutions and subsolutions to the elliptic problem in several broad cases; an exact
solution was found in [11] only for the radial case. Our results also eliminate the
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radial restriction found from the main theorem found in [11] (see Remark after case
C3 in Section 7 for more details).

The results of this paper rely on the following

Hypothesis A. Under the above assumptions (1.2) and (1.3) there exists a
subsolution A(z) which satisfies

(1.5) div(b(z)VA(z)) > a(z), =e€R",
and has the following properties:

(1.6) (al) A(z) >0 for all =,

(1.7) (a2) Az) = O(|z]*~*7P) for large |z|,
(1.8) (@3) o= liminf —ADAG@ o

P b VAP

The proof of the statement contained in Hypothesis A is straightforward in the
radial case since it is a simple exercise to solve (1.5) with equality. We conjecture
that the result holds true for arbitrary functions, since we were able to construct
explicit solutions in many general situations; we had to impose only some mild
restrictions in order to find an explicit subsolution A that satisfies (1.5)-(1.8). A
detailed discussion of all situations with which we can deal is included in Section 7.

Here we announce our main result.

Theorem 1.1. Assume that a and b satisfy (1.2) and (1.3) with «, 8 that satisfy
(1.4), and Hypothesis A holds. Then for every § > 0 the solution of (1.1) satisfies

/ =022 4 (2)u? dx < Cs(|[Vuo||2s + [lua]|22)t0,
_ 5 Al) o
/ =022 (42 1 b(z)|Vul2) do < Cs([|Vuo|[2a + [lur [22)15 =+

for all t > 1. Here A is the subsolution from Hypothesis A, and u is the number
defined by (1.8). The constant Cs depends also on R, a, b, and n.

An important consequence that follows from the main theorem shows an ex-
ponential decay for the energy and the L? norm of the solution in the region
{x: A(z) > t1+¢} with ¢ > 0.

Corollary 1.2. Assume that conditions (1.2), (1.3), (1.4), and Hypothesis A hold.
Then for every § > 0 and & > 0 the solution of (1.1) satisfies

/A( . (u? +uf +b(@)|Vul?) de < Cs(|[Vuol3z + [JurF2)e” 0",
) >t1+e

for allt > 1, where A and u are given by Hypothesis A.

The fact that we are able to construct subsolutions in several cases (see Section
7) allows us to eliminate Hypothesis A from the assumptions. Thus we can formu-
late our main result in a more precise form that involves only the bounds for the
coeflicients a and b as in the following corollary.
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Corollary 1.3. Let a and b satisfy (1.2), (1.3), and (1.4). Then for each of the
cases (C1)-(C4) listed in Section 7 there exists a constant Ag > 0 such that

o 5+#7‘u .
o2——8 " 2-a-B ifaa>0
/erwa)Hfuz . , ifa>0,

< C
= 5{155—“, if a<0,

z|2—a—pB
/er<#*5>“ T (uf + b(2)|Vuf?) de < CsttTE,

wheret > 1 and p is given by (1.8) with A computed in each of the cases (C1)-(C4).

Under some mild assumptions we can estimate u in terms of the bounds for a and

b alone. The following corollary states that under these circumstances the energy

§—20b0, _n—a 4
decays faster than t° @1b1 2=a=3

and (1.3).

, where ag, a1, bo, b1 are the constants from (1.2)

Corollary 1.4. If in addition to the assumptions of Theorem 1.1 we have n > 2,
a<n—1andb is such that

(1.9) Vb(z) - % > boB(1 + |a])?~

(these assumptions correspond to case (C4) in Section 7), then

A(x)
[ @ do < CoI Vol + e,

_ s\ A=) Bl
/ =5 (f + b()|Vul?) do < Cs(|[Vuoll3s + [lua|32)£ -+

for allt > 1, where a subsolution A can be computed explicitly as in case (C4) and

for p defined by (1.8) we have the bound

agbg n—ao
“aby 2—a—-p

The constant Cs depends also on R, a,b and n.

Remark 1. Note that (1.9) is always satisfied for functions b which are radial. For
arbitrary b the condition (1.9) basically requires that the gradient of b be larger than
the gradient of the lower bound of b given by (1.2). By choosing by appropriately
this condition can be satisfied by a large class of functions (including polynomials
and rational functions).

Remark 2. If ag, a1, respectively by, by are close to each other, then the decay for

the energy is approximately of the order 975751 As we will see in the next

corollary this is exactly the energy decay rate for a and b which behave like radial
functions at infinity (obviously, this is the decay for a and b radially symmetric).

