HIGH-FREQUENCY WAVE PROPAGATION FOR THE VISCOELASTIC
WAVE EQUATION WITH SINGULAR MEMORY

HAIM GREBNEV AND PLAMEN STEFANOV

ABSTRACT. We study high-frequency propagation for a viscoelastic wave equation with spatially
dependent hereditary memory written in relative-history form. The memory kernel is allowed to
have an integrable singularity at the origin of the form m(s,z) = s~ 'm(s,z), 0 < p < 1, with the
regular case p = 1 included for comparison. We use the half-amplitude propagation distance and the
corresponding travel time as units of space and time. If 0 < h < 1 denotes the wavelength parameter
in these dimensionless variables, the transformed memory term carries the small factor e = h* 7P, We
construct exact solutions with a full two-scale geometric optics expansion in powers R*T(17P¢ The
memory changes the propagation geometry through the instantaneous modulus o + ¢ f Ooo m(s,-)ds,
while the singular part of the kernel contributes the complex coefficient C, = F(p)e”rpm to the
leading transport equation. For 0 < p < 1, this produces fractional scales, frequency-dependent
attenuation, and a dispersive phase correction. When p = 1, the fractional hierarchy disappears,
the leading attenuation is frequency independent, and the corresponding transport phase correction
vanishes.

We also derive a local damped wave equation whose incoming high-frequency solutions approx-
imate those of the hereditary equation with an O(h) error in semiclassical C* norms. We prove
unique recovery of om and the full temporal jet of m(s,z) at s = 0 from exterior observations
of incoming waves for all incident directions and all 0 < h < 1. These quantities determine the
complete high-frequency expansion modulo O(h*).

Finally, we establish well-posedness by a contraction semigroup and prove arbitrary finite-order
Sobolev regularity for spatially dependent weakly singular kernels and a prescribed full prehistory,
with explicit compatibility conditions and estimates uniform in €. These estimates justify the
geometric optics construction, in particular.

1. INTRODUCTION

Consider the viscoelastic wave equation

(1) Otu—V - (o(x)Vu) — V- /0 m(s,z)(Vu(t,z) — Vu(t — s,z))ds =0, t>0, z€Q,
u((),a:) = UO(m)v ut(03$) = Uo(fﬁ), u(ta x)|t<0 = u*(tax)'

Here Q@ C R™, n > 2, is a bounded smooth domain, 0 < o € C*°(Q) is the equilibrium stiffness,
and m > 0 is the memory kernel. We impose the homogeneous Dirichlet condition on 0€). In the
propagation part of the paper the z—support of m is compactly contained in the region reached by
the waves, and the waves do not meet the boundary, so the latter plays no role there. Unlike an
ordinary wave equation, is not determined by (ug, vg) alone: the complete prehistory u_ must
also be prescribed. It is naturally encoded by the history variable

(1.2) n'(s) = u(t) — u(t — s), t>0, s>0,
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whose spatial gradient is the relative strain history of age s at time ¢t. Apart from the regularity
and matching conditions needed at t = 0, the prehistory is not required to solve an equation for
negative time. The precise compatibility conditions between u_, the initial data, and a possible
source are part of the higher regularity theory developed in Section [7}

In the scalar setting of , denoting the stress flux by 7(¢, z), the Boltzmann constitutive law
takes the compact form

7(t,x) = o(x)Vu(t,z) + /OOO m(s,z)Vn'(s,z)ds,

and is the balance law 9?u — V -7 = 0. For the physical foundations of this constitutive
law, see [11,128]. The relative-history form is used explicitly in [9,25], while equivalent strain
and strain-rate convolution formulations, as well as more general hereditary models, are discussed
in [18}24].

We are interested in kernels that are smooth for s > 0 but have an integrable conormal singularity
at the origin. More precisely, we assume

(1.3) m(s,z) = P tm(s, z), 0 <me C(0,00) x R"), 0<p<l,

and we also discuss the regular case p = 1. In addition, we assume that the kernel is decreasing in
s and is integrable at infinity, together with the spatial derivatives required in the corresponding
results, see section [7] Singular memory kernels and their influence on wave propagation have been
studied in [17-20,25]. They arise naturally in fractional constitutive models |4] and produce power-
law attenuation, dispersion, phase shifts, and smoothing of wave fronts; see also [5,121,38] and the
discussion in Section

The present value of the strain in the memory term contributes the nonnegative quantity

(1.4) om(x) = /OOO m(s, z)ds

to the stiffness. The associated relaxation modulus is a(s,z) = o(z) + [ m(r,z)dr, so that
—0sa = m. Thus a(co,z) = o(x) is the equilibrium modulus, while a(0,x) = o(z) + ow(z) is the
instantaneous modulus and determines the corresponding propagation speed; see [28, Chapter 2]
for this standard terminology. In particular, the assumption ¢ = 1 we adopt later fixes only
the equilibrium elastic background; the relaxation behavior may remain spatially heterogeneous
through m. We keep the present-time and convolution contributions separate in order to track
how the relaxing part transforms under the subsequent non-dimensionalization. The remaining
convolution has multiplier of order —p in the temporal frequency. Combined with the two spatial
derivatives, it is therefore of order 2—p and produces an attenuation rate increasing as the frequency
to the power 1 — p.

Closest to the present work in its combination of a viscoelastic wave model, weakly singular ker-
nels, forward analysis, inverse estimation, and numerical reconstruction is [26]. That work treats
general linear elastic systems with temporal kernels, proves well-posedness of the state and adjoint
equations, and develops a PDE-constrained optimization method for estimating the kernels from
additional observations. Here the kernel depends also on z, and our objective is different: we ana-
lyze its effect on high-frequency propagation and prove uniqueness in recovering its instantaneous
modulus and its singular temporal structure from wave measurements.

To describe the high-frequency regime, we use the half-amplitude propagation distance and the
corresponding travel time as units of space and time, and let A > 0 denote the dimensionless
wavelength parameter. We write the corresponding dimensionless frequency as A/h, where

(1.5) 0 < Amin < A < Amax < 0.
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The constants in the construction are uniform for A in this fixed band. We send into the medium a
wave of the form y(z)e(—t+2@)/h whose support enters the z—support of m. At high frequency the
physical half-amplitude distance shrinks but still contains many wavelengths, so it is a natural unit
for the propagation problem. Using this distance and the corresponding travel time as the units of
space and time preserves the normalized wave speed and makes the relevant propagation interval
of order one, see section [6.2] After transforming the conormal kernel and renaming the rescaled
variables and its smooth profile, the dimensionless memory term carries the factor

(1.6) e=h'"P.

Here and below m denotes the transformed dimensionless kernel profile. This is a change of units for
a fixed material, rather than an h—dependent change of its constitutive law; see Section [6.2] again.
For the analysis, we first regard h and ¢ as independent parameters and impose afterward.
The instantaneous modulus in these variables is o + oy, while the attenuation accumulated along
a ray is of order one.

This regime presents several related difficulties. The singular convolution generates fractional
powers of h, and the parameters h and € = k'~ have to be tracked simultaneously. Moreover, the
memory changes not only the transport equations but also the eikonal equation: the phase itself
depends on . Consequently, one must construct and control an expansion involving the exponents
RF+(=P)f and then correct it to an exact solution using estimates uniform in e, hence uniform as
h — 0 after setting € = h'~P. In the forward theory, the full prehistory and the spatial dependence
of the kernel must also be incorporated into the energy and generator domains, and higher time
regularity requires compatibility conditions that contain the prehistory contribution.

Our first main result, Theorem [3.1} gives an exact solution with a full geometric optics ex-
pansion in integral powers of h whose phase and amplitudes depend smoothly on €. Expanding
this dependence produces a two-scale asymptotic hierarchy in powers h¥T(1=P)¢. The e-dependent
phase records the modification of the propagation geometry by the instantaneous modulus, while
the first transport equation exhibits the leading attenuation and phase shift produced by m(0, x).
The expansion also quantifies the frequency dispersion caused by the singularity. These conclusions
are not merely extensions of the regular case. When p = 1, the second scale and the fractional
hierarchy disappear, and the leading memory contribution produces frequency-independent atten-
uation with no corresponding transport phase shift. For 0 < p < 1, the singularity produces the
additional scale h'~P, fractional powers, frequency-dependent attenuation, and a nonzero phase
correction responsible for dispersion. For clarity, the principal construction is carried out with
o = 1; the extension to a variable background stiffness is discussed in Section [6.3]

A consequence of the expansion is a local differential approximation of the hereditary equation
at a fixed X\. Theorem constructs a damped wave equation involving oy and m(0,z) whose
incoming geometric optics solution differs from that of by O(h) in semiclassical C* norms.
Besides identifying the first effective local model, this approximation avoids storing and repeatedly
integrating the complete history in numerical propagation. It may also be useful for time rever-
sal, since the local damped equation can be evolved backward over a finite interval whereas the
hereditary equation would require knowledge of a future history.

Our second main result concerns the inverse problem. We observe the waves after they leave
the support of the memory, for all incident directions and all sufficiently small h. Theorem [5.1
shows that these measurements determine oy (x) and the full jet 32m(0,z), j > 0. The phase first
determines the X-ray transform of oy, ; after the phase is known, the successive transport equations
determine the Taylor coefficients of m through the X-ray transform. The attenuation arising in this
recursion may be complex; injectivity in the Euclidean setting follows from [31]. A perturbation of
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m that is flat at s = 0 changes the high-frequency expansion only by O(h*°), which explains both
the scope and the natural limitation of the recovery result.

Earlier, Romanov [34] obtained inverse results for viscoelastic systems with smooth convolution
kernels (p = 1 in our notation) from boundary impulse measurements, recovering, under suitable
geometric assumptions, the coefficients and the temporal jet of the memory kernel at the origin.
More recently, geometric optics and inverse recovery for a spatially dependent but smooth memory
kernel have been studied in [12]. In that setting, the singularity in , the critical scaling ,
the resulting fractional two-scale structure, and the resulting qualitative effects are absent. In [2],
fractional attenuation is modeled by a lower-order term a(x)df'u, o € (0,1), whereas the memory
operator in the present paper behaves as 9, "A and has order 2 — p € (1,2). For hyperbolic
equations with a spatially lower-order memory term, reconstruction of the memory kernel from
partial boundary measurements was established in [6], and a related unique continuation result was
proved in [7]. In contrast with the optimization approach of [26], our inverse result is an exact
uniqueness theorem derived from the high-frequency phase and amplitudes.

