arXiv:2211.00196v2 [math.AP] 15 Jan 2023

EXPONENTIAL TIME-DECAY FOR A ONE DIMENSIONAL WAVE
EQUATION WITH COEFFICIENTS OF BOUNDED VARIATION

KIRIL DATCHEV AND JACOB SHAPIRO

ABSTRACT. We consider the initial-value problem for a one-dimensional wave equation with coef-
ficients that are positive, constant outside of an interval, and have bounded variation (BV). Under
the assumption of compact support of the initial data, we prove that the local energy decays expo-
nentially fast in time, and provide the explicit constant to which the solution converges. The key
ingredient of the proof is a high frequency resolvent estimate for an associated Helmholtz operator
with a BV potential.

1. INTRODUCTION AND STATEMENT OF RESULTS

This paper establishes exponential local energy decay for the solution of the following one di-
mensional wave equation, with compactly supported initial data:
B(x)0?w(x,t) — Oy (a(x)pw(z,t)) = 0, (z,t) € R x (0,00),
w(z,0) = wo (),
Jyw(zx,0) = wy(x),
supp wo, suppw; C (—R, R), R > 0.

(1.1)

Here, the coefficients «, 8 : R — (0, 00) have bounded variation (BV). We suppose also
inf «, inf 1.2
inf o, in B8 >0, (1.2)
and that there exist Ry, ag, Bo > 0, so that
Oé($) = Qo, /B(x = 607 |3§‘| > RO- (13)

)
To begin, we address the well-posedness of (1.1) via the spectral theorem for self-adjoint opera-
tors. Let H be the Hilbert space L?(R; 3(z)dz) equipped with the inner product

(1, )3y = /R (w)o()B(z)dz.

(Note that L?(R; 3(x)dx) = L?(R;dx) as sets, and their respective norms generate the same topol-
ogy, since 8 has positive upper and lower bounds.) Define the symmetric, nonnegative differential
operator

Hu = — 3710, (ad,u), (1.4)
with domain D(H) = {u € L*(R) : u,0,u € L*(R) N L>®(R), and 0, (ad,u) € L*(R)}. We will see
from Lemma 3.1 in Section 3 that H is self-adjoint with respect to D(H). It is also conveniently the
case that D(H'/?) coincides with the Sobolev space H'(R) [Re22b]. For completeness, we prove
this fact in Appendix A.
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Thus, for initial conditions wy € D(H), wy € D(HY?),

sin(tH'/?)
H1/2

is the unique function w € C?((0,00),H) with w(0) = wp, dw(0) = wi, and for all ¢ > 0,

w(t) € D(H) and 0?w(t) + Hw(t) = 0.

Theorem 1.1. Let o, B : R — (0,00) have bounded variation and satisfy (1.2) and (1.3). Suppose
wy € D(H), wy € D(H'?), and suppwo, suppw; C (—R, R) for some R > 0. Let w(t) be given by
(1.5). For any Ry > 0, there exist C,c > 0 so that

w(-,t) — woo”Hl(—Rl,Rl) + ”8tw(’at)”L2(—R1,R1)

w(t) = w(-,t) = cos(tHY?)wg + wy. (1.5)

. (1.6)
< Ce™(|woll @) + lwillew),  t>0,
where )
o = s dx. 1.7
b 2(awBp) /2 /Rwl(x)ﬁ(x) v (17)

Theorem 1.1 is motivated by the recent article [AGPP22]. There, the authors prove (1.6), with an
explicit constant ¢ depending on « and 3, provided that « and g are Lipschitz continuous, bounded
from above and below by positive constants, and satisfy (1.3). Our result includes natural examples
such as cases where « and [ are piecewise constant and it is easy to see that the exponential decay
rate in (1.6) cannot in general be improved to any superexponential rate. See [BIZ16] for dispersive
and Strichartz estimates for one dimensional wave equations with BV coefficients.

To prove Theorem 1.1, it suffices to show (1.6) and (1.7) in the special case

alz) = p(z) =1, |z| > Rp. (1.8)

Indeed, if w(z,t) solves (1.1) for initial conditions wy, wl and general o and 3, then the function

u(z,t) = w(\/ag)z,/Bot) solves (B(v/aox)/Bo)0}u — dx((a(y/apz)/)0yu) = 0 with initial con-
ditions u(z,0) = wo(y/a0x), du(z,0) = v/Bowi(y/aoz). Then (1.8) applies, giving that u decays
according to (1.6) and (1.7). The asserted decay for w follows by a change of variables.

For the wave equation with constant coefficients and compactly supported initial conditions, it
follows readily from D’Alembert’s formula that solution to (1.1) converges to w in finite time.
However, for variable coefficients, exponential decay is a typical scenario. This occurs in the setting
of reflection and transmission, e.g., when o« = 1 and S assumes precisely two values.

In dimensions two and higher, the recent works [ChIk20, Sh18] treat local energy decay for
wave equations with Lipschitz coefficients. Though in higher dimensions, logarithmic, rather than
exponential decay, is optimal in general. The study of energy decay more broadly has a long
history, going back to the foundational work of Morawetz, Lax—Phillips, and Vainberg [Mo61,
LMP62, LaPh89, Va89], which we will not attempt to review here. The reader may consult [Bu98,
HiZw17, Sh18, DyZw19] for more historical background and references.