Corollary 1.5. Let a be an arbitrary (radial or not) function and b be radial (these
assumptions cover the cases (C1), (C3) in Section 7), or let a and b be both arbitrary
but with the same angular component (as defined in Section 7 case (C2); see (71.3)).
In addition, assume n > 2 and there exist as, by > 0 such that

(1.10) a(z) ~ aglz|™%,  b(x) ~ baolz|® for large x.
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Then, for every § > 0 the solution of (1.1) satisfies

3 jaj2ma=p
pa2(2—a—po) 2 0

§_ n—2a .
t°"2=a=F, ifa >0,

n—a

7 Fa s, if a<0,

< Cs(IVuo(@)]|7 + lur (2)]32) {

o |z|2—a—B
/eaz(g_a_ﬁ+6> S (02 4 b(e) | V)2 da

< Cs(IVuo(@)lIF + Jua (@) )t " == 1,

2. BOUNDS ON A AND a ON THE SUPPORT OF THE SOLUTION

We state here a theorem about the support of solutions for a wave equation with
variable coefficients. The proof closely follows the argument presented in [2], so we
include here a sketch.

Proposition 2.1. (Finite speed of propagation) Assume u satisfies (1.1) and fix
xo € R™ and tg > 0. Let q(z) satisfy

(2.1) Va(x)| = b(a) "2, q(x0) = 0.
Consider the backward cone with vertez at (xq,to)
C = {(a,0)|ql) < to — 1}
and its cross-section at time t
Cy :={z|q(z) < to — t}.

If u(z,0) = w(x,0) = 0 on Cy, then u(z,t) =0 for (z,t) € C.

Radial Case. Assume b(xz) = b(|z|), then we have the following simplified
statement:

If ug,uy are supported inside the ball |x| < R, i.e.

uo(z) = ui(x) =0 for x| < R,
then u(x,t) = 0 whenever |z| > Ry, where
(2.2) R =q Y (a(R)— 1),
By (2.1) the function q is determined by

/ b(s)~Y/2ds
o

Sketch of the Proof: By adjusting the proof of finite speed of propagation
found in [2] (pg. 395) to hyperbolic differential operators in nondivergence form,
one obtains that p solves the Hamilton-Jacobi equation:

n
by p2,
=1

In order to solve for p we separate the variables, so we write

alr) =

= \/b[VpP.

y4s

p=q+tt—to

where ¢ solves:
1 = b(z)|V()”
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from which we obtain
Vq(@)| = (b(x))~'/2.
From this point on the proof follows exactly the proof of Theorem 8 pg. 395 in [2].

Radial case: We solve |¢.(r)| = (b(r))~'/? and obtain:

T
q(r) = i/ (b(s))"Y2ds,  where q(r¢) = 0.
ro
The cone of propagation is given by ¢(r) = to — t and it has the vertex at (7o, o).
Since tg > t we see that ¢(r) must be nonnegative, in other words:

/ (b(s))~Y2ds, ifrg<r
q(r) =7
— [ (b(s))"'/2ds, otherwise.

T0
Consider the functions wug, u; supported inside the ball of radius R. This implies
that ug(r) = uy1(r) = 0 for » > R. Now consider the backward cone C given by
q(r) = to — t with vertex at (rg,tp) which passes through the point (R,0). (The
vertex depends on R). This implies that g(R) = to. From the first part of the
theorem we deduce that u(r,t) = 0 for all points (r,t) inside the backward cone,
hence the support of u is inside the forward cone C, i.e.

supp u C {(r,t) : g(r) > to — t}, with r < ro.

In order to find the size of the support at time ¢ we need to find the r coordinate
(denoted by R;) of the point on the forward cone at time t. We have

q(Re) =to —t =q(R) — t,

hence R; = ¢~ !(g(R) —t). Since we only looked at the branch for ¢ corresponding
to r < 1, we have that ¢ is invertible (this branch is a strictly increasing function).

For the radial case a couple of observations are in order. First note that ¢(R)
is well defined even if o = 0, since b(r)~'/? is integrable at the origin (this follows
from (1.2)). Second, one can easily prove that R; does not actually depend on the
choice for the vertex of the cone. If one were to choose the vertex for a different rg,
(let us denote it by 7) then the function ¢ would change to some g with §(7p) = 0.
Since ¢, = @, one obtains that

Ry =q '(a(R) —t) =q '(a(R) —1).

The formula (2.2) is not very useful in this form since we can not directly see
how fast or slow the support of the solution grows. For this reason we will be
interested in finding some bounds for R; using the growth conditions on b. Take
b(x) = by (1 + |z])?, so for r < ry we have

" 1
q(r)——/m\/mds.

Since § < 2, we find

alr) = <= [+ 70)C2 = (1 1y 0],

Hence ¢~ (y) = [(1 +TO)(27,6)/2 _y /—]bl 2/(2-B) 1 and
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2/(2-8)
R, = [(1 + R)-A/2 ¢ t\/bl} .