Our third main result is the well-posedness and higher regularity theory for . In particular,
it is needed to justify the construction but we prove much more than that. We represent the
weak evolution by a contraction semigroup on an energy space containing the history variable.
This semigroup formulation follows the history-space approach used by Chepyzhov and Pata [9],
building on Dafermos [13,/14]; their memory kernel, however, is regular and independent of z. We
then characterize the regular data and compatibility conditions that yield C*-Sobolev solutions
for arbitrary finite k, including the contributions of the prescribed prehistory and a source, and
obtain the estimates required uniformly for 0 < e < gg. Classical solutions for a one-dimensional
regular finite-delay wave equation were obtained by Hille-Yosida methods in [35], while [26] proves
energy well-posedness for state and adjoint problems with temporal weakly singular kernels. To our
knowledge, the combination used here — a spatially dependent weakly singular kernel, a prescribed
full prehistory, explicit arbitrary-order Sobolev compatibility conditions, and estimates uniform in
the scaling parameter — has not previously been established.

The paper is organized as follows. Section [2] gives a stationary analysis motivating the scaling
and the propagation effects. Section [3] constructs and analyzes the geometric optics expansion and
proves the local differential approximation, after which the principal effects are illustrated numer-
ically. Section [f treats the inverse problem. Further physical and mathematical remarks follow,
and Section [7] develops the semigroup and higher regularity theory and completes the justification
of the asymptotic construction.

2. A STATIONARY APPROACH

We start with a stationary approach. Some of the analysis here is on a heuristic level. Assume
o = 1. Look for solutions of the form u(t,z) = e ™ v(x,\). Then v would solve the following
stationary equation, obtained by formally taking the Fourier transform with respect to t:

(2.1) (=A =X+ V- (u(\,x) — pu(0,2))V)v =0,

where
(A, ) :/ e m(s, z)ds
0

is just the rescaled inverse Fourier transform with respect to s of m, extended as 0 for s < 0. Note
that p is complex-valued, and Im p > 0 for A > 0. We have p(0, z) = on(z).
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Lemma 2.1. We have the following asymptotic expansion

(2.2) p(\ ) ~ AP Cppp m’;{@m as A > 1,

k>0

where my(x) = 0Fm|s—o, and Cpyy, 1= mPTR2T (p+ k) = i*Fp(p+1) ... (p+k—1)Cp. In particular,
pN ) ~ CoAPmo(@)(1+ O, Cpim P20 (p).
Proof. We have, see 15| p. 110], [23] p. 72],
(sﬁ_l)A: T'(p) (e_i“p/Q)\:rp + ei”p/Q)\:p),
where A\_ = (—=\)4. In particular,
(sﬁ_l)A: CpA™P for A > 0.

Take the Taylor expansion m(s,z) ~ > .72, Sk—]:mk(a:) with respect to s. Multiply by sﬁ_l and take
the Fourier transform to get (2.2]), where we used that x(\) = m(—\). This completes the proof. [

Remark 2.1. Expansion establishes a one-to-one correspondence between the Taylor expan-
sion of m(s,x) at s = 0 and polyhomogeneous symbols in R of order —p, restricted to A > 0. Then
we can view m as a conormal distribution to s = 0 with such a symbol, supported in s > 0, and
shows that m is the general form of such distributions.

Notice that
(2.3) Re p ~ mo(x)'(p) cos(pr/2)A™P,  Imp ~ mo(x)L(p) sin(pr/2)A7P,

where mo(z) = m(0,x). The real part would create a phase shift slightly slowing the wave down.
In particular, when p = 1, the leading real part vanishes, so there is no leading-order phase shift.
The imaginary part creates attenuation.

2.1. Memory m independent of z. Assume below that m(s) is independent of z. Then ({2.1))
implies

)\2
—A— v =0.
( T+ p(0) - um)
Here p1 ~ A7P as A — oo by (2.3)). Then we have the effective frequency

A 1
— . -1/2 _ 7 - .
Aot = AL+ p(0) — p(N) "2 = C(1+ 51N +..), ei= /14 p(0).
Look for a solution v = e*<#%% The solutions then look like this:
(24) v~ ei)\x-w/c-l—iﬁ)xu()\)az~w+0()\|u|2/c4).

When p = 1, m is not singular and p = img/A + O(A72), so we get

i)\x-w/cfﬁmoz-w’ A(fter-w/c)f%mom-w‘

i
v~ e therefore u ~ e

1
The effect of the memory term now is to create the attenuation term e 23 along the way.

Note that there is no A in that term, i.e., the attenuation rate is independent of the wavelength.

When 0 < p < 1, we have u = C,APmg + O(A"P~ 1), and (2.4)) implies

moz-w

1
U ~ exp (i)\x ‘w/e+ i@Cp/\lfi”mox cw O()\12p>>,
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therefore,
1
(2.5) uwexp<i)\( t+ao- w/c)—l—lz—C’ M"Pmoz - w + O™ 2p)>

Notice that O(A'=2P) is not small when 0 < p < 1/2; thus more terms are needed for a small
remainder.

The real part of C) produces the wave-number correction ok = ﬁRe Cp)\l_pmo. Equivalently,
after propagating a distance L, the accumulated phase correction is dk L. Relative to the leading
wave number kg = \/c, this correction has size 0k/ko = ﬁRe CpmoA~P. The imaginary part of
C) gives the attenuation rate %Im Cp M~Pmg. Note that these two rates depend on A now. The
distance d over which the attenuation is 1/2 is given by

2¢3log 2 \-1

d=
mo Im C),

Writing ¢ = 27/ for the wavelength in the original units, the half-amplitude distance is propor-
tional to £17P/mg. Thus d — 0 as £ — 0, although d/f — oo: a high-frequency wave propagates
through many wavelengths but is attenuated over a macroscopically vanishing distance. We there-
fore use d as the unit of space and the corresponding travel time as the unit of time. In the resulting
variables the dimensionless wavelength is h = ¢/d, and the transformed conormal kernel carries the
factor h'~P. Notice that ¢ also depends on m, but when m is small, ¢ ~ 1, which does not change
the arguments above.

2.2. A rescaled version. After this nondimensionalization and removal of the tildes, the frequency
is written as A/h, with the new A varying in (|1.5)), and the memory term appears with the factor
h'~P. Even when m depends on z, for the corresponding us (A, x) := h'"Pu(M\/h, x), we have

(2.6) (A, x) ~ AP Chpp k(' )x’“hk, as 0 < h < 1.
k>0

Thus py, is a polyhomogeneous semiclassical symbol of order one with a small parameter h, uniformly
for A in the fixed band (1.5). It equals A\!~P times a function of h/\.
We have the effective speed

c(h) = \/1 + h1=Pp(0).

Note first that c¢(h) = 14 3h'7Ppu(0) + O(R*~2?P). Next, the effective semiclassical frequency is

Aeft = c()}‘l) (1 + 2621(h)’uh(>\) + &i)’(muﬁ(A) +. )

see also ([2.6]).
Then the phase function in (2.5)) takes the form

1-p
(2.7) q):%(—t—i—x-w/c(h)) 5 3(h)0 »mo x - w + O(h).
The factor ¢(h) above indicates an increase of the phase velocity by hl_pu(O) + O(h?>7?). The
second term indicates an additional (smaller) speed correction by —g17 )(ReC JA"Pmg to leading

order, and an attenuation at the rate of ; ( )(ImC JAY"Pmg. The temporal frequency remains
unchanged, A/(27h).

Another observation, crucial in the time-dependent case, is that it takes many (approximately
1/(1 — p)) terms in the asymptotic expansion of ¢(h) to get to an error O(h). Before we get to
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o(h), the contribution of those “large” terms in the expansion of c(h) to the first term in ({2.7))
creates fast oscillations in u ~ €'?, see , and cannot be considered part of the amplitude. More
precisely, %! ~ 1 4 iah? + O(h?%) with a real only when ¢ > 0. This motivates our approach
of considering a phase function that depends on h as well. We also see that the expansion of the
phase is in fractional powers of h while the expansion of the amplitude is in integer powers if the
phase is considered dependent on the parameter € = h!'~?.

We present another, semiclassical point of view of the scaling. Returning to the case in which m
also depends on x, equation takes the form

(2.8) (=h2A = X2+ bV - R P(u(N/h, ) — (0, 2))hV)u = f(z,\, h),

where we put a source on the right. Since h'"Pu(\/h,z) ~ hCpA"Pmo(z), equation reduces
to
(= h2A = X2 — BY"PAV - (0, 2)RV + CoLhA™PhY - mo(2)hV)u = f(x, A, h),
ignoring the lower-order terms.
This shows that, semiclassically, the new scaling reduces the memory term to a real-valued term
that is lower by the fractional degree 1 — p, plus a complex-valued term of degree one lower. The
latter affects the leading amplitude, whereas the former is stronger and also affects the geometry.

3. GEOMETRIC OPTICS

Assume that m satisfies ((1.3)), and the support condition
(3.1) supp, m C B(0, R)

with some R > 0.

We assume throughout this section. The monotonicity condition and the higher-order
conditions are not needed for the formal construction; they enter in Theorem through
the well-posedness and error estimates. We assume o = 1, see also section We carry out the
construction in R™. The same construction applies in a bounded domain €2 on any time interval
during which the waves under consideration do not meet 0f).

From now on, space and time are the dimensionless variables obtained by using the half-amplitude
propagation distance and the corresponding travel time as their respective units, see the Introduc-
tion and section We again write m for the transformed kernel profile. Introduce

(3.2) g:=hlP

for the dimensionless coefficient of the memory term. Accordingly, em(s,z) = h' PsP~Im(s,z) =
(h/s)1"Pm(s, x); see (1.3). We also set

(3.3) 0 =1+ con(z) =1+ W Poy(z),

Here oy is defined in (1.4), and 0. should not be confused with on. In the geometric optics
construction below, we view h and € as two independent small parameters. Then we modify (|L.1])
to

(3.4) 0P — Au — €V - /OOO m(s,z)(Vu(t,z) — Vu(t —s,z))ds =0, in Ry xR™.
Equation can be recast as

(3.5) O*u — Ay u+ WPV /OOO m(s,z)Vu(t —s,x)ds =0, in Ry xR",
where

Ay =V (141" Poy(2))V.