We prove Theorem 1.1 by analyzing H as a black box Hamiltonian in the sense of Sjostrand and
Zworski [SjZw91]. In particular, (1.8) implies that for any x € C§°(R;[0,1]) that is identically one
near [—Rp, Rp], the cutoff resolvent

YR\ x == x(H — X))ty : H — D(H) (1.9)

continues meromorphically from Im A > 0 to the complex plane. (Here, we equip D(H) with the

graph norm u — (||ul|, + |[Hu||2,)*/2.) In particular, we establish the following high frequency
bound.

Theorem 1.2. Suppose o, 5 : R — (0,00) have bounded variation and obey (1.2) and (1.8). For
any x € C3°(R;[0,1]) that is identically one near [—Ryo, Ro|, there exists C, \g, €9 > 0 so that

IXROA) Xl < C|ReAI™, (1.10)
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whenever |[Re \| > Ao, and |Im | < &p.

In Section 4, we achieve (1.10) by rescaling H — \? semiclassically, see (4.2), and apply a resolvent
estimate for a Schrédinger operator with a BV potential, namely Theorem 3.2 in Section 3. The
proof of Theorem 3.2 uses a positive commutator argument that relies on some basic calculus facts
for BV functions. We collect these facts in Section 2, and prove them in Appendix B. Finally, in
Section 5, we prove (1.6) by combining (1.10) with an argument involving Plancherel’s theorem
and contour deformation. A similar strategy appears in [V099, Section 3.

Our methods should apply directly to some more general operators, such as the wave operator
B(x2)0} — 0y(a(x)d,) + V(x), where V is real-valued, compactly supported, and has BV. In that
case, however, the residual we, in (1.6) may be more complicated, as there may or may not be a
resonance at zero, and there may also be discrete negative spectrum. See [DyZw19, Theorem 2.9]
for instance, which treats the case V # 0 and «, 8 = 1.

2. REVIEW OoF BV

To keep the notation concise, for the rest of the article, we use “prime” notation to denote
differentiation with respect to z, e.g., v’ = d,u.
Let f: R — C be a function of locally bounded variation. For all z € R, put

FHa)=lm f =8, fR@)= lm f@rd), @)= @)+ @) @)

where the limits exist because both the real and imaginary parts of f are a difference of two
increasing functions. Recall that f is differentiable Lebesgue almost everywhere, so f(z) = f¥(z) =
fB(x) = fA(x) for almost all z € R.
We may decompose f as
f=Ffey—fr—tilfiv — fi-), (22)

where the f, 1, 0 € {r,i}, are increasing functions on R. Each ffi uniquely determines a regular
Borel measure ji,+ on R satisfying pig.+ (21, 2] = f&(x2) — fE,(21), see [Fo07, Theorem 1.16].
We put

df = prg — pir— + (i — pi-), (2:3)
which is a complex measure when restricted to any bounded Borel subset. For any a < b,

df = () = f(a),
(a,b]
w df = f*(b) = f(a).
We collect several properties of functions of bounded variation, which are well known, and which
we use to prove Theorem 3.2 in Section 3. Their proofs are deferred to the appendix.

(2.4)

Proposition 2.1 (integration by parts). Let f : R — C have locally bounded variation. For any
a < b, and any continuous p, with ¢’ piecewise continuous and p(a) = p(b) =0,

/ odf = —/ o fd. (2.5)
(a,b] (a,b]

Proposition 2.2 (product rule). Let f, g : R — C be functions of locally bounded variation. Then
d(fg) = fAdg + g*df (2.6)
as measures on a bounded Borel subset of R.

Remark: We note that if f is continuous, then inductively applying (2.6) yields df™ = nf"~df.
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Proposition 2.3 (chain rules). Let f : R — R be continuous and have locally bounded variation.
Then, as measures on a bounded Borel set of R,

d(ef) = el df. (2.7)

On the other hand, let x1,...zN,70,71...,7N € R, and consider the function
-1

9(x) =101 (—c0,2y] + Z Til(ajaj1] T TN ey 00):
7j=1

Then
N
= (€7 —€)0y,, (2.8)
7=1

where 5%. denotes the dirac measure at x;.

The need to treat separately the case of jump discontinuities in Proposition 2.3 was brought to
the authors’ attention by [Pi22, Re22a).

3. WEIGHTED RESOLVENT ESTIMATE

The purpose of this Section is to prove a weighted resolvent estimate for the semiclassical
Schrédinger operator

P = P(h) = —hd (a(x)hd,) + V(z) — E : L*(R) = L*(R),  E, h>0, (3.1)
which is the key ingredient in the proof of Theorem 1.2 in Section 4. We suppose a and V are
real-valued functions of bounded variation on R, and

inf . 2
inf o > 0 (3.2)
Specifically, we show
Lemma 3.1. The operator P : L*(R) — L?(R) is self adjoint with respect to the domain
D= {uc L*R):u,u € L*(R)NL>®(R), and Pu € L*(R)}, (3.3)
and prove the following resolvent bound, for A small, and uniformly down to [Ewnin, Emax] € (0, 00).