Note that for a general b satisfying (1.2) with 8 < 2, the above R; will provide
an upper bound. One has that the radius R; for a general b satisfies the following
estimate:

(2.3) R, ~ R+ Ct2=P)/2,

Remark: These results can also be deduced from Theorem 2.4 and Theorem 2.7
(pg. 45-47) in [4]) regarding the finite speed of propagation and the domain of influ-
ence for solutions of boundary value problems associated with hyperbolic differential
equations with variable coefficients in nondivergence form.

Proposition 2.2. Define

(2.4) g(t) = inf{a(x):x € supp u(-, 1)},
(2.5) G(t) = sup{A(z):z € supp u(-,t)},
and
e I ET R
(2.6) v =
0, if a<O0.
Then
(2.7) g(t) > got™, t>T,
(2.8) G(t) < Got* ™, t>T,
where go and G are positive constants.
Proof:
From (2.3), the support of u is contained in the set

2] < [(L+ R+ 4/by
Then we can take the function
ao[R + Ct¥/C=PA]=« if o >0,

}2/(2*,3) .

g(t) =
agp, if a < 0.

To verify the upper bound on G(t) we just use A(z) = O(|z|>~*=P) for large |z|.

3. A WEIGHTED ENERGY IDENTITY
We consider dissipative hyperbolic equations of the form
(3.1) uge — div(b(x)Vu) + a(z)us =0,

where the coefficients a and b are C'-functions. Our goal is to derive a weighted
energy identity for u involving three positive C2-functions: 7, 6 and .
Let @ = ¢~ 'u and substitute u = ¢ into equation (3.1). We have that

(3.2) Gy — b1 NG — by - Vi + G101y + gt = 0,
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where the new coefficients are

by=b, by=Vb+2byp 'V,
(3.3)

a1 =a+2p o, G = (o —div(bVe) + apy).

We multiply the equation for @ with na + 64, and integrate on R™ using the
divergence theorem. The boundary terms vanish since 4(z,t) has compact support
with respect to x. Details are given in Appendix A.

Proposition 3.1. Let u be a solution of (3.1). Assume that n, 0, and ¢ > 0 are
C?-functions. Then @ satisfies

d
< B, Vi, @) + F(iy, Vit) + G(@, Vit) = 0,

where
1
E(i;, Vi, 1) = 3 /[e(af + by |Va|?) + 2naa + (4260 — 1 + arn)a?] da,
N . 1 . .9
F(a;,Vu) = 3 (=0: + 2010 — 2n)u; dx

+/(V(931) — 0by) - 4,V dz

1 - - X
+3 /(—(bla)t +201n)|Val? dz,
1 . .
G@ = 5 / (e — (@1m)¢ + div(nbs — V(nb1)) + 2a0n — (a20):]0* da.

The coefficients by, ba, a1 and s are defined in (5.3).

4. HYPERBOLIC EQUATIONS WITH VARIABLE DAMPING

We will apply Proposition 3.1 to the hyperbolic equation with damping (1.1).
The main difficulty is to find three weights that can yield sharp decay estimates for
u. A good choice is 7 = ¢, since it simplifies the weighted identity for @. It is not
clear how 6 depends on ¢, so this choice is postponed.

Below we restate the identity in Proposition 3.1. We express all coefficients
except as in terms of ¢, 0, a and b. The most significant differences appear in G(a).
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‘We obtain
1
B(i,Va,a) = 3 /[o(af + b|Va|?) + 20,0 + (420 + ¢ + ap)i?] de,
1
F(u, Vi) = 5 /(—et +2(a 420" )0 — 2¢0)0? dx
+/b(v9 — 200"V ) - 4, Vi dx
1
“!‘5/1)(—925 + QQO)‘V’IAL‘Q d.T,
. 1 /[ . o
Ga) = 3 [Gop — (a20)¢]0° dx
and the following identity:
d
(4.1) @E(at, Vi, @) + F(ty, Vi) + G() = 0.

The next step is to show that F' > 0 and G > 0 under certain conditions on the
weights and coefficients. Hence dE/dt < 0, which implies that the weighted energy
is a decreasing function of t.

Proposition 4.1. Let ¢ and 0 be positive weights, such that
(1) a2>0, (a2): <0,
(i1) =0+ >0,
(1id) (=0 +2(a + 20" )0 — 20)(—0; + 2¢0) > (VO — 200" V)2,
Then E is a non-increasing function: dE(G,, Vi, 4)/dt <0 and
% /[e(af + 0| Va|?) + 200,10 + (420 + @1 + ap)i?] dz < Ey
for allt > T, where Eqg = E(ly, Vi, )| =1
Proof. To see that G(i) > 0, we combine (%), (i%):
aap — (G20): = aa2(p — 0+) — (G2)+0 > 0.