£
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B(0,R)

supp, m

Uout ‘ ' . Uin

FiGURE 1. The initial wave packet u;, probing m.

We introduce Py and M by writing (3.5)) as Pyu := (07 — Ay )u + h'"PMu = 0.
Choose x € C§°(R™) with supp x N B(0, R) = 0. Set

to == dist(supp x, B(0, R)) > 0.

We choose the initial conditions
(3.6) uli—o = 2x(2)e™ /" wlig =0, u_(t)|jp<r =0, t <0.

This corresponds to 1°(s) = 0 in , where n' is an equivalence class. For a short time t €
[0,to] before the z-support of u enters B(0, R), the solution can be expressed by the standard
geometric optics expansion and splits into two parts: ueyu, propagating away from B(0, R), and
Uin, propagating toward it; see Figure [1, We are interested in the latter.

Fix T' > 0. By finite speed of propagation, both for the transport construction and for the exact
solution, we may choose Ry > R so that all causal supports under consideration for 0 <t < T are
contained in B(0, Rr); see also section m

The ansatz for u now is

(37) Ujp ~ ei/\<25(t7$,t’:‘)/ha(t7 x, h’ E), a ~ ao(t’ x, 5) + hal(t, T, 5) o

as 0 < h < 1, where we allow ¢ and a; to depend on €, while a also depends on A. Their dependence
on ¢ is smooth up to € = 0; in fact, they have Taylor expansions at £ = 0. The dependence on A

satisfying (|1.5)) is uniform.

3.1. Construction of the phase. We take ¢ to be the solution of the eikonal equation

(3.8) (019)? — 0:(x)|VH|> =0, =€ B(0,Rr),  ¢lower=—t+z w.
We choose

(3.9) ¢ =—t+Y(x,¢).

Then v would satisfy the eikonal equation

(3.10) 0:|V* =1, € B(0,Rr), VYlpweRr=12" w.

Standard Hamilton—Jacobi theory provides a smooth solution of (3.10) in B(0, Rr) when 0 <
ek 1.
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Proposition 3.1. There exists eg > 0 such that, for every 0 < e < gq, the eikonal equation
(3.10) admits a solution 1p € C*>°(B(0, Rr)), which also depends smoothly on € € [0,e0] and on w.
Consequently, v admits a Taylor expansion in €,

Wz, e) ~ Y ep;(a) in C*=(B(0, Rr)),
j=0
with .
QJZ)O(:E) =W, 1[)]('1:) = ﬁ agqvb(x?e)’s:(p

and the coefficients satisfy

7j—1
(3.11) 2w-Vipj = (=10, = > Viby - Vhj_y, Jj=>1,
=1

together with
Yij(x) =0  forxz e B(0,Rr), z-w<—R.

Proof. Fix wp € S"! and set
Y_:={zeR" x-wy)=—R}.

On Y._, for w € S*! close enough to wy, prescribe the incoming data

Yy, =z wls_.

Since o = 0 near X_, the hypersurface Y _ is noncharacteristic for , and the corresponding
characteristic system is a smooth perturbation, for ¢ small, of the free system associated with
Yo(x) = x - w. By the method of characteristics, there exists €p > 0 such that for 0 < e < ¢y the
problem has a unique smooth solution in a neighborhood of the incoming rays through > _,
with V|, = w. For g¢ small enough, this neighborhood, together with the free incoming region
z-w < —R, contains B(0, Ry). This proves existence on B(0, Rr) for w close to wy. By compactness
of S*~1, a finite covering gives an £y uniform in w; the corresponding local constructions agree by
uniqueness.

Since the characteristic ODE depends smoothly on the parameters € and w, the corresponding
flow, and hence the constructed solution v, depend smoothly on them as a C*°(B(0, Rr))-valued
map. Therefore, for every N > 0,

N

(3.12) Y(x,e) = Z elpi(x) + Ny (a,e),

j=0

(depending smoothly on w as well), with ry smooth, where
0y(a) = 5 0.y

Substituting this expansion into and comparing coefficients of €™ yields (3.11]). Since

Y]e=o(z) = 2 - w,
we get 19 = x - w. The incoming condition in implies

Pi(x) =0 forz € B(0,Rr), z-w<-R, j>1.

This completes the proof. Il
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Observe that in particular, in the coordinates (s, y) for which z =y + sw, y - w =0,

s

1
(3.13) P1(y, 8) = ~5 om(y + Tw) dr.
—0o0
3.2. Deriving the transport equations.
The initial conditions imply easily

(3.14) ali—o = x(x).

Moreover, ag = x(x — tw) for t € [0,%p]. The subsequent terms a;, j > 1 are obtained by solving
the standard transport equations (when m = 0) with sources containing the previously computed
ones, and they all have supports in supp x + tw for ¢t € [0,¢o]. In particular, am = 0 for such ¢, i.e.,
the interaction with the memory has not started yet. We anticipate that this support condition
would be preserved along the orbits, perhaps perturbed by an o(1) error as h — 0. With this in
mind, we define a relatively open set U C [0, 7] x R™ so that

(3.15) U= {(t,z)| x € suppx + B(0,t0/2) + tw, t € [0, T},

We assume below that all amplitude terms are supported in U for 0 < h < 1. Eventually, we will

show that this assumption is consistent with the parametrix we construct. The reason for this is to

make sure that the memory integral does not integrate all the way to s = ¢ (or even beyond that).
We compute

RO — Mg )en? = NhT(—(940)” + 02 Vo)
+ 22000, — 096 9) + 20 — D)6+ (0F — Ag)

This explains the choice of the eikonal equation (3.8]), and assuming that ¢ solves it, the above
simplifies to
2iA iX

(3.16) e h P02 — Ay )en? = ~5 0+ oV V) -

We need to expand e~ RPMen? next. We have

A0'5¢ + (8t2 - AUE)'

i i i i o0 i i
e h?Men®a=e RVen'V - / m(s, x)e_%(t_s)Ve%wa(t —s,x,h)ds

(3.17) AV / m(s, x) ehSVehw (t —s,z,h)ds.
Set

(3.18) (Ib) (£, ) = /0 (s, 2)e % b(t — s, 2, h) ds.
Then

e RO Menbq = e WYV - (e z w( Vi Ina + Ih(Va))>
hence
e ROMeRa = (V4 vu) - (D90 L+ (Va)).
We need first to understand the asymptotic behavior of , where b is smooth, supported in
U, and bounded uniformly in h together with all of its derivatives. By and , m(s, x)b(t —

s,x,h) = 0 whenever t — s < tp/2. Thus, as a function of s, this product is supported in [0,¢) and
has no singularity at s = ¢t. Extended as zero outside [0, ], it can be considered as the semiclassical
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Fourier transform (up to a change of the sign in the exponent). Its only singularity is at s = 0,
where it is of the kind ~ mg(x)sP~1.

Lemma 3.1. Let Iy, be as in (3.18]), where b is smooth, supported in U, and bounded uniformly in
h together with all of its derivatives. Then I,b has an asymptotic expansion in powers of (h/\)PHE,
k=0,1,2,..., with principal term

Inb = Cymo(z)b(t, x, ) (h/ NP + O(hPTY)  in CF,
for every k. More generally,
1 (i - .
Inb ~ g} Cptj (R NPT il Z%) <£> my(z) (=) *b(t,z, h) in CF.

Proof. 1t is enough to consider k = (0. Write

N (k)
b(t - S,l’) = Z m(_s)k + Rf/\/'(ta 57$)8N+1)

= k!

al ml(x) l i N+1
m(s,x) = Z ! s+ RN(Sax)S :

=0 ’

Leaving the remainders aside for a moment, we are left with the analysis of integrals of the type
J,(L]) = / eNs/h g1y () ds,
0

j=k+1=0,1,2,..., where x(s) = 1 near s = 0, and it is compactly supported. The asymptotic
is the same as that of

/eis)\/hsg:-P—l ds = Cpij(R/NPT, 0<h<1,0< A,

see the proof of Lemma [2.1] The remainders are handled by the same argument but y would

depend smoothly on (¢, z) now. O
Remark 3.1. The expansion of I;b can be written down in the following compact form

(3.19) Inb = p(A/h — Dy)b,

where Dy = —i0;. Here, we formally consider A and D, as fixed parameters, and h as a small one.

Then we write

(Mh—Dy) P77 = (h/NPH (1 — N thDy) P79,
and use the binomial series for the latter term to make sense of (3.19)) using Lemma In fact,
(3.19) can also be derived, at least formally, through Fourier transforming 1b.

By Lemma [3.1]
Ia = Cp(h/N)Pmoa + Cpy1 (/NPT (mia — medya) + O(hPT2),
I,(Va) = Cp(h/N)PmoVa + Cpi1(h/ NPT (m1Va — med;Va) + O(hPT2).
Therefore, see ,
%w} Ina + In(Va) = iCp(h/ NP~ 'mga Vi
+ Cp(h/AN)PmoVa +iCpi1 (R/ NP (mia — modya)Vip + O(RPTL),
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and hence
e RO MehPq = —Cp(h/ NP 2mo| Ve |%a
+iCp(h/ NP7 (2m0 Vo - Va + a Vimg - Voo + moa Ay
— Cpy1 (W NP VY2 (m1a — moda) + O(hP).
Since Cpy1 = ip C)p, this can also be written as
W Pem P Men®a = —Cyh ™ A2 Pmg |V |2a
+iC,A P (2m0 Vi - Va+ aVmg - Vib +moa Ay — p|V|*(mia — mgata))
+ O(h).
The O(h) estimate above holds in every C*, and it is uniformly bounded as long as a is bounded
in C**2. We combine this with to expand
e_%¢(8t2 — Ay + hl_pM)e%¢
with a as in . We treat ¢ and h as independent parameters for now. We get the first transport
equation

1 1
(3.20) Tag=0, Ta:=(9+0V-V)a+ 5(Asd)a- 5i(JpAlffomoagla

with the initial condition ag|s—p = x(x), see (3.14). For future reference, we note that when ag
solves , we have P,e??/hqq = O(1) in any semiclassical C,’_f norm.
For fixed w, let 7, ., be the integral curve of 0.V satisfying
Yy (8) = 0e(Vyw(8)) Vi (1yw(s)), Yyw(0) = y.
We introduce coordinates (s,y) by
(t,z) = (s, 7yw(s))-
For 0 < ¢ <« 1, this map is a diffeomorphism on any fixed compact set under consideration. In
these coordinates,
O +0.VY-V,=0s, Y=y -w+s.
When ¢ = 0, we have z = v, (s) =y + sw, and 0y + 0.V -V = 0; + w - V = J5. The solution of
, in the (s,y) coordinates, is

(321) (5, 0(9) = x)exp (= 5 [ B bya(r)) dr

i Y _
+ 5N [ o707 (ya(r) ).
The particular case e = 0, which approximates (3.21) up to O(e), is

: t
(3.22) ao(t,z) = exp(; Cp)\l_p/ mo(x — Tw) dT) X(x —tw), =0,
0
written in the (¢,x) coordinates.
Equating the h° powers, we get the second transport equation
ixt
2
(3.23) — paa_l(mlao — moﬁtao))

Ta, = —

C
(07 = Aou)ag + AP (2m0vqp - Vag + agVmg - Vi + moag At
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with an initial condition a;|s—¢o = 0.
Similarly, for a;, j > 2, we get

(3.24) Taj = S[ao, . ,aj_l], aj|5:0 = 0,

where S depends on finitely many derivatives of ao,...,aj_1, on 9, on mo,...,m;, and on A and
e. Then uy := e*¢/h Zé\fzo hjaj satisfies Pouy = O(RY) in every CF, uniformly in X in (L.5)), with
the incoming initial conditions induced by (3.6]).