Theorem 3.2. Fiz [Ewin, Emax] € (0,00) and § > 0. Assume o, V : R — R have bounded variation,
a obeys (3.2), and
supV < Enin. (3.4)
R

Then there exist C,hy > 0, so that for all E € [Epin, max] h € (0, hg], and € > 0,
_ 146 CN— _ 146 _
(2] + 1)~ 7% (P(h) — ie) " (2| + 1)~ 3 HL2 R)—r2R) < Ch™. (3.5)

Since V has limited regularity, we have replaced a more typical nontrapping condition, concerning
the escape of trajectories & = 2¢, £ = —8,V that obey €2 + V(x) = E, with the simpler condition
(3.4). Indeed, as o and V have only bounded variation, the bicharacteristic flow is not necessarily
well defined. Moreover, in Section 4, we shall see that (3.4) is a natural assumption, given that the
coefficients of the operator H obey (1.2).

To prove Theorem 3.2, we employ a positive commutator-style argument in the context of the
spherical energy method. This strategy has long been used to prove semiclassical resolvent estimates
[CaVo02, Dal4, KIVo19, DaSh20, GaSh22]. In fact, as we are in one dimension, we just use the
pointwise energy

F(z) = Flu)(z) = a(z)|hd,u(z)* + (E — V(z))|u(z)|?, u € D. (3.6)

The goal is to construct a suitable weight function w(z) so that the derivative of wF, in the
sense of distributions, has a favorable sign. From (3.24) below, we see that w ought to be designed
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so that (w(E — V))’ has a positive lower bound. If V only has bounded variation, this derivative
must be interpreted as a measure, and extra care is needed to control the point masses arising from
the discontinuities of V' (see (3.18)).

We first give our attention to Lemma 3.1, which is essentially well known. Our present proof is
adapted from [DaSh20, Section 2].

Proof of Lemma 3.1. Let
Diax = {u € L*(R) : u, an/ are locally absolutely continuous and Pu € L*(R)},
By, [Ze05, Lemma 10.3.1], Dyay is dense in L2(R). We begin by proving
Dmax = D. (3.7)
Indeed, for any a > 0 and u € Dy ax, by integration by parts and Cauchy—Schwarz,
infoz/a lu'|2 < /a o't = au'u|®, 4+ h 2 ’ Puii — h™2 ' Vuau
—a —a —a —a

< 2supa sup |u| sup [ul + A7 sup|V|[|ullZ2 + h72||Pul g2 ]|ull 2,

[—a,a] [—a,a]

x a 1/2
sup [uf? = sup <|u<o)|2+2Re/ u’ﬂ>§|u(0)|2—|—2</ |u'|2> lull 2,

[—a,a] z€[—a,a) 0 —a

(inf a)? sup [v/|* < sup |av/|* = sup <|(0zu/)(0)|2 —|—2Re/ (au/)/aﬂ/>
0

[—a,d] [—a,a] z€[—a,a]

a 1/2
< I(au)(O)2 + 2h=2(sup(a|V'|)[ull 2 + sup af| Pull2) ( / W) .

—a

This is a system of inequalities of the form 22 < A 4 Byz, y> < C + Dz, 22> < E + Fx. Thus, for
any v > 0,

B B
x2SA—F%—l—’y(yz)z§A+Z+V(C+Dx)(E+Fa:)

(CF)? + (DE)? (3.8)

2

§A+%+70E+7 + (v* 4+ vDF)z?.
Choosing v small enough allows one to absorb all the terms involving 22 on the right side of (3.8),
into the left side. Hence z, y and z are all bounded independently of a. Letting a — oo, we conclude
that v’ € L2(R) and u,u’ € L®(R). Hence Dyax C D. The inclusion D C Dyay follows because
Pu € L%*(R) implies (au')’ € L?(R), which in turns gives that au’ is locally absolutely continuous.
Equip P with the domain Dy, = D C L?(R). By integration by parts, P C P*. But, by
Sturm—Liouville theory, P* C P; see [Ze05, Equation 10.3.2]. Hence P = P*.
]

We now prove Theorem 3.2, with the argument proceeding in two steps. First, as described
above, we build a weight w so that, d(wF') has a desirable lower bound in the sense of measures—see
(3.24). This yields the Carleman estimate (3.27), which implies the resolvent estimate (3.29).

Proof of Theorem 3.2. Decompose
AV = dv? 4 dve,
da = do + da°,

into their discrete and continuous parts. Let Jy, respectively J, be the sets of “positive jumps” of
V, a respectively. That is Jy is the set of z-values such that (V — V%)(z) > 0, and similarly for



6 EXPONENTIAL DECAY FOR BV COEFFICIENTS

Jo. Since V and a have bounded variation, both Jy and J, are at most countable. We denote by
{z;}; an enumeration of Jy U J,. Additionally, let

dVe =dVi —dVe,
da® = daf —da?,
be Jordan decompositions for dV ¢, da‘ respectively.