Using conditions (i4¢) and —6; 4+ 2 > 0, which follows from (i), we obtain that
the quadratic form F'(4;, V&) > 0. Hence (4.1) implies dE (4, V@, @) /dt < 0.

Clearly E (i, Vi, 1) < Ey is a useful estimate only for positive definite quadratic
forms of @, Vi and 4. To guarantee this condition we derive a preliminary esti-
mate of 4. Notice that neglecting the positive terms (4 + b|Vi|?) and @204 in
Proposition 4.1 yields the inequality

1d

1
(4.2) Sq% ot? dr + 3 /agle dz < Ejy.

This is the starting point to bound the L2-norm of @ if a satisfies (1.3).

In order to prove our next proposition we will need the following
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Lemma 4.2. Let g € C([T,0)) be a positive function. Then

e—f%g(s)ds/ e 9T g < max ——
T selr.1 g(s)’

Proof. Compute

t
/ elr9(Mdr g
T

IN

o] s
se[T 1 9(s T

} [eng<T>dT] < {max 1} oIt a(s)ds.

LG[T 1 g(s se[T.t] g(s)

The last inequality completes the proof.

Proposition 4.3. Let ¢ and 6 be positive weights satisfying conditions (i)—(iii) in
Proposition 4.1. Assume that (1.3) holds. Then

/m)? dr < Hy+ CEyt", t>T,

Hy, = /cp'CLQ dx

and v is the exponent defined in (2.6).
Proof. From (4.2) we have

where

)
t=T

dt
where g was defined in (2.4).
The above inequality implies

ptPd + g(t) /LpQde < 2F),

t
(4.3) / pildr < ¢ Jro(s)ds [HO +2E, / ef;g(T)des} . t>T.
T
By Lemma 4.2 and the fact that g is decreasing we obtain
t
o f}g(s)ds/ JE oI g < e < L
T selTt g(s) ~ g(t)
The following inequality and (2.6) yield the claimed estimate:
Ey
4.4 /(prQdm < Hy+—.
Y 0y

Proposition 4.4. Assume that a satisfies (1.3). If ¢ and (8 satisfy conditions
(i)—(iii) in Proposition 4.1 and the additional conditions

(iv) < Cot™ 0,
(v) e =—Cot7p
with Cy > 0, then

/9(a§ FHVAP) de < C(Ho+ Eo),

/agm)z dr < C(Hyo+ Ep),

fort>T.
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Proof. Recall the inequality for E derived in Proposition 4.1:

1
3 /[e(af +b|Va|?) + 20040 + (G20 + 1 + ap)i?] dr < By

for all t > T, where FEy = E(iy, Vi, 4)|t=7. Using
12000 < etVpi? +e T pa?,  e€(0,1),
we obtain

/[(9 —et?p)(@F + b|Val?) + api?] dv < 2Fy + /(e—lt—w — G20 — p;)0* da.
To complete the proof we choose e = (2Cy)~! and apply Proposition 4.3.
Proposition 4.5. Assume (1.2), (1.3), (i)—(v) and

(vi) O 3(? 4+ b|Ve]?) < Coa

for some Cy > 0. Then the estimates

/a(,o_lu2 dx

/9<p_2(uf V) dr < C(Ho+ Bo)

IN

C(H() + E()),

hold for t > tg.

Proof. In terms of u, Proposition 4.3 and Proposition 4.4 can be stated as
/(p_1u2 de < Hy+ CEut”,
/a¢_1u2 dx < C(Hy+ Eyp),

respectively. We need another assumption on ¢ and 6 in order to derive similar
estimates for u; and Vu. Note that:

2

Uy = (*$072<Ptu+$07lut)2 > —42y?

1
3% uf — o ptu

and
1
Viil* = (=™ Vou + ¢~ Vu)® > o 2 Vul® — o7V,
Combined with the estimate in Proposition 4.4, these inequalities imply

1
3 [ 00720 +UVA) do < CCHo + Bo) + [ 074 + 0T da

If the weights satisfy 0p~*(¢? + b|Vp|?) < Cpap~!, we can apply Proposition 4.3
to obtain the final estimates.
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5. EXISTENCE OF ¢ AND 0

There are non-trivial weights ¢ and 6 satisfying all conditions (i) — (v¢) in the
previous section. Actually we can choose ¢ to be an approximate solution of (1.1)
and 6 that behaves like a time integral of ¢. This approach uses solutions (or
subsolutions - see remark below) of the elliptic equation in divergence form

(5.1) div(b(z)VA(z)) = a(z), ze€R".

We assume that there exist such A with properties (a1)—(a3) from the introduction.
To define the weights ¢ and 6, we also choose oy > 0 and ¢ € (0, %u) Let

(5.2) m=pu—20, o(x)=(u—0)A(z)+ oo.