3.3. Expansion of each amplitude in powers of . Each amplitude term a; depends smoothly
on € through o, and . It therefore has a Taylor expansion in € about € = 0. Direct calculations
using (3.12)) show that, upon expanding the leading amplitude as

ag(z,€) ~ Y elaf (x),

J=0

we get the equation
T.i1-
(0 +w - V)ay — 5 PCymoay’ =0, ay|s=o = x(x),

whose solution is , and similar but nonhomogeneous ODEs for a((f ), J > 1, with the same
transport operator on the left, a right-hand side depending on the previous coefficients, and zero
initial conditions.

We formulate the main theorem of this section.

Theorem 3.1 (The asymptotic expansion). Assume that m satisfies (1.3), (3.1), (7.1), and (7.3)
for every k. Fix T > 0. Then problem (3.4)) with initial conditions (3.6) has a unique solution

U = Uiy + Uoys 0 [0,T] X R™ for 0 < h < 1. Here uoyt, determined up to O(h*) in any C”,;, 18
the standard geometric optics solution corresponding to m = 0 and propagating away from supp, m,
while iy is of the form (3.7), where ¢(t,x,€) is as in (3.9), ¢ = h'™P, and a; = a;(t,x,€) solve the
transport equations (3.20)), , and .

The expansions in (3.7) are understood in C* for every k after factoring out the oscillatory
exponential, or equivalently in the semiclassical C’,’f norms for ui,, uniformly for \ satisfying (|1.5)).
The proof is provided in section

3.4. Analysis of the asymptotic expansion. By Theorem [3.1
uin (t, ) = e gtz ) + O(h),

where for ag, we have in characteristic coordinates. In these (e-dependent) coordinates,
¢ = —t+ s+ y - w. This estimate is preserved under differentiation by powers of hd; and hd,, and
one can include lower-order terms as well. We can draw the following conclusions about the effect
of the memory term:

e The geometry is modified from the flat geometry (speed one) to a curved one with the faster
speed /o = 1+ LA Poy () + O(R21-P); .

e There is an attenuation caused by Im C), in (3.21]), and the corresponding accumulated ex-
ponent is 4Im C, A =P(Bmy)(s), where (Bmy)(s) is the beam ray transform of mg appearing

in (B.21).
e There is also a phase shift caused by Re (), in (3.21)).
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4 . . . .
——Re (C,2)
— = Im(Cy2)

FIGURE 2. The attenuation rate, Im Cp/2, and the phase delay rate, Re C}/2, as
functions of p € (0,1). The phase delay increases linearly in ¢ (when mg = const.,
for example), at the rate Re Cp/2, while the amplitude decreases exponentially in ¢
at the rate Im C, /2.

The way we assess the phase speed is to write the real part of the phase, combining A¢/h and
the phase of ag, as

1
Re® := A(—t+s+y-w)/h+ ;Re CpA' P (Bmo)(s),

where (Bmyg)(s) is the beam ray transform of mg appearing in (3.21)). To find the speed at which
the constant levels move, we compute ds/dt in Re ® = const. by implicit differentiation

as _
dt
1 b —p —1 2
(3.25) =1- §hI‘(p) cos 7)\ mo(z)o. " (z) + O(h?).

1- %h(Re Cp)\"P(Bmy)'(s) + O(h?)

The second term on the right-hand side of is the correction to the phase speed of the wave
packet relative to the speed 1, which is the speed in the metric o2 *dx. In Euclidean terms, this
term represents the principal part of the relative correction of the speed |/o.. Note the dependence
on the frequency A, which shows that this correction causes frequency dispersion; higher frequencies
propagate faster.

Similar calculations allow us to estimate the phase shift:

0s = _%hr(p) cos % A7P(Bmo)(so) + O(h2)~

It might be useful to look at the phase shift ds/(27wh/A) relative to the wavelength. That quantity
is proportional to A\ 7P.

The dependence on p deserves attention as well. When p > 0 is close to p = 0, the phase
delay gets large because of the Gamma function; and when p = 1 (no singularity), it is zero. The
attenuation is equal to 3T'(p) sin(pm/2) times the beam transform of mg. This coefficient is 7 /4
when p = 0, i.e., when the memory kernel approaches the critical case. It is 1/2 when p = 1 (no
singularity).

3.5. Approximate PDE. For 0 < h < 1, one can replace the non-local integro-differential equa-
tion (3.4)) by the following damped differential wave equation

(3.26) gy — iIC N "Pmg(z)os tuy — Agou =0
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with the first two initial conditions in (3.6)). Indeed, the standard geometric optics for (3.26)) leads
to the same ansatz with the same leading transport equation, (3.20)). The ansatz can be justified
by the well-posedness of the damped wave equation. This yields the following.

Theorem 3.2 (Leading comparison with the local approximate equation). Fiz 0 < Apin < A <
Amax < 00, T > 0, and let uy, denote the incoming branch of the solution of , . Let uapp
denote the corresponding incoming geometric-optics solution of , with the same incoming
initial amplitude and phase. Then, for every k > 0,

Uin(t, ) — Uapp(t, ) = ei’\d’(t’x’a)/hr(t, x,h,e),
where
Irllex (o, xmmy < Cih
Equivalently,
Uin = Uapp + O(h)

in the semiclassical C}’f norm.

Proof. As mentioned above, the standard geometric optics for yields the same kind of ex-
pansion, with the same phase, and with the same leading amplitude ag. If uin, xy and uapp v are the
corresponding truncated asymptotic expansions, then for every k, e~*¢/h (Uin,N — Uapp,N) = O(h)
in C* for N > 1. Justification of the asymptotic expansion for is even easier, based on

standard energy estimates. Then since the claim is true for the truncated asymptotic expansions,
it is true for the exact solutions by Theorem and its version for (3.26)). O

This theorem could have applications to time reversal in thermoacoustic tomography. One of
the techniques there is to send the observed waves back to t = 0 by reversing the time propagation;
see, e.g., [36] and the references therein. The original memory wave equation , cannot
be solved backward in time because that would require knowledge of the future history with time
inverted. On the other hand, can be solved backward. It gives a solution semigroup that
increases exponentially in time, but we solve it only over a finite time interval. Time reversal for
the damped wave equation has been implemented in |1,22]. Their case corresponds formally to
ReC), = 0, ImC}, > 0, but the nonzero Re C, creates only a phase shift and would not be an
obstacle.

Another benefit of using is that solving a PDE numerically with finite differences is much
faster than solving the integro-differential equation . For the latter, computing u(t + At, z)
with a second-order finite-difference scheme requires the history not only of u(t, z) and u(t — At, x),
but also at earlier times until m becomes sufficiently small. This requires storing all those values
and integrating them at every time step. Moreover, this integration must be performed carefully
near s = 0 because of the singularity there. There are no such issues with .

A downside with this approach is that it works for monochromatic signals only, i.e., for A fixed.
A broadband signal needs to be decomposed into monochromatic ones if we want to use .

3.6. The p = 1 case. Assume p = 1 now. Then the problem has its original form since for the
prefactor we have h' ™7 = 1. By (L.3)), m(s,z) = m(s,z) € C*°([0,00) x R™). Lemmastill holds.
We have ¢ = 1 in , so it is not a small parameter anymore. The phase ¢ solves the eikonal
equation with o1 = 1 + op; it is of the kind with v solving . We assume that this
equation is solvable in B(0, Rr). The first transport equation has the same form

1 1
Tap=0, Ta:= 0+ V- -V)a+ §(A011/))a + imoafla,
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where we used the fact that C}, = i for p = 1. Compared to the standard leading transport

equation for A, we have the extra term %moaf La, which is positive, and as such causes damping.
The expression (3.21)) for the leading amplitude reduces to

a0(5:70() = x()exp (= 5 [ Bortiyalr)s 1) dr

- % /0 m0(Yy (1)o7 (Vo)) A7),

where 1(z,1) = ¢(x,e) for € = 1. The effect of the memory therefore is to change the effective

speed from ¢ =1 to ¢ = /o1, and to introduce attenuation at a rate %moaf ! The approximate
PDE then would be

—1
e +mo(z)oy] ur — Agyu =0,

where 01 = 1 + oy, as above. Observe that there is no A or A in the PDE, the speed is changed
from one to /1 + om, and there is a damping coefficient mg(z). There is no leading phase shift.

3.7. A semiclassical approach. Set A = [{|, w = £/|{|, where A is as in (1.5). The incoming
prehistory now is

uli<o = x (& — t€/|¢) T/,
The solution is given by Theorem [3.1] with the above change of variables.