For each N € N, let 1 n, %2 N, ..., 2N~ be the elements of {z; }é\le relabeled in increasing order.
Define the function g1 ny by

N-1

v (@) = roN L Coomn] + D TN Ly nsiin] T TNN Loy 00)s (3.9)
j=1

where the numbers {r;, N};-V:O are defined recursively as follows:

2A: N 2B; N
— . — . 1 1 J5 1 Js 1
ro.n = 0, TiN =Tj—1,N + ogmax{ + =4, x + 1 _ijN}, (3.10)
(VE VL) (z;n) (@ —a®)(z)N)
Ay = ’ 1 BN = ’ 1). 11
7,N 2(E — V)A(l'jJV) € [07 )7 J3,N 204A(xj,N) € [07 ) (3 )

When N = 1, we omit the summation from (3.9). Moreover, if {z;}; is a finite set, we work only
with a single function q; y,, where 1 < --- <z, is the ordering of Jy U J,.
Since V and « have bounded variation,

> max{(VE - VE)(z;), (o — aF)(z;)} < o (3.12)
J
Thus max g1,y = rn,n is bounded uniformly in N, by
N

TN.N = ZT]',N —Tj-1,N
j=1
N

= log max {1 +
1

2Aj,N ’1+ ZBj,N }
1—Aj7N 1-Bn

{ 24N 2BjN }
ma.
AN T By

IA
=1

j=1
N
< Zmax{ (VE - V5)(@)n) (@ —a")(z;N) } -
= (B = V)Azjn) = 3(VE=VE)(zjn) af(ajn) — g(af — al)(z) )
(3.13)
Next, we put
go(x) = / [(kdVE + —2-daS + (/] + 1)"170ds’], (3.14)
where k > 0 is chosen large enough so that
k <Emin — sup V> > 1. (3.15)
R

To implement the energy method outlined in Section 1, we will in fact use a family of weight
functions depending on N,

w(z) = wy(z) = e‘]l,N(m)‘H&(m)’ N € N. (3.16)
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According to (2.7) and (2.8),
N
dw(z) = (N — V)6, +w (GEadal + kdVE + (|2 +1)710). (3.17)

inf «

j=1
We now establish lower bounds on the measures d(w(E — V)) and dw — (o)~ wAda, which we
need in the estimate (3.24) below. For d(w(E — V)), we have, by (2.6), (3.15) and (3.17),
d(w(E—-V))
> (B - V)Adw — w(dV? + dVy)
2y e (B =)ty — ey = (VE = vE) Gy + 4= oy,
=t (3.18)
— > wA(VE - v,
zeJy\{z;n 1L,
+ w(k(Bypin — V) = 1)dVE +w(E - V)A(|z] +1)717.
with the inequalities holding in the sense of measures. As for dw — (o) twda,
dw — (o) twlda
> dw — (o)t (da? + da)

N R L
o —
> 2 :eqz <(erj’N o erj,l,N) _ %(%emw + %6”71‘]\7))5%1\;
=1

[0
_ Z (OZA)_lwA(OéR—OéL)ém
z€da\{z; N},

+uw (ks — go)dos +wl (o) + 17

inf o
The first term in line five of (3.18) is nonnegative by (3.15); the first term of line four of (3.19) is
nonnegative since inf a < 2a. Furthermore, the third line of (3.18) and the third line of (3.19),
are nonnegative by (3.10) and (3.11).
Thus we conclude

(3.19)

d(w(E = V)) > w(Emin — V)2 (2| + 1) — > wA(VE - v,
e (3.20)
dw — (o) rwlda > wh(|z] +1)7170 — Z (oMt (f — al)s,,
z€Jo\{z; N},
which are the lower bounds we shall employ in (3.24).
Next, define the pointwise energy
F(z) = Flu)(z) == a(@)|hd (2)* + (B = V(2)|lu(z)?, = €R, (3.21)
with s
u=(P(h) —ie)'(jz| +1)"2 f€D, >0, fcL*R). (3.22)

By (3.3), u, v/ € L*(R) N L®(R), and (aw’)’ € L?(R). Moreover, in the calculations to follow,
we work with fixed representatives of u and v/, such that both u and au’ are locally absolutely
continuous. This is justified by (3.7).

From (2.6), we see that dF' is given by

dF = h*(au)d(@) + B*(@)*(au') — [ul?dV + 2(E — V)" Re (u@) .
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Using

(o) = (W) Ada + oAd(') = d(u') = —(C:;L;)/ — (Z;zlAda,

we arrive at
dF = 2 (o) (a@) + h* (@) (au') — 25 (o) (@) Ada — [u?dV + 2(E — V)A Re (u@) . (3.23)

We now multiply (3.21) by w and compute d(wF):

d(wF) = FAdw + wdF
= h2(a) (@) dw + (E — V) ul?dw
+ 2w (o) (o) + h2w (@) o) — Lw? (o) (@) dor
— wul?dV + 20 (E — V)" Re (wad') .
= —w? <—;‘—z(au')(aﬂ’)' — W} @) (au') 4 2(V — E)* Re(ut) — 2 Re(z’suﬂ/))
+ 2e0 T (u') + [uPd(w(E = V) + B (o) (@) (dw — w25 )
> —w? (—;‘—z(au’)(aﬂ')' — WA @) au') 4 2(V — E)* Re(ut) — 2 Re(z’suﬂ'))
+ 2ew Im (w@') + (|2] + 1) 77 ((Bnin — sup V)luf* + h*(au') (@) ?)
- Y wuPvE-vhL - Y (@) RPwed) @) (of - oh)é,.

eedy\{z; N}, w€Jo\{z;j N}

(3.24)

To get lines seven and eight we plugged in (3.20) and used w? > 1.