Then the two weights are given by

2@ 3 <6 0(1’))_1
(5.3) oz, t)y=t"me "t , Oz, t)=-|-+—~ o(z,t).
4\t 2

‘We should mention that the parameters g, 9, % and 6 are introduced for technical
reasons. It is clear that u gives the L2-decay rate. The presence of § > 0 in our
estimates leads to the loss of decay t~9. Probably we can avoid this parameter if we
allow logarithmic terms. Concerning the role of o(x), we will see that it determines
the actual support of solutions. In particular, the solutions decay fast in the region
where A(z)/t — oo.

For convenience we restate conditions (al) — (a3) in terms of p and o(z) :

(o1) div(b(z)Vo(x)) > (m + §)a(z) for all =z,
(02) o(z) = O(|z|>~>7P) for large |z|,

0
(03) (1 — 2) a(z)o(z) — b(x)|Va(z)|> > 0 for all z.
1
(Introducing large o ensures condition (¢3) for all x.)
Remark. Note that it is enough to find a subsolution to the elliptic equation,
i.e. a function A such that

(5.4) div(b(z)VA(z)) > a(z)

that satisfies (al)-(a3). This is due to the fact that (61)-(03) hold for o as chosen
in (5.2).

The rest of this section verifies conditions (i) — (vi) for the weights ¢ and 6
defined in (5.3). We begin with the following useful calculations:

o= (2420 o= (542 or (B-22)0
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We use (5.5) to calculate the coefficient ds in (3.3):
div(b(z)Vo(x)) — ma(z) n a(z)o(z) — b(x)|Vo(z)|?
t 2

(5.7)
Tt ) e
Another simple observation is that (5.6) implies
0, -m+1  4o(x)
xo< -
0 — t 3 t2
The next result confirms our choice of y and o(z).

+< m U(x))2+m 20 (z)

(5.8)

Proposition 5.1. Let ¢ and 0 be defined in (5.3). Then conditions (i)-(vi) on ¢
and 6 hold for sufficiently large t > T.

Proof. (i) Equality (5.7) and conditions (o1), (¢3) yield
da(z) n ea(z)o(x) 20(x)

a2

- t t2 t3
_ da(z)  o(x)(ea(x) —2t71)
- T T t? ’

where € = §/(2u). Since g(t) > got~7 and v < 1 the second term on the right hand
side is positive for sufficiently large ¢. Hence ay > 0. The proof that (a2); < 0 is
similar.

(7i) It follows from definitions (5.3) and inequality (5.8) that

0
O+ = <—£+Z>0

m—1 4do(z) 8 4do(x)
-+ - 0
< t 32 ity

> 0.

(#4¢7) This inequality contains two factors on the left side. The first is estimated
by the previous inequality (ii):

—O+20 = (—bit+9)+e
> .
Unfortunately, the second factor requires more involved calculations.
0
0+ 20 +207 )0 — 20 = (—t +2a+42 - 2“’) 0
0 %) 0
m—1 4o(x)
= (t - g t2 + 2@(%)) 0
dm  4do(x) 16 8o(x)
- - —= 0
* ( t 2 t 3 2
We can regroup the terms to obtain
3 17
—0; +2(a+20 " "p)0 —2p > (— m: +2 (:c)) 0

v
=}
—~
8
—
<>
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for sufficiently large ¢t. This follows from the fact that for large ¢,
a(z) > got~ 7 withy <1, (z,t) € supp u

as it was proven in Proposition 2.2.
Multiplying the two lower bounds,

(—0; +20)(—0; +2a0 + 400ty —2¢) > p-ab
@)+ o)
32
4 a(z)o(x)
-3 2
It remains to find the expression on the right side of (i) :
()
0 @

Vo(z) Vo(z)
(_6t+a(x)+ t )9
(5t + o(x))Vo(x) 9

t(6t + o(x))

(5.9) 02

Vo — 200 1V

Hence
(5t + o(2))*[Vo(x)?
2ot +o(@)?
Condition (03) shows that b(x)|Ve(z)* < a(x)o(x), so the above expression can
be compared with the term

b(x)(VO — 200" 'Vp)? = b(x)

3 2 a
from (5.9):
(5t + o(x))%b(z)|Va(z)[? a(z)o(z)(5t + o(x))? a(z)o(x)
Rotto@)? | S Boire@? S & 0

Hence condition (#i¢) holds.
(iv) From (02), we have that

p(t,x)  46t+o(z)
o(t,x) 3 2
Hence the right hand side in the above inequality is bounded by Ct~7 by (2.8).