A more general version of this, involving a broadband signal, is to solve ({3.4]) with initial condi-
tions

(3.27) uli=o = fi(z,h), wli=o = fa(z, h),

where fi; and f; are compactly supported outside B(0,R) and semiclassically tempered, with
WF(f1) and WF,(f2) contained in R™ \ B(0, R) X {Amin < |€] < Amax}-

Since the wave equation has a positive and a negative speed, the solution naturally splits into
four terms involving combinations of both speeds and both initial conditions; see, e.g., [37]. We get

Amax .
(328)  wu(t,z) = (2rh) " Y A /S et () (1 2,0, B, ) (Fifi) Ow)
p==

min

¥ s (1,2, 1, 2) (Faf2) ) ) XA do + O(R),

where F}, is the semiclassical Fourier transform. Here, we changed the notation for the phases and
for the amplitudes a bit to indicate the dependence on w and A\ as well. Next, ¢4 = Ft + 4,
see , and for every w, only one of ¢4 can differ from its trivial choice Ft + = - w because, for
|x| > R, at least one of the rays [0,00) 3 s +— = + sw does not hit B(0, R). All amplitudes are
of order 0 in h and have two-scale expansions as above. The initial conditions for their transport
equations can be derived from as in [37]. Equivalently, the amplitudes are polyhomogeneous
symbols in integral powers of h, depending smoothly on € = h'P in the Fréchet symbol topology
up to € = 0 and smoothly on A as in . As semiclassical symbols, they belong to the standard
symbol classes since t- and z-derivatives do not change the order of the symbol estimates. Formula
can be considered as a semiclassical FIO depending smoothly on ¢ = h'~P, formally regarded
as an independent parameter. Its canonical relation is therefore also e-dependent.
Since the test for WF(u) includes h-independent cutoffs, one can show that

WFh(u(t, -), ’U,t(t, )) = C()(t) o WFh<f1, fg),
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where Cy(t) is the canonical relation corresponding to ¢ = 0. This does not, however, capture
the fractional effects described earlier, such as the phase shift and the e-dependent changes in the
geometry.

4. NUMERICAL EXAMPLES

We illustrate some of the effects with a few numerical simulations. In all of them, o = 1.

4.1. Phase shift and attenuation. In Figure we plot as a solid curve a one-dimensional
solution moving from left to right, with the initial wave packet labeled ¢ = 0. Snapshots of the
solution are also plotted at ¢t = T'/2 and ¢t = T', where T > 0 is the final time. For comparison, we
plot the “free” solution corresponding to m = 0 as a dashed curve. That solution simply translates
from left to right. Finally, we plot the solution called “intermediate,” obtained by retaining o. in
but dropping the memory integral. The memory kernel m is supported in the middle, and the
gray shading illustrates its density.

We observe first that the intermediate solution moves faster than the free one because its speed
is \/o- > 1. The memory solution, however, moves slower than the intermediate one but still faster
than the free one. This illustrates the phase shift computed above. The memory solution also
attenuates exponentially. The frequency A is fixed here, and p = 0.5.

4.2. Dependence on the frequency \ (dispersion). In Figure |4 we demonstrate the depen-
dence on A\. We plot the initial and the final states only, with T slightly larger than in the previous
example. We send two packets of frequencies having ratio 3. In comparison, we plot the inter-
mediate solution as in the previous example. The effect is subtle and it can be seen by the phase
shift of the solid curve at ¢ = T' compared to the dotted one. For the lower frequency packet, it
is negative, a bit less than 7/2 in absolute value as a fraction of the wavelength. For the higher
frequency packet, it is still negative, a bit larger than 1.5 times that in absolute value, which is
consistent with being (A\2/A1)'™? = /3 larger up to a higher order correction; see section A
direct comparison of the distance between the zeros or the peaks of both packets, at ¢ = 0 and
t = T, shows a slight increase of the distance between the two. Another effect we observe is that
the higher frequency attenuates faster. In Figure [5] we plot two such packets independently, which
demonstrates clearly that the net effect of the higher X is a faster speed.

memory
— — free
-------- intermediate

FIGURE 3. p = 0.5. Three solutions at ¢t = 0,7/2,T: (a) the memory solution as a
solid curve; (b) the free one (m = 0) dashed, and (c) the solution with o, preserved
but the memory integral in omitted, dotted. This illustrates the increase of
the speed due to 0. and then the phase shift slowing down the memory solution
compared to the dotted one.
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memory
n O intermediate

FIGURE 4. p = 0.5. Two packets at ¢ = 0 and ¢ = T: the higher-frequency one
moved a bit faster through the memory medium but experienced a negative phase
shift larger in absolute value relative to the intermediate one, as a fraction of the
wavelength. It attenuated more as well.

t=0 | t=T

FIGURE 5. p = 0.5. Two packets at t = 0, ¢ = T'/2, and t = T, plotted indepen-
dently: the combined effect of the faster speed and the larger negative phase shift
is still a faster speed of the higher-frequency packet.

4.3. 2D propagation. In Figure [6] we propagate an oscillatory plane wave in two dimensions.
The z-support of the memory is in the middle of the computational domain. The plot clearly
shows that the speed has changed from 1 to /0. in the middle and that the wave has attenuated.
The phase shift can be seen by plotting a vertical cross-section through the middle, but then we
are in the regime of the previous example.

5. THE INVERSE PROBLEM

Theorem 5.1 (the inverse problem). Let 0 < p < 1. For every w € S"™ 1, let x € C§°(SY) satisfy

suppx N B(0,R) = 0. Let T > 0 be such that every point of B(0, R) lies on a ray z + tw, with
z€{x#0} and 0 < t < T, and every such ray has exited B(0, R) by time T'. Assume that )
contains all the relevant incoming and outgoing ray segments up to time T. Then the family of

corresponding solutions u of (3.4), ([3.6)), restricted to [0,T] x (Q\ B(0,R)), for a fized X in (L.5)
and all 0 < h < 1, uniquely determines oy and the full jet {my(x)}r>0 of m(s,z) at s =0.

Remark 5.1. We could have formulated the theorem with data the Dirichlet-to-Neumann map on
[0,T] x 9. Also, for each w, we need to know u only along the rays in Q \ B(0, R) once they have
exited B(0, R). Next, for every w we may have several beams through that B(0, R) , not necessarily
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FIGURE 6. p = 0.5. A plane wave moving up. Left: the initial condition. Right:
The solution at time ¢t = T'. The z-support of the memory is in the middle.

one wide one illuminating the whole ball. Finally, some restricted set of directions would be enough
as long as the corresponding X-ray transform is injective on that set.

Proof of Theorem[5.1] Suppose that two memory kernels m and m, satisfying the assumptions of
the theorem, produce the same exterior measurements for every sufficiently small h, and denote the
quantities corresponding to the latter kernel by tildes. Fix an observation point z € Q\ B(0, R) on
an outgoing ray whose free incoming point z lies in the interior of {x # 0}. Then, by ,

ei)‘w(m""’s)/hao(t, x,€) = ei)‘i(“’w’e)/hdo(t, z,e) + O(h),

where we divided by e /" to pass from ¢ to . Although the leading amplitude ag (t,z,e) may

itself be complex, its phase has no explicit h-dependence when ¢ is regarded as an independent
parameter. After setting ¢ = h'™P, it depends smoothly on A'™? and, in particular, contains
no oscillations at the scale 1/h; see (3.21). For sufficiently small €, the incoming points of the
corresponding characteristics for both media remain in this set; hence shows that ag and ag

are bounded away from zero along the observed ray. Setting r(h) := ¥ (x, h'=P) — ¢(z, h'~P) and
dividing the preceding equality by e*¥/"ag, we obtain e ")/ = G4 /aq + O(h), whose right-hand
side has a limit as h — 0+. Let N be the smallest integer such that N(1 — p) > 1. Since 7(0) =0
and r is smooth in e, Taylor’s theorem gives r(h) = Zj-v:_ll cjhj(l_p) + O(AWNO=P)) If any c;j # 0,
taking the first such j shows that (/" cannot have a limit. Consequently, all these coefficients
vanish and r(h) = O(h), i.e., ¥(z,&) — ¥(z,e) = O(h). Write the corresponding Euclidean line as
y+Rw, with y € w', and take the observation after the ray has exited B(0, R). By Proposition

and ,
5/ (0m — 6u)(y + 7w) dr + O(e2) = O(h).

—o0
Dividing by €, we get
(o) .
| (om = om)(y + 7w) dr = O(mnr1oD),
—00
Letting h — 0+, we get that the X-ray transform of oy, — &, along those rays vanishes. Varying y
and w, we get o = .

Once we have recovered oy, we know the phase ¢(x,w,e). Then ag(t,z,e) = ao(t,z,e) + O(h),
where we indicated the dependence on e as well. Since that dependence is smooth, we can take
the limit & — O+; then e — 0+ as well, to conclude ag(t, z,0) = ag(t,x,0). Since x(z — tw) # 0,
we may cancel this common factor in (3.22). Moreover, Re (iCp) = —I'(p) sin(mp/2) < 0, so the
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map q — exp(%CpAl_pq) is injective on R. Hence ag(t,z,0) = ao(t,z,0) implies equality of the
corresponding ray integrals of mg and mg. Once the ray has exited B(0, R), these are their full X-ray
transforms, and therefore mg = mg. Since oy, and mg are now known, determines ao(t,x,¢)
for every sufficiently small €. Taking the expansion of the equality of the observed solutions one
order further, subtracting the common leading term, and dividing by h, we obtain a; —a; = O(h).
More generally, once mo, ..., m;_1 have been recovered, the corresponding amplitudes ag, ..., a;_1
agree; subtracting these common terms from an expansion through order A/*! and dividing by A’
gives a; — a; = O(h).

Let by = a1 — a1. Since o, and mg have already been recovered, the two transport operators
and the leading amplitudes agree. Subtracting therefore gives

C,
Tbl = —%)\_pd‘;lao(ml - Thl).

Along a characteristic 7, the identity Tag = 0 then yields
d bl . pCp p -1 .
ds(ao)(877(8)) = 5 A PaZ (y(s))(m1 — ma)(y(s)).

The incoming value of b; is zero, whereas its outgoing value is O(h). Letting h — 0+, and hence
€ — 04, we obtain the ordinary X-ray transform of m; — 7, along the corresponding Euclidean
line. Its injectivity gives mi = m;.

Next, assume that o and mg,...,m;_1 have already been recovered, where j > 2. The full
expansion in Lemma @ shows that the transport equation for a; has the form 7Ta; = F; +
Kjo, laomj, where F} is determined by the previously recovered coefficients and

_ icp-i‘j 1-p—j
/ij = Tj')\ 7é 0.