We now integrate both sides of (3.24) over all of R. Since F' € L'(R) and is continuous off of
a countable set, F'(x) tends to zero along a sequence of z-values tending to 400, and at which
F(z) = FE(z) = Fl(x). Similarly, F(z) = F¥(x) = FL(z) — 0 along a sequence of x-values
tending to —oo. Thus (2.4) gives [ d(wF) = 0. Since the average values of functions that appear
are equal to the functions themselves Lebesgue almost-everywhere, for each N, we arrive at,

(1/ maxw) /(!az\ + 1)_1_5((Emin — sup V)|u|?* + inf o[ b/ |?)
R

< [ 20(P) ~ ieyuye| + 22l (3.25)
+ > wlP(VE -V, + Yo (@) () (@) (o - ah)s,.
Z‘EJv\{xij};N:l Z‘EJa\{Z‘j’N}évzl

Sending N — oo, recalling (3.12) (which gives supy(maxw) < oo via (3.13)), (3.22), and
u,u’ € L*(R), and using Young’s inequality, we find

[ el + 07 G + )
1 (3.26)
<C [ SGlP +allel 4 07 P 2|y >

Here and below, C' > 0 is a constant that may change from line to line, but it is always independent
of u, ¢, and h.
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The second term on the right side of (3.26) can be absorbed into the left side by selecting ~y
small enough. As for the term involving e, by Young’s inequality,

_ 1 1
/yuu'\ < 2hmfa/\uy2+% alhd[2, B> 0.

/oz|hu’|2 = Re/—h2(au')'ﬂ
_ Re/((P(h) —ie)—V + B)um

<3 [0l + 075 77 + ( +HEmax—vuLoo) [

Substituting these observations and calculations into (3.26) gives, for e, h >0,

[ el + 075w ) < 5 [192+ 5 [l (3.27)
To finish, we rewrite € [ |u|? and estimate, for any v > 0,

/|u|2 —Im/ ) —ig)u
<= [1P+1 / (la] + 1)1 uf?

If we now take ~ sufficiently small (depending on C' and h), we may absorb the integral of
(Jz| + 1)7'ul? in (3.28) into the left side of (3.27) to achieve

[l + 07w+ ) < 1 [1520 >0 ne @1 (3.29)

This completes the proof of (3.5).

Then

(3.28)

4. HIGH FREQUENCY BOUND ON THE CUTOFF RESOLVENT

In this Section, we prove Theorem 1.2 as an application of Theorem 3.2. We return to working
with the operator H : D(H) — H as defined by (1.4), where a,, 8 : R — (0,00) are BV functions
obeying (1.2) and (1.8).

In that situation, H is a black box Hamiltonian in the sense of Sjostrand and Zworski [SjZw91],
as defined in [DyZw19, Definition 4.1]. More precisely, in our setting this means the following.
First, if u € D(H), then ulg\[_g, g, € H*(R\ [~Ro, Ro]). Second, for any u € D(H), we have
(Hu)|R\[~Ro,Ro] = —U|R\[~Ro,Ro)- Third, any v € H?*(R) which vanishes on a neighborhood of
[—Ro, Ro] is also in D(H). Fourth, 1;_g, g,j(H +i)~" is compact on H; this last condition follows
from the fact that D(H) C H'(R).

Then, by [DyZw19, Theorem 4.4], for any x € C§°(R; [0, 1]) that is identically one near [— Ry, Ry),
the cutoff resolvent (1.9) continues meromorphically H — D(H) from ImA > 0 to the complex
plane. The poles of this continuation are precisely at those values A for which there is a solution
w to Hu = \?u having u,u’, Hu € L%OC(R) in the sense of distributions, and which is outgoing, i.e.
obeys

+x > Ry = u(z) = cyet, (4.1)
for some nonzero constants c..

Observe that A = 0 is such a pole because we may take u(z) =1 for all x. Observe further that
this is the only pole in the closed half plane Im A > 0. Indeed, if u satisfying (4.1) solves Hu = A\?u
with Im A > 0, then v € D(H) and we have A?||u|3, = (Hu,u)y = [z a|u'[* > 0, which implies
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l|lul|# = 0 since A2 > 0 is impossible when Im A > 0. For A € R\ {0} this follows as in the proof of
[DyZw19, (2.2.12)].

Proof of Theorem 1.2. Set V3 :== 1 —f and O := {A € C : ReX # 0, ImX > 0}. Note that
supp Vg C [— Ry, Ro]. Define on O the following families of operators H — H with domain D(H),

A(A) = (Re X)) ?B(H — X?)
= —(Re\) 20,00, + V5 + (Im\)?(Re\) 28 — i2Im A(Re \) '8 — 1,
B()\) = —(Re \) 720,00, + Vs + (Im A\)*(Re \) % — 1 — i2Im A(Re \) 1,
Furthermore, define on O the family H — H,
D()) == (Im M)} (Re \) 2V — i2Im A(Re \) "' V3.