(v) Since v < 1 this condition is trivially satisfied.
(vi) An equivalent condition is

o(@)\*
(m + t) +b(z)|Va(x)]? < C(6t+ o(z))a(z).
First note that since b(z)|Vo(x)| < a(x)o(z) it is enough to show that
2
(m + a(tx)) < C(t+o(z))a(x).

This is satisfied since m? < Ca(x)t and % < Ca(z) by (2.7) and (2.8).
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6. PROOFS OF THEOREM 1.2 AND COROLLARIES 1.3 AND 1.4

According to Proposition 5.1, ¢ and 6 are admissible weights for the decay esti-
mates in Proposition 4.5. We can now derive the main result and its two corollaries.

Proof of Theorem 1.1. Since the estimates are trivial for small ¢ > 1, we can
assume that ¢ > T and T is sufficiently large. We will apply Proposition 4.5 with
the weights defined in (5.2) and (5.3). For every 6 > 0, we obtain

/e(u_é)A(‘w)a(S(})UQ dr < C(Hy+ Eo)t?+,

/e(“_‘s)@ (1 + A(m)>_l (u? + b(x)|Vul?) dv

4 t2

IN

C(Hy + Eo)t*~+,

where ¢t > T. We can rewrite the second estimate using

(1 + A(x))lt (1 + A(x))l > Cyte 8

t 2 t

with some Cy > 0 depending on ¢ and T. Notice also that
Ho + Eo < Ci(|[Vuo| 72 + [lur[|72),

where C; depends on R, a, b, and n. This yields the estimates in Theorem 1.2 with
a loss of decay 24. To obtain the final form we only replace 2§ by §.

Proof of Corollary 1.2. Adding the two estimates in Theorem 1.2 and re-
stricting the integration to {z : A(x) > t'7¢}, we have

Alz) _
/ B0 (2 4 u? 1 b|Val?) do < Cs(|Vuol2e + lua |22)8 .
A(x)>tite
Since A(x)/t > t¢ and a(z) > got~7, by Proposition 2.2, this inequality implies
/ (0 12 + BVul?) de < Co([[VuoZa + [fug]|2)85 7 He B0
A(x)>tite
The power of ¢ can be accounted for by a slight increase of 4.

Proof of Corollary 1.3. To obtain these weighted estimates we combine The-
orem 1.1 with the following bounds on A:

(6.1) Ao(1+[2])*7077 < Afz) < Ay(1+ Ja])*7 77,

This double inequality can be proven in all cases (C1)-(C4) by estimating the
solution constructed in (7.2) for Co = Cy =0

T Sl—n s 1
(6.2) A(r) = / / a(p)p™ dpds,
) o b(s) Jo (

since the solutions for (C1)-(C4) are slight modifications of this function. Thus, in
(C2) the solution is a product between an angular function (which does not change
with the radius) and the above A(r), hence its estimate will not change for large r.
The functions of (C3) and (C4) have exactly the above form with a and b replaced
by explicit expressions which satisfy the same order of growth as r — oo. The
constants Ag and A; may change from case to case, but we are not interested here
in obtaining its exact value, even though this is not difficult to do.
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One can easily obtain (6.1) from (6.2) by using the bounds of (1.3) and (1.2)
together with the following inequalities

G _1 _1 >0
< —— < —, s
P T (1+s8)P " 8P
C 1 C!
! < 2 s>0

— < [ — —,
s T (14+9)> = o
which hold for some Cy,C; < 1, Cy = 1 if a and 3 are both nonnegative. If
a < 0 simply choose C; =1, Cy > 1. The estimates from (6.1) follow after a basic
integration. The energy estimate follows easily by using (a2).
The weighted L?-norm of u requires more work. First, since u > 0 we have by
Theorem 1.1

A(x)
(6.3) [ R awn? do < CollFuol + 7).

If o < 0, the L2-estimate in Corollary 1.4 follows from a(x) > ag. If a > 0, we use
the upper bound on A(z) from (6.1) and property (1.3) of a(x) to show that

a(z) > C(A(x)) 75
(6.4) = Ot =i (’4§”)> o

o A(z)
> Ct 2=a-8 676 t

with C' > 0, whenever ¢ is sufficiently large. We can complete the proof by substi-
tuting this lower bound of a(z) into inequality (6.3).

Proof of Corollary 1.4. The corollary restates the theorem in case (C4) so
that we have the bound on g which is proved in Section 7 in (7.9).

Proof of Corollary 1.5. The proof is an immediate consequence of Corol-
lary 1.4 and (7.10) from Section 7.

7. SOLUTIONS AND SUBSOLUTIONS TO div(b(x)VA(z)) = a(x)

To derive precise decay estimates from Theorem 1.2 we need better knowledge
of the function A. We will find several cases when we can explicitly construct A
that satisfies conditions (al)—(a3).