Thus, for b; = a; — a;, we have Tb; = kjo- ‘ag(m; — ;). Since Tag = 0, division by ag gives
4(bj/ag) = Kjo7(m; — ;) along each characteristic. The incoming value of b; is zero and its
outgoing value is O(h). Letting h — 0+ therefore gives the ordinary Euclidean X-ray transform of
m; — my;, and its injectivity yields m; = ;. The conclusion follows by induction. ([l

6. FURTHER REMARKS

6.1. Physical considerations. In the ultrasound literature, attenuation is commonly parametrized
by a power law
Oé(f) = aOfya

where the frequency f is measured in MHz, «(f) is the attenuation coefficient in dB/cm, and «yq
has units dBecm~! MHz Y. The leading high-frequency attenuation rate behaves as f17P, so that
the experimental exponent y corresponds to y = 1 — p. Thus the linear attenuation law y = 1
corresponds to the endpoint p = 0, while intermediate values 0 < y < 1 give genuinely fractional
exponents 0 < p < 1. Standard medical-ultrasound estimates place soft-tissue attenuation at about
0.3-0.8dB/cm at 1 MHz, often rounded to the rule of thumb «a(f) ~ 0.5 fy, dB/cm [8]. The law
is then approximately linear, and the half-amplitude distance is

6.02 12
dy2(f)

T 05hmn T fum
Thus dy/5 ~ 12cm at 1MHz, 2.4cm at 5MHz, and 1.2cm at 10MHz. The AIUM [3] also uses
homogeneous tissue models with attenuation 0.3dB/(cm MHz), and notes that other power laws,
for example 0.75f3? dB/cm (which is outside our range), are used in breast-imaging models.

cm.
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These values show that MHz ultrasound gives attenuation distances on macroscopic, clinically
relevant scales. Intermediate exponents also occur experimentally: Chintada, Rau, and Goksel
[10] fit the model a(f) = apfY in ex-vivo bovine muscle and report, at f. = 5.2MHz, o(f.) =
2.95 £+ 0.40dB/cm, y = 0.54 4+ 0.29, and, in a second configuration, a(f.) = 4.69 + 0.89dB/cm,
y = 0.76 £ 0.31. In our notation these correspond to p ~ 0.46 and p ~ 0.24, respectively. The
associated half-amplitude distance is

_ 20logy,2 _ 6.02
WD =70 e

when a(f) is measured in dB/cm, and therefore the above bovine-muscle values give dy/5(fc) =~
2.0cm and d; /2( fe) =~ 1.3cm. Thus propagation over a distance comparable to the half-amplitude
distance is a physically realistic regime in which the wave amplitude is reduced by an order-one
factor, but is neither essentially unchanged nor completely damped.

In the bovine-muscle example at f. = 5.2 MHz, the wavelength is approximately 0.30 mm, while
the half-amplitude distance is about 1-2cm. Thus one half-amplitude distance contains roughly
30-70 wavelengths. Equivalently, after rescaling distances by the half-amplitude distance, the
dimensionless wavelength is about (1.5-3) x 10~2. With the normalization 27th/\ for the wavelength,
taking A ~ 1, this corresponds to h ~ 2-5 x 1073, This is the dimensionless interpretation of h
used in the geometric optics construction: up to the fixed normalization 27/, it is the wavelength
measured relative to the half-amplitude propagation distance.

Seismology provides another natural class of examples, although the standard notation there is
different. Attenuation is often described by the quality factor @, or ¢ = Q~!. For a monochromatic
wave of frequency f and speed ¢, the amplitude decays approximately as

nfL
A(L.f) = A©. pexp( o f)),
so that d; /o = cQ(f)log2/(mf). For instance, with ¢ = 3km/s, Q = 50, and f = 10 Hz, one obtains
dyi/3 ~ 3.3km. The commonly used constant-) model corresponds to attenuation proportional to f,
hence to the endpoint p = 0 in our notation; see, for example, [27]. However, frequency-dependent
mantle attenuation is often written in the form ¢(w) ~ w™?; then the wave attenuation coefficient
is proportional to w!'~®, corresponding to p = a. Reported values such as o ~ 0.1-0.3 therefore
give nonzero fractional exponents in the range p ~ 0.1-0.3 |29].
Other viscoelastic materials obeying power laws are amorphous polymers and elastomers, see,
e.g., [30].

6.2. Rescaling the variables. Set ¢ = at, Z = bz, and § = as, and define (¢, %) = u(t/a, % /b).
Then equation [I.1] preserves its form with coefficients

bV o b /5 F
O'(LU)ZEO' g y m(S,m):Em E,g .

el - , o b? §
m(s,7) =8 "'m(s,17), with m(s,m):mm -5 )

We have already used a rescaling implicitly to normalize the constant background speed to one.

Then

If { = at and & = bx, then & = Z—Za, and the normalization & = 1 requires a® = b>0. The original
phase would be A\(—t + z - w/\/0)/h, with wavelength 27h\/o/\. Under this normalization, the
phase in the new variables becomes A\(—t + Z - w)/(ah). We set h = ah. The wavelength in the
tilded variables is then 27h/\.
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Up to an inessential constant, the half-amplitude distance in the rescaled variables is

O
d1/2 ~ ~ = )

]

where [m] denotes a typical size of m(0,-). Choosing the remaining common scale so that the
half-amplitude distance is of order one gives

[i] ~ h17P.

This relation describes the size of the coefficient in the new units; it does not require the material
coefficient in the original units to depend on the wavelength.

To make the change of units explicit, keep the original material fixed and let ¢ denote the
wavelength parameter in the original units. Once we have achieved o ~ 1, with [m] ~ 1, the
half-amplitude propagation time is of order /1P, so we consider the interval [0,¢'~PT] with T' > 0
fixed. We rescale both ¢ and « to preserve o ~ 1 and make this interval [0, 7] in the new variables.
Thus £ = Pt and & = P~ 'z, i.e., a = b = (P!, The semiclassical parameter in the new variables
is therefore h = af = /P, while the transformed kernel is

w(5,2) = (7 Pm(ePs, 1 7PE) = BP0 P 0P ).

This change of variables measures distance in units of the half-amplitude distance and time in units
of the corresponding travel time. It preserves the wave speed and makes the propagation scale of
order one. Since it also rescales the spatial and temporal profile of the kernel, it is a change of
units rather than merely a weakening of the memory in fixed coordinates. After absorbing the
rescaled arguments into a redefined smooth profile and removing the tildes, this is precisely the
dimensionless form with coefficient h' =P used above.

6.3. Variable 0. We could have worked with a nonconstant ¢ = o(x) without additional diffi-
culty. Indeed, even when o = 1, the geometric optics construction already uses the variable speed
V1+ eoy; one would instead use /o + coy. The inverse problem remains solvable as long as
o~1dz? is a simple metric in B(0, R). The choice o = 1, however, simplifies the exposition. Al-
lowing variable o also covers the equivalent formulation in which Vu(t, z) does not appear inside
the memory integral, since its contribution can be absorbed into the instantaneous coefficient by
replacing o with o 4 eoy. For the unscaled model, this corresponds formally to € = 1.

6.4. Initial conditions in the memory region. The problem we solved is essentially a near-
field scattering one: probing a compactly supported (in the spatial variable) memory m with
waves coming from outside the support. One may want to understand wave propagation when
the initial disturbance is within the x-support of the memory. In some special cases, such as
when m is independent of  and nonsingular in s, it is known that there are also standing waves,
i.e., waves with zero phase velocity. The analysis of this phenomenon in our setting requires
additional effort. The difficulty is most apparent when a disturbance is introduced abruptly at t = 0
inside the spatial support of m, while the prehistory is kept zero. For 0 < p < 1, this mismatch
produces fractional powers in the formal expansion near t = 0, so the integer-order regularity
and compatibility conditions of Theorem [7.4] generally fail. Internal initial data accompanied by a
suitably matched prehistory may nevertheless satisfy those conditions. When p = 1, this particular
fractional-power obstruction is absent.
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7. WELL-POSEDNESS

In this section, we prove that a nonhomogeneous version of , see , is solvable in
appropriate spaces, and that sufficiently smooth, compatible initial conditions (ug,vg,u—) and a
source f lead to a smooth solution depending continuously on them at increasing levels of regularity.
The main steps are the following.

e We formulate the problem as a 3 x 3 system 2 = Lz + g for z = (u, ut, n); see (7.4a})—(7.4d)

below, initially with g = 0. We follow mostly [9], which is based on ideas introduced by
Dafermos [13}|14]. The memory term in [9], however, is regular and z-independent. Exis-
tence of a weak solution then follows from semigroup theory; see Theorem[7.2] The equation
can also be placed in the general framework of hyperbolic Volterra equations of variational
type; see, for example, [32, Chapter II, Section 6.7]. This theory provides an alternative
route to energy well-posedness under related positivity and coercivity assumptions. We use
the history-space formulation because it retains the prescribed prehistory as part of the
state and directly yields a contraction estimate that is of independent interest.

We prove in Theorem that those weak solutions are strong when the data (ug, v, u—, g),
g = (0, f,0), are sufficiently regular and compatible. This is a nontrivial step, unlike
what happens when m = 0. The reason is that D(L¥) is not directly related to the standard
Sobolev spaces. We solve an elliptic Volterra problem in Lemma, to make the connection.
We derive energy-like estimates for the higher-order derivatives of u in terms of the data
(uo,vo, u—, f), uniformly for £ € [0, gg]; see Corollary

Finally, we apply Theorem and Corollary [7.1]to justify the asymptotic expansion derived
earlier. Proposition gives a unique smooth exact solution and shows that it is close to
the asymptotic solution together with all its derivatives.

We list our assumptions on m(s, z) in addition to (1.3). We consider it defined in Ry x R? with
a compact x-support, as we postulated in (3.1)). First, a natural assumption in viscoelastic theory

1S

(7.1)

d
gm(s, x) < 0.

This is not needed for the construction of the asymptotic solution, probably not needed for well-
posedness but it is required below to show that the solution is given by a contraction semigroup. It
is a physical condition; in fact, many papers assume that m is the Laplace transform of a measure
supported in [0, 00).

Next, we initially assume

(7.2)

m € LY((0,00); L),

but for stronger solutions, we will assume eventually that for £ > 0 depending on the order,

(7.3)

ojm e L'((0,00); L), || < k.

In the geometric optics part, we assume (1.3), which implies that the singularity at s = 0 is
integrable, while (7.2 gives us some control as s — oo, uniformly in x.

In what follows, until section we assume (|1.3)), (7.1)) and (7.2).