(4.2)

We have,

Composing with inverses gives
AN =BT =B TIDMNAN T = (I -B\)T'D()AN T =B,
Multiplying on the left and right by x and noticing that D(\) = xD(\)x, we arrive at
(I =xBO)"XDO)xAN) 'x =xBN) ',  A€O. (4.3)

Next, choose Ao, 9 > 0 so that supg Vg < 1 — 5(2))\62. Identifying Fpi, =1 — 53)\62, Frnax =1,
and h = |Re \| 7!, we see that Theorem 3.2 applies to B(\)~!. So for some C' > 0 and a possibly
larger A\g, we have

IXBA) " x|lnon < C|Re ), |ReA| > Ao, 0 <Im A\ < g. (4.4)
Moreover,
1 2
IDMN) || g—p < EOHVﬁHLw (F + )\—0), |Re Al > Ao, 0 < Im A < ¢g. (4.5)
0

Thus, increasing \g again if needed, we can invert (I — xyB(\)~'xD()\)) by a Neumann series when
|[ReA| > N\, 0 < Im A < gp. From (4.3), (4.4), and (4.5), we find

YA "ty = (Z(XB(A)‘IXD(A))k> BN, [ReA >N, 0<ImA<e.  (4.6)

k=0
Since
XROA)x = (ReX)2xAN) " 'x8,  A€O,

(1.10) follows from (4.4), (4.5), and (4.6), at least when |[Re A\| > X\, 0 <Im A\ < gj. To get (1.10)
for [ReA| > Ao, |ImA| < g, we appeal to a resolvent identity argument due to Vodev [Vol4,
Theorem 1.5], which was adapted to the non-semiclassical (see, for instance, [Sh18, Lemma 5.1]).
It yields, for possibly smaller &g, holomorphicity of xR(\)x in |Re A| > A\, —e¢ < Im A < 0, along
with a bound of the form (1.10) there.

0
To conclude this section, we consider the two by two matrix operator
(0 1
G:=—i <—H 0> DH)®H —>HDOH,
which arises naturally from rewriting (1.1) as a first order system. A short computation yields,
_ —AR(\) —iR(N)
1 _

(G+ ) _<i)\2R()\)+i “AR(N) ) Im A > 0. (4.7)
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The following Corollary of Theorem 1.2 is essentially well-known, and is an important input
to the proof of Theorem 1.1 in Section 5. We give the proof by recalling several results from
[Bu03, Vol4, DyZw19].

Corollary 4.1. Let x € C§°(R;[0,1]) be identically one near [—Ro, Ro]. The operator
1, —AxR(A)x —ixRA)X . 1 2 1 2
X(G+ XN x = <1A2XR()\)X Y2 ARy ) H (R)® L*(R) - H (R) ¢ L (R)  (4.8)

continues meromorphically from Im A > 0 to C. It has no poles on R\ {0} and at X\ = 0 it has a
simple pole: more precisely, if wg € H'(R) and wy € L*(R), then

. “1 (wo) _ (—ilimyoo AR(A)xwi\ _ (306 wi)ux
)l\n_rr)%))\x(G—l—)\) X <w1> = < 0 = 0 . (4.9)

Furthermore, there exist C, Ao, €9 > 0 so that

IX(G+ N Xl @@ —m®esrz®) < C, (4.10)
whenever |[Re \| > Ao, and |Im | < &p.
Proof. As described above, by [DyZw19, Theorem 4.4] and the proof of [DyZw19, (2.2.12)], the
operator YR(A\)x : L*(R) — D(H) continues meromorphically from Im A > 0 to C, and has no
poles in R\ {0}. This implies that each entry of (4.8) continues meromorphically as an operator

between the appropriate spaces, again without poles in R\ {0}.
Next, as in the proof of [DyZw19, Theorem 2.7], (1.8) implies that near A = 0,

L
2

where A(X) : H — D(H) is holomorphic near zero, and hence we have (4.9).
With (1.10) already in hand, to establish (4.10), it suffices to supply Ag,e0 > 0 so that

MYR\)x + x% = xHR(\)x : HY(R) — L*(R), (4.12)
MRy : HY(R) — H'(R), (4.13)

XR(A)xw1 = = (x, wi)nx + A(Nwi, (4.11)

are uniformly bounded for |ReA| > XAg and |[ImA| < gp. When |[ReA| > g and 0 < Im A < g9
this follows from the proof of [Bu03, Proposition 2.4], see in particular [Bu03, (2.14), (2.17), and
(2.19)]. To extend these bounds to strips below the real axis, we use once more Vodev’s resolvent
identity ([Vol4, Theorem 1.5] and [Sh18, Lemma 5.1]).

O

5. WAVE DECAY

Proof of Theorem 1.1. This section follows part of Section 3 of [V099].

Recall that we use w(t) to denote the solution (1.5) to (1.1), with initial data wy € D(H) and
w, € D(H'?). We have suppwyp, suppw; C (—R, R), and the coefficients of (1.1) obey (1.2) and
(1.8). We want to show that the local energy |[w(-, ) —wWooll g1 (= gy, ry) T 0w (-, 1) || L2(— R, r,) decays
exponentially, for a suitable constant we.

Choose x € C§°(R;[0,1]) such that x = 1 near [-R;, R1] U [—R, R] U [Ro, Ro] (Rp given as in
(1.8)). Recall from Corollary 4.1 that there exist C, A\, 9 > 0 such that

IX(G+X)"Ixfl < ClflL

whenever |ReA| > A\g and |Im A| < gp, where here and for the rest of this section all norms are
H'(R) @ L?(R) unless otherwise specified.
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We have
w(t) = cos(tHY?)wo + sin(tHY2)H=/ 2y,
dyw(t) = —sin(tHY?)H ?wq + cos(tH*)wy,
OPw(t) = —Huw(t).