(C1). Radial coefficients a and b. We show here that assumptions (al)—(a3)
are satisfied in the radial case. We begin by finding an explicit solution A for (5.1)
with the above properties for radial functions a and b. In this case (5.1) becomes

b(r) (AM +
To reduce the order, we multiply by r
(T”flb(r)Ar)

so we have after integration that

(7.1) 4, = b() (co+ [ p" (o) dp).

We find a solution in the form

(7.2) A(r) = Oy + /0 S'bl(s; (00 + /Osa(p)pnldp> ds.

n—1

AT> + b4, =a(r), r=]|z|
n—1.

. =1""ta(r),



DECAY ESTIMATES FOR WAVE EQUATIONS WITH VARIABLE COEFFICIENTS 17

By letting Cy = C; = 0 we obtain the solution which satisfies A(0) = A,.(0) = 0.

It is easy to see that (al) is satisfied. From (1.3) and (1.2) we can assume that
for large values of r we have a(r) ~ Cr~® and b(r) ~ Cr” (in the sequel C is a
positive constant that can change from line to line). From (7.1) we deduce that for
arbitrary Cy we have for large r:

A, ~ CTmax{l—n—B,l—a—ﬁ} ~ C?"l_a_ﬂ

since a < n. For C; possibly non-zero we obtain by (7.2) at infinity A(r) behaves
like
A(T) ~ Crmax{(),Qfafﬁ}.

Note that max{0,2 —« — 8} =2 — « — . This can be proved by analyzing each of
the cases:

e 2a+ (<2 B<2 a>0. We have that a4+ 8 < 2a+ 3 < 2.

e a <0, < 2. Again, trivial to see since 0 <2 - <2 —a— 0.
Hence,

A(r) ~ Cr?—a=h,
Assumption (a2) follows immediately. In order to prove (a3) we need to estimate

the quotient from the definition of i1. Note that for the allowable ranges of exponents
« and (8 we have that 2 — a — 3 # 0. It follows that

G(T)A(’r) P . p2—a=p
b(’r)[Ar(T)]z ~ rB. (T-lfaf,@)g ~C>0.

Since the rate of growth for the above quantity is always nonnegative we have that

(C2). Nonradial coefficients - ¢ and b separable. In this case we can
also construct a solution to the elliptic equation. Consider the decomposition of

the point € R™ in the radial components (r,w) where r = |z| and w = — is the
7

projection of x on the n — 1 dimensional unit sphere. Assume that a and b can be
written such that

(7.3) a(z) = a(r,w) = a1(r)¢(w), b(z) =>b(r,w) =0bi(r)¢(w).

where the function ((w) gives the dependence of a(z) and b(x) on the position of w
on the unit sphere, and aq, by are the radial components of a, respectively, b. Under
this assumption we can construct a radial solution A to the (5.1) which satisfies
(al)-(a3). Define

T s Sl—n L T s Sl—n L
Ar:://—a "_dds:// a(p,w)p” “dpds,
( ) ro Jro bl(s) l(p)p p ro Jro b(s,w) (p )p p

where the last equality holds true by (7.3).
For b(x) = b1(r)¢(%) we compute

5 (b1>r<°””+b1< Cf”vc:c)
€T r T; T

which yields

T I
Vb: (bl)r ;C‘i’blvc <’I" - 7"3 > .
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We use the above equality and the fact that A is radial to compute
-1
div(bVA) = Vb-VA+bAA = (b1),A-(+bAA = (b1),A.C+b1C <AM + nAr> .
T

Hence, the equation (5.1) can be reduced to the radial case

(bl)TAr + bl (Arr + r ; 1AT) = az.

These computations were shown in case C1, hence, we have that A is a solution to
(5.1).

(C3). Arbitrary coefficient a and radial b. These assumptions allow us to
construct a subsolution. Let A satisfy

a1

div(b(z)VAi(z)) = @+ [z)>

where a; is given by (1.3). Since b is radial the equations above are equivalent to

n—1 ai
b.A b(A — A )= ——
1, + ( 1. T r 1r) (1 + T)a

hence we can take (see the discussion for the radial case above)

A T S Slfn pnfl d d
1“"‘“[;L0wﬂ<r+map&

By (1.3) we have that A; is a subsolution of (5.1). As it was remarked earlier, (o1)-
(03) hold if instead of taking an exact solution to (5.1) we consider the subsolution
Aj;. Note that for this construction we used only the bound a; from (1.3).

Remark. This case covers the situation encountered in the main result (Theo-
rem 1.2) of [11], since b = 1 is radial, so that we can eliminate the radial assumption
imposed for a. To this end we also use the fact that a subsolution is sufficient to
establish the decay rates in terms of p, where p is given by (a3). Note, however,

(0%

that the explicit decay rate is obtained from the equality p = 5=2 only under the
assumption that the solutions are (almost) radial at infinity.