7.1. The semigroup approach. We start with proving that (1.1)) has a weak solution using the
semigroup theory. Here, we drop ¢; in other words, we incorporate it in m.
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7.1.1. Converting to a system. Notice first that when the initial conditions (u,u;) at t = 0 are
compactly supported, say on B(0, R') with R’ > R, then supp,u C B(0, R’ + ct), where ¢ > 0 is
such that ¢ > ¢. This follows by considering the memory integral as a source, which is supported
in B(0, R), and applying Duhamel’s principle. Since we are interested in solutions propagating for
t € [0, 7] with T > 0 fixed, we can always take a bounded domain © C R", large enough, so that
such solutions would never hit 9€). This allows us to study the well-posedness for x € ), with some
convenient boundary conditions, and we choose the Dirichlet ones.

Consider . Assume for now that all functions involved are regular enough. Recalling 1’ in

(1.2), clearly
(0 + 05)n'(s) = we(t), t>0, s>0.

We claim that problem (1.1]) is equivalent to

(74a)  2u(t) — Aju(t) — V- / m(s,2)Vii(s)ds =0, t>0, z€Q,
0
(7.4b) (O + 0s)n'(s) = we(t), t>0,s>0,
(7.4c) n'(0) =0, t>0, (boundary condition at s = 0),
(7.4d) u(0) = ug, u(0) =wvo, n°(s) =mno(s), s>0, (initial conditions at ¢t = 0).

Here no(s) = up —u—(—s) and A, = V - agV; see also Figure |7l There are also implicit Dirichlet
boundary conditions for z € 9f2, imposed by the requirement that we solve (7.4a)) in the energy
space ‘H defined below.

S
>

0 U = Ug, Ut = Vo, 77t = 770(8)

FIGURE 7. We solve (7.4b)—(7.4d) in the product of the first quadrant with L?().
Smooth solutions require initial conditions satisfying compatibility conditions at the
corner s =t =0.

Taking n' as in (1.2]), equation (1.1)) implies (7.4a)—(7.4d). Conversely, (7.4b) has a unique

solution with boundary values on the axes of the first quadrant in the (s,t)-plane, and n'(s) in
is clearly a solution provided that u(t) is continuous everywhere, including across t = 0, i.e.,
u—(0—) = u(0+) = up. Assuming continuity away from ¢ = 0, the condition guaranteeing continuity
there is n°(0) = 0, which is the zeroth-order compatibility condition. When this continuity fails,
is still solvable, but its solution is discontinuous across the diagonal ¢t = s.

We introduce Hp(€2) as the completion of C5°(§2) with respect to the Dirichlet norm

[l = | oIVl da.
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By the Poincaré inequality, Hp(f2) is topologically equivalent to Hg($2). We define the sesquilinear
form

(s m)m = /OOO/Qm(S,m) Vni(s,z) - Vs, z) dz ds.

Since m(s, z) may vanish in some regions, the induced quantity ||n||r = (7, 77)%12 is in general only

a seminorm. Let
Moy = C§°((0,00) x Q)
be equipped with this seminorm, and let
N :={n € Mo : nllm = 0}.

We define M as the completion of the quotient ./(/lvo /N with respect to the induced norm. Then
H = Hp(Q) @ L*(Q) ® M is the natural energy space for (u(t,-), us(t,-),nt).
For ¢t > 0, define the translation operator on representatives by

- 0, 0<s <,
(75) (S(tyn)(5,2) = {n(s Cew sen

Lemma 7.1 (Right-shift semigroup). The family {S(t)}+>0 induced by (7.5) is a strongly continuous
semigroup of contractions on M. Let A be its infinitesimal generator. Then A is closed and densely
defined. Moreover,

C :=C5°((0,00) x Q)/N
is a core for A, and
Aln] = [=0sn], I eC.

Proof. We divide the proof into several steps. .
Step 1: S(t) is well defined on the quotient and is contractive. For n € My, using ((7.5)) and the
change of variables r = s — ¢, we get

IS #)mlla = /OOO/Qm(s,x) IV(S(#)n) (s, 2)|? de ds
— /tOO/Qm(s,w) ‘Vn(s _ t,x)|2 de ds
= /Ooo/Qm(r—i—t, x) |v’l7("r’,x)‘2 d dr

< [ [ miro) [Fara) P dodr = [l

where we used the monotonicity of m with respect to s. Hence S (t) preserves the null space A/, so
it descends to a well-defined contraction on My/N, still denoted by S(¢):

S(6)[n] = [S(&)].

Since Mg /N is dense in M, S(t) extends continuously to S(¢t) : M — M.
Step 2: semigroup property. For representatives,

SW)S(rm=5St+rm, 720,
which is immediate from ((7.5)). Passing to equivalence classes gives

SHS(r) = S(t+71),  S(0)=1.
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Step 3: strong continuity on a dense subspace. Let n € Mvo. Since 1 has compact support in
(0,00) x Q, there exist § > 0, M > §, and a compact set K € ) such that

suppn C [0, M] x K.

For 0 <t < 1, both n and 5(75)17 are supported in [0, M +t] x K. Since m is locally bounded, there
exists C' > 0 such that

m(s,x) < C, (s,z) € [0, M + 1] x K.
Hence

IS =nlia<c [ [ 19(50n—m(s.a)P drds.

Now 7 vanishes near s = 0, so for small ¢ the operator S (t) is just translation in the s-variable on
the support of 7. Therefore
V(S(t)n)(s,z) = Vn(s,z) pointwise as ¢ | 0,

and the convergence holds in L? on the compact set [§/2, M + 1] x K by the standard continuity
of translations. Thus N

1S@)n —nllm =0  ast]0.
Equivalently,

1S@®)] = Mlllm =0 astl0
for every [n] € Mo/N.

Step 4: strong continuity on M. Since Mg /N is dense in M and each S(t) is a contraction, for

any ¢ € M and any ¢, € Mg/N with ¢, — ¢ in M, we have

1S(@)¢ = Cllm < IS = Gl + 1S @)Gn = Gallaa + 116n = Sl < 2([¢ = Gallag + [[S ()G — Call -
First choose n large and then let ¢ | 0. This proves

lim [S(E)C— (=0, e M.

Hence {S()}+>0 is a strongly continuous semigroup of contractions on M.
Step 5: action of the generator on smooth elements. Let A be the generator of {S(t)}+>0. Fix

1n € My. Since 1 vanishes near s = 0, for all sufficiently small ¢ > 0 we have

S =n, ) _ s =t.) = n(s.)
t t
The same localization as in Step 3, together with differentiability of translations in L? on C§°
functions, shows that the convergence holds in M. Therefore

— —0sn(s, ) as t | 0.

13&)1 W =[-0sm] in M.

Hence [n] € D(A) and
Aln] = [-0sm].
Step 6: the core property. It remains to show that
C := Mo/N = C§°((0,00) x Q) /N
is a core for A. By construction of M, the space C is dense in M. By Step 5,
CcD(A), Apj=[-0m, [eC.

Therefore the standard invariant-core theorem for Cp-semigroups, see [33, Theorem X.49], implies
that C is a core for A. This proves the final assertion of the lemma. O
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For v € C§°(€2), choose x; € C5°((0,00)), 0 < x; < 1, such that x;(s) — 1 for every s > 0. Then

nj(s;2) = [xj(s)v(@)]

is a Cauchy sequence in M, and its limit is independent of the particular choice of x;. We denote
this limit by Jv. Moreover,

1Tol3 = /Q(fm(fv)lv’v(w)\zdm < Cllvlf,-

Hence J extends uniquely to a bounded operator
J HD( ) — M.

)

Formally, Jv is the s-independent history Ju(s,z) = v(x).
For sufficiently regular solutions, the system ([7.4a)—(7.4d)) can be written as the abstract evolu-
tion equation

T =Lz, 2(0)= z,
where z(t) = (u(t),v(t),nt)T, 20 = (uo,vo,no)T, and

T
(7.6) L(u,v,n)t = (v Asu+ V- / ,)Vn(s)ds, An + Jv)
with the domain
D(L) = {z € H|ve Hp, Aput V / m(s, )Vn(s)ds € L%, 5 € D(A)}.
0

The boundary condition is encoded in the choice of A: A is the generator of the zero-filled
right-shift semigroup. Thus D(A) incorporates the zero-inflow condition at s = 0; on the smooth
core C this is simply the condition 7(0) = 0.

The domain D(L) is dense in H. Indeed, C§°(2) & C3°(2) & C C D(L), and this subspace is

dense in

Hp(Q) @ L*(Q) & M.
Remark 7.1. The operator
QU—V/ m(s,z)Vn(s,x)ds

is naturally interpreted as an element of Hp(€2)'. Namely, for n € C§°((0,00) x Q) and ¢ € Hp(Q?),
set

(Qn, ) : / /m s,z)Vn(s,z) - Vo(z) dz ds.

This definition passes to the quotient defining M. Indeed, if ||5||x¢ = 0, then m'/2V5 = 0 a.e., and
hence the above pairing vanishes for every ¢ € Hp(2).
Moreover, since oy (z) < Co(z),

[{Qn, )| < Clinllmllel -
Consequently, @) extends to the continuous map
Q: M — Hp(Q).

In general, however, Q7 need not belong to L?(£2). We similarly define the operator u € Hp(£2) —
Asu € Hp(Q) by (Ayu, ) = —(oVu, Vo) for all ¢ € Hp(2). With this the second component of
(7.6) makes sense.
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We will show that L is dissipative. For z € D(L),
(LZ7 Z)H = (Uau)HD + <AUU + QTZ7U> + (ATZ + JU?”)M'

Since A,u + Qn € L*(Q), the second term is initially an L2-pairing. We then split it in Hp(Q)" -
Hp () duality. The real parts of (v,u)p, and (Ayu,v) cancel, and the real parts of (Qn,v) and
(Ju,m)pm cancel as well. Hence

Re(Lz,z) = Re(An,n)pm <0
because A is the generator of a contraction semigroup. Thus L is dissipative.
It remains to show that Id — L is surjective.
7.1.2. Surjectivity of Id — L. Here we follow Section 3 of [16]. Letting L be the operator (7.6), we
desire to show that Id — L is surjective. Given z* = (u*,v*,n*) € H, we want to solve
(Id—L)z=2z"
for z € D(L), which is explicitly given by the system:
u—v=u"
o
(7.7) v—A;u—V- / m(s, ) Vn(s)ds =v*,
0
n—An— Jv =n*.
The third equation in (7.7 is equivalent to
(Id—A)n=n*+ Ju.