Consequently, after defining
_( wo _ [ w()
r=(m). ver=( gt )

I <Clifll,  aU@f =iGUE)f,  URU(s)f =U(t+s)f, (5.1)
for all real ¢ and s, for some C' > 0 independent of ¢ and f. (Note that U(t)f is still defined even
if only wo € D(H'Y?), wy € H.)

Take ¢ € C*°(R; [0, 1]) which is 0 on (—o0,1] and 1 on [2,00) and put

we have

W) f=ot)Ut)f = e V(M) dA, Wuwzg/kmwwﬁm
Im A=¢ T JR
Since W (t)f = ' ()U () f +iGW (t)f we get
W(t)f = e TG+ NP U ) (A) dA

Im A\=¢

Since supp wp, suppw; C (—R, R), by finite speed of propagation for the wave equation, and
increasing R > 0 if necessary, we have that, = — U(t)f is supported in (—R,R) for all ¢t €
[0,2]. By continuity of integration, the same is true of x — (i¢’Uf)(\) for every A. Hence
A= (i¢'Uf)"(N) is entire and rapidly decaying as | Re \| = oo with | Im A| remaining bounded and
further (i@'U f)"(A) = x(i¢’Uf)" (\) . Take € € (0,e0) small enough that A = 0 is the only pole of
xR(M\)x (and hence also of x(G + A)~!x by (4.7)) in the half plane Im A > —¢. By deformation of
contour,

WS = lim (G0 [ GEUE st [ NG AU A
- R Im A\=—¢
To simplify this, use (4.9) and put

Wh(t)f = /_OO e NG + X —ie) T iU f) (N —ie) d,

to obtain

XW(t)f = <%X Jo 5 Blx)x ()¢’

0
To simplify the first term, we integrate by parts in s, using ¢’ = —(1 — ¢)’, to obtain

// B(x '(5)0sw(s, dsda:_/ﬂxw1+// B(x — (5))0%w(s, x) ds d.

Now observe that 0?w = —Hw and (x, Hw(s))y = 0 for s € [0,2] (the latter fact following from
X = 1 near [—R, R] and suppw(s) C (—R, R) for s € [0,2]). Thus

w0 =5 (V) e o,

(5)0sw(s, JE)de:E) +e T WA(t)f.

It now suffices to show that
IXW1(t) fI| < Ce2) £]].
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To prove this, we first use Plancherel’s theorem, along with the fact that by (5.1), the operator norm
U ()| it Ry L2 (R)— H (R)@L2(R) 18 uniformly bounded for all ¢ € R, as well as the fact that by Corol-

lary 4.1, for any £ > 0 small enough, the operator norm || x(G+ A — ia)_lxHH1(R)@L2(R)_>H1(R)@L2(R)
is uniformly bounded for all A € R, to obtain

[P =c [Ix(G+ 2 i) U0 i) ax
<c [ U=y (5.2
— ¢ [ U< ol
Next, compute
(01— IGNWA(0f = G W] + XWi(Bf —ix [ NPT (A= ie)dh = WA (0).

Integrating both sides of ds(U(t — s)xWi(s)f) =U(t — S)Wl(s)f from s =0 to s =t gives

xWi(t)f =Ut)xWi(0)f + U(t)/o U(—S)Wl(s)f ds.
Thus
””“@NSCNN+AHW@VW@SOWN+W%AHWGVM@”3

Now check that, since ||[G, x]W1(t)f|| < C|[Wi(t)f|, calculating as in (5.2), we obtain
/ [W1(s)f||>ds < C||f||?, and hence

Wit f]] < C+72)] 5]

as desired.
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APPENDIX A. CHARACTERIZATION OF D(H'/?)
In this Appendix we show

Lemma A.1 ([Re22b]). It holds that D(H'/?) = H'(R), and that
u e Jull g, wes (Jull3, + [ HY?u)|3,)Y? are equivalent norms.

Proof. First, recall the well-known fact that D(H'/2?) equals the form domain associated to H,
namely, D(H'/?) is the completion of D(H) with respect to the norm [ull2y = (Hu,u) 2+ (u, u) .
On D(H), it’s clear that there exist C,c > 0 so that c| - |2, < || -2, < C| - |%-

If u € D(H'/?), then there exists a || - ||+1-Cauchy sequence u; € D(H) converging to u in H
(or, equivalently, converging to u € L?(R)). Because || -||+1 and || - ||z are equivalent on D(H), we
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get that the u; are also || - || 1 (r)-Cauchy. By completeness of H'(R), we conclude u € H'(R). We
also have

1/2.112 : 1/2 2 : : 2 2
2l = lim (112053 = lim (Hug, ) < C lim s = Cllal,

where the first equals sign follows since H'/2 is a closed operator.
To show H'(R) C D(H'?), first suppose u € H'(R) has compact support. Approximate au’
in L?(R) by 9; € C§°(R) which have support in a fixed compact set. Choose ¢y € C§°(R) with

[ ¢o/a =1, and put
vj = 0j — (/@j/a)%'

Then [vj/a =0 and the v;/a — ' in L*(R) since [« = 0. We clearly have
uj = ffoo vj/o € D(H). Moreover, because ffoo vj/o — ffoo u' = u(z) locally uniformly in z, it
follows that u; — u in H'(R), and that the u; are | - ||+1-Cauchy. Hence u € D(H/2).