(C4). Arbitrary coefficients a and b. In order to find a subsolution in this
case we begin by solving the radial equation where the coefficients a and b replaced
by appropriate radial bounds

. a
div(by(1 +7)°V A (r)) = m
We find a solution A; which satisfies
ri—n r a1
7.4 A = el g ,
( ) lr(r) bo(l—‘r?”)ﬁ /TO P (1+p)a P

so that

T Sl—n s 1 ai
7.5 Aq(r :/ 7/ "t~ dpds.
(7:5) =) warsp ), T
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a

(The computations are the ones presented in the case a, b radial with a = ﬁ
r

and b = bo(1 + 7)? where we chose the integration constants from (7.2) to be

Co = C1 =0). Hence, A; satisfies:

bo(1+7)%), A1+ bo(1+7r)PAA = — 2
(bo(1+7)")rAr, +bo(1+7)"AA TEE
With this A; we perform the following computation
al 8
—_— — 1 A
T (o i
Lo bo(l—f—T‘)B

_ ay _ ﬁrl—n /T pn—lLdp

bo(1+7)otP bo(1+r)P*L (1+p)~

" n—1 /1 Y1
e jlr)a [1_/% (g) (112) 1+rdp} '

Under the additional assumption

(7.6) a<n—1

we see that AA; > 0.

This suffices to prove that Ay is a subsolution of the initial elliptic problem, i.e.
it satisfies (5.4), whenever

(7.7) Vb= > boB(1+1)77,

since we have
div(b(x)VA1(z)) = Vb- VA +bAA; =Vb- gAlr + bA A,
T

and
ay
TR

In the above computation we also used the bounds given by (1.3), (1.2) and the
fact that A;, > 0.
Next we find a bound for the decay rate
e (@) Aa(lz])
(75) b= AL, () P
and show that it is strictly positive.
First note that under (7.6) we have from (7.5) and (7.4) that for large r

boB(1+7)P"TA +bo(1+7)PAA >

ai l1—a—p
A ~—
(1) bo(n — ) "

and ay

A 2—a—p3

1(r) bo(n—a)2—a—f5)
It then follows that
— b
j = Timinf =% b0 @) ek,

z—o0 2—a—L0 a1 b(x)
From (1.3) and (1.2) we obtain that
agbg n—a«o

(7.9) _E.ﬁ—a—ﬁ

> 0.
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Note that for a and b which satisfy (1.10) we have ap = a; = ag, by = by = ba, so
then following the above argument we obtain the equality

n—«o

(7.10) w= G —E

APPENDIX A. PROOF OF THE ENERGY IDENTITY

Upon multiplication of (3.2) by nu and integration over R™ we obtain

~2

d R
T (nu}ﬂ + na; u2> dr — /(mata + na?)dr + /Vn - Vb adx
52
+ /(lebl Va4 by |[Val? + nayt?)dx + /[div(nbg) — (ndl)t]%dx =0.

The equality can be rewritten in the following form after integration by parts:

d A 4P 1 L9 )
(A1) %/ (nutu + na12) dx — 5/ [(ntu )t + 277ut] dx
n / [div(a%lvn) + 9aVby - Vi + by |vu|2] do
a2 . - - - .
+ / 5 [277(12 — e — Vby -V — b1 An + div(nbe) — (nal)t} dx = 0.
Similarly, by using the multiplier fu; for (3.2) we obtain:
0? - . 02
/ {9 (;) — Oby Advit, — 0by - Vit + 0aya? + Oas <2> ] dr = 0.
t t
Integration by parts and a rearrangement of terms gives:

1d . 1 .
(A2) —— /(9@3 + b1 |Vl + asa?)dx — 3 /(etaf + (01| Vu|?)da

A . ) "2
+ / {ﬁthVﬁ VO + 1,0V - Vby — Otipby - Vi + 0ay 47 — (9&2)151;:| dx = 0.
By adding (A.1) and (A.2) and combining similar terms we obtain:

1d
2 dt

/ <_§t + 0y — n) a2 + <n81 -~ (bf)t) V|2 da

- /atva (byVO + 0Vby — 0by)dx:

/e(af + by |Val?) + 2ntu + (Bag — n, + nay a2 da

+

+

a9
1 . R R A R .
/ 5 (ntt — b1 An + 2nas — (nay): + div(nbe) — (fas); — Vby - Vn) dz

+ / naVby - Vadz = 0.
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Since 4V = 1V (4?) we can write after an integration by parts

~9 . R 02 ~
/ {UQdiv(blvn) + iV - va} doe = — / %diV[V(bm)}d%

This completes the proof of the energy identity in Proposition 3.1.
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