For general u € H'(R), choose a sequence @j of compactly supported functions with

% — ullgr < 27971, For each j, use the construction of the previous paragraph to find u; € D(H)
with |luj; — @] g1 < 27971 Then the u; — u in H'(R) and

luj = uel3y < Clluj = ullg =0 as j, k= oc.
Thus u € D(H/?) and

cllully = e Yl < Jim g2y = Tim (2053, + ugl) = IE 20l + ulf

APPENDIX B. ELEMENTARY PROPERTIES OF BV FUNCTIONS

This appendix collects some facts about functions of bounded variation which can be found in
[VoHu85] and [AFP00]. The main results are the integration by parts formula (2.5), the product rule
(2.6), and the chain rules (2.7) and (2.8). The books [VoHu85] and [AFP00] are mostly concerned
with higher dimensional problems, so we present proofs for the much simpler one dimensional case
here.

We continue to use the notation (2.1) and (2.3) from Section 2. For ¢ € L'(R) compactly
supported and satisfying [+ = 1, and for € > 0, let

) = [ - eppvdy = [ 1)o@ - ). (B.1)
Then, accordingly as v is supported in [0, 00) or supported in (—oo, 0] or even, we have
lim f. = fXor f%or f4, pointwise on R. (B.2)
e—0t

Indeed, use the dominated convergence theorem in the first two cases and average them to get the
third case.

Proof of Proposition 2.1. The integration by parts formula (2.5) follows as in the proof of [Fo07,
Theorem 3.36]. Indeed, let Q = {(z,y) € R? : a < x < y < b}. Since  is continuous and ¢’ is
piecewise continuous, it holds that dy = ¢’dx. Using Fubini’s theorem, we evaluate the product
measure df X dp two different ways,

/ 1oz, y)df (z) X dip(y) = / df (x)dp(y)
(a,b] % (a,b]

(a,b] /(a,y]

- /( ) = @)y = | S

(a,b
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where we used that f% = f Lebesgue almost everyone, and that the boundary terms vanish since
(a) = ¢(b) = 0. Similarly,

/<a7b1x<a,b}1 () dety /(ab] /xbd(p ks / elz)df ().
0

Proof of Proposition 2.2. Let 1 € C§°(R) be an even function satisfying [ = 1. For any ¢ > 0,
define f. by (B.1), and for any, n > 0 define g, similarly. Then

(fagn), = fa(gn), + gn(fa),' (B.3)

We now show that taking n — 07 and then e — 07 in (B.3) gives (2.6). Let ¢ € C§°(R). First, by
integration by parts,

lim lim [ ¢(fegy)dz=— lim lim [ ¢'f.g,dz.

e—0+ n—0+ e—0t n—0+

Then, We observe that [ ¢ fegndz — [ ¢’ f-gdz by the dominated convergence theorem. Indeed,

gy — g4 = g by (B.2), and |¢' f.g,| is uniformly bounded for  fixed and 1 small. Similarly,

fc,cla\Ingdx — [ ¢/ fgdx. Finally, — [ ¢/ fgdz = [ d(fg) by (2.5).
ext

lim lim gofegndaj = — lim lim (sofe)'gndiﬂ

=0T n—0+ e—0t n—0+

=— lim [ (pf) gdx

e—0t

= lim /gpfgdg
e—0t

= / @ fAdg.

For the first equal sign, we integrate by parts; for the second, we use the dominated convergence
theorem, as in the previous paragraph. The third equal sign follows from (2.5), and the fourth from
another application of the dominated convergence theorem (and (B.2)).

Continuing, by (B.1), (2.5) and Fubini’s theorem,

/sogA(fa)’dfc =/ e? [/w y)f(y )dy} dz
= [ e [ [oe @ - )] (B.4)

—f [ / ol)g (@)l (y - x))d:c] ) = [(es)car

where for the third equal sign we used that ¢ is even. Since ¢ and @ have compact support, the
integrals against df make sense, and the application of Fubini’s theorem is justified (even though
df may be finite only after it is restricted to a bounded Borel set). Finally,

lim lim [ ¢g,(f.)'dz = lim / g (f.) dz = lim / (0g™)edf = / pg’d
e—0t e—0t

e—0t n—0t

by the dominated convergence theorem, (B.2), and (B.4).
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Proof of Proposition 2.3. Using the decomposition (2.2), we see that e/ = efr+e~/n— has locally
bounded variation, as it is a product of functions of locally bounded variation.
Let ¢, ¢ € C3°(R), with ¢ even and satisfying [+ = 1. To show (2.7):

/gpd(ef) = —/efgp’dzn

The first equal sign follows from (2.5). The third and sixth equal signs use the dominated
convergence theorem; the fourth follows by (2.6), and the fifth by (2.4) and the Remark after (2.6).
For (2.8), we first note that, because g has locally bounded variation, so does 9. We compute,

/gpd(eg) = —/eggpldx

o / e / o /
:—/ emgpd:E—Z/ e”gpd:n—/ e"Ny'dx

N

N
= Yl - e play)
j=1
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