Since A is the generator of a contraction semigroup on M, we have that 1 is in the resolvent set of
A by the Hille-Yosida Theorem. Hence, once v € Hp(€2) is chosen, we define

n=~1d—A) " (n* + Jv).
Then automatically
n € D(A), n—An=n*+ Ju.
Thus the third equation in (|7.7)) is satisfied.
Write R = (Id — A)~!. For any g € C®(R) : SUP[g,00) |9] < o0, multiplication by g defines a
bounded operator M, : M — M. Indeed, on Mo/N we set

My[€] = [g€].

This is well defined and satisfies || M[¢][[m < (|9l zoo[0,00) I[€]lla15 it therefore extends uniquely to
the completion M.

Set g = (1—e~*) and define the bounded operator B = M,J : Hp(2) — M. For v € C§°(Q2), the
element Bv is the limit of the smooth histories [g(s)x;(s)v(x)] used in the definition of J. A direct
calculation of the difference quotient for the shift semigroup gives Bv € D(A), with ABv equal
to —e~*Jv(x). The convergence of the difference quotient in M follows from by dominated
convergence. Consequently,

(Id — A)Bv = Jo, v e C5° (),

and hence Bv = RJv. Since both B and RJ are bounded from Hp(f2) to M, density gives B = RJ
on Hp(R2). Thus the definition of  above can be written as

n = Rn* + Bv.
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The first equation in gives u = u* + v. Substitution in the second equation shows that
v € Hp(Q) has to satisfy v—Asyv—QBv = v*+Asu*+QRn* in Hp(Q)'. Set o(x) = [;° m(s,z)(1—
e~ %) ds. Since Jv is the s-independent history associated with v and B = M,J, the definitions of
Mg, J, and Q give QBv = Asw, first for v € C§°(£2) and then for every v € Hp(Q2) by continuity.
Hence v has to solve
—A_~v+v=0v"+Au*+QRn* in Hp(Q)'.

o+o

Assumption implies that ¢ € L*(Q2), and 6 > 0. Thus o + ¢ is bounded and uniformly
positive. The right-hand side belongs to Hp(Q2)' because v* € L2*(Q), u* € Hp(Q), and both
R: M — Mand Q : M — Hp(Q) are bounded. The Lax-Milgram lemma, applied to the
standard weak Dirichlet formulation for uniformly elliptic divergence-form operators, therefore
gives a unique v € Hp(Q).

With this v, set v = v* + v and n = R(n* + Jv). Then v € Hp(Q2), n € D(A), and all three
equations in hold. In particular, its second equation gives A, u+Qn = v —v* € L?(Q2). Hence
z = (u,v,n) € D(L), which proves the surjectivity of Id — L.

7.1.3. Mild and weak solutions. By the Lumer—Phillips theorem, see, e.g., [33, Theorem X.48], we
have proved the following.

Theorem 7.1. Assume (1.3)), (7.1), (7.2). Then the operator L generates a strongly continuous
contraction semigroup etL, t>0, onH.

In particular, the theorem shows that the abstract energy

E(t) = |72 + lu@®)l, + '3
is nonincreasing: E(t) < E(s) for 0 < s < t. After the history variable is identified with the
prescribed full history in the proof below, this energy will have the concrete expression

B(0) = ur®)lt2 + IVoVu®lfa + [ [ m(s,2)|V(u(t.2) ~ult = s,2)) dwds,
Consider now the nonhomogeneous problem:

(7.8) %z —Letg), 2(0) =z,

where 29 € H, g € L*((0,T);H) for every T > 0. For fixed t > 0, e(*=9)L¢(s) is integrable; hence
we consider the function given by Duhamel’s formula:

¢
(7.9) 2(t) = el z +/ =9 g(s)ds
0

This is called the mild solution of (7.8). A function z(t) is called a classical solution if z €
C([0,T); D(L)) N CY((0,T); H) and it satisfies for every ¢t € [0,7]. A mild solution is not
necessarily a classical solution.

Adding a source term f(¢,x) to the right-hand side of results in g(t) = (0, f(¢),0). This
yields the following.

Put p(s) = ||m(s,-)/o|| L. Since

o0
I1F R S/O p(S)IIF ()17, ds,
the class map on smooth histories extends continuously to

v: L2((0,00), p(s)ds; Hp) — M.
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Theorem 7.2. Assume (L.3)), (7.1), (7.2). Let f € C°([0,T); L?) for some T > 0, let (ug,vo) €
Hp®L?, and let u_ be an Hp(SY)-valued measurable prehistory on (—oo,0) such that Fy(s) := ug—

u_(—s) belongs to L?((0,00), p(s)ds; Hp). Set no := 1(Fy), z0 = (ug,vo,n0) and g(t) = (0, f(t),0).
Then (7.8]) has a unique mild solution z € C([0,T];H), given by ([7.9).

We connect the notion of a mild solution to (7.8]) to that of a weak solution of

0P — Apju — V- / m(s, ) (Vu(t) — Vu(t — s))ds = f(t,), t>0,

(7.10) 0
u(0) =ug, w(0) =vg, w(t)=wu_(t)fort<O0.

Theorem 7.3. Under the assumptions of Theorem problem ([7.10)) has a unique weak solution

u € C([0,T); Hp)NC([0,T); L) NC?([0, T); H}), given by the first component of the mild solution

z € C([0,T);H) corresponding to zo = (uo,vo,no)-
Moreover, we have that the following energy estimate holds

(7.11) Et)Y? < B(0)Y? + /Ot 1 £(s)| 2 ds.

Remark 7.2. In the theorem, a weak solution means that u, us, and uy have the stated time
regularity, that its associated full-history variable belongs to C([0,T]; M), and that holds
in Hf, for every t, together with the initial and prehistory conditions. Equivalently, one may use
the classical space-time formulation obtained by testing against smooth functions ¢(¢, z) satisfying
¢lag = 0 and ¢(T,-) = 0,p(T, ) = 0; integration by parts then incorporates the initial conditions.

Proof of Theorem[7.3. Let z(t) be the mild solution given by (7.9), with g(¢) = (0, f(¢),0). By
(7.9) and contractivity of the semigroup,

t
()3 < llzoll3 + /0 1£(5)Il 2 ds.

Once the history variable is identified below, this is precisely (7.11). It remains to identify the
history component and show that the first component of z solves (7.10). For a general mild
solution, v(t) need not belong to Hp, and hence Ju(t) need not be defined in M. We therefore
argue by approximation. Choose
200 € D(L),  fu€ CH[0, T L*(2)),
such that
2om — 20 in H, fn— f in C([0,T]; L*(Q)).
Let z, = (un,vn,nn) be the mild solution corresponding to zp, and g, = (0, f,,0). Since zp, €
D(L) and g, € C*([0,T);H), standard semigroup regularity implies that 2, is a classical solution.
Duhamel’s formula and contractivity then give
zn — 2z in C([0,T];H).
For each n and ¢, we have v, (t) € Hp. Applying the variation-of-constants formula to the history
equation gives

t
W= S+ [ (= 1) Tua(r)
0
In particular, Jw = ¢(s — w). For u € C([0,T]; Hp), let

Gtm(s) = {

u(t) —u(t—s), 0<s<t,
u(t) — u(0), s > t.
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and define Tyu := 1(Gyy). If u € CY([0,T); Hp), the definitions of S(¢) and J, followed by the
fundamental theorem of calculus, give

t
I = / S(t —r)JOopu(r)dr.
0
In particular, since v, = Oyuy,, the identity above can be written as n!, = S (t)ng + I'yuy,. Moreover,

1/2 o
Pelle < 268 [uleqopany = [ lImls,)/olp ds.

uniformly for ¢ € [0,7]. Assumption (7.2)) implies that Cy, < 00, so I'; is bounded on C([0,77; Hp),
uniformly in t. Passing to the limit in M, we obtain
(7.12) nt = St)n° + L.
Recall that Fy(s) = ug — u_(—s) and 7° = ng = 1(Fp). For t € [0, 7], define
Fi(s) = u(t) —u(t—s), 0<s<t,

u(t) —u_(t—s), s>t.
The definitions of ¢, S(t), and T'y, first for smooth histories and then by continuity, show that
identity (7.12]) is precisely

n' = u(F) in M.
Thus the displayed formula defines a concrete history whose image under ¢ is n’; it does not involve

pointwise evaluation of an arbitrary element of M.
To interpret the memory flux, define on Mg/ N

pe ;:/ m(s, )VE(s, ) ds.
0
The Cauchy—Schwarz inequality gives
IPE|[ 2y < llomllzoe | €]

Hence P is well defined on the quotient and extends continuously to a map P : M — L2(Q;R").
For every F € L?((0,00), p(s) ds; Hp), approximation by smooth histories gives

Pu(F) = /OOO m(s, )VF(s, ) ds,

where the integral is understood as the L?(£2;R™)-limit of the corresponding integrals for smooth
approximants. Applying this identity to F} gives the following equality in L?(£2; R"™):

Pnt = /Ot m(s,z)V(u(t,z) —u(t — s,2)) ds
+ /too m(s,2)V(u(t,z) —u_(t — s,z)) ds.

Since Q = V- P : M — H},, we may eliminate ' from the second component of the abstract
system and obtain the original full-history equation in D'(0,7T; Hp,).
The same approximation argument gives
ug =v in D'(0,T; L*())
and
ve=Asu+Qn+f inD(0,T;Hp).
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Since v € C([0, T); L*(R)), the first identity implies
u € C([0,T]; L*(9)).
Moreover,
Agu+Qn+ f € C([0,T]; Hp).

Since

v e C([0,T1; L*(Q)) € C([0, T]; Hp),
and its distributional derivative is continuous with values in HY,, it follows that v € C*([0, T]; H},).
Hence

uy = Aou+Qn+ f € C([0,T); Hp),
which proves the claimed regularity. The initial conditions in ([7.10]) are satisfied by construction.
Conversely, let u be any weak solution and let 7 be its associated history variable. Then z =
(u,ut,m) € C(]0,T); H) satisfies

d N . %

with z(0) = 2p. Thus z is a weak solution of the abstract Cauchy problem. By the standard
uniqueness theorem for a Cpy-semigroup, it coincides with the mild solution ((7.9). This proves
uniqueness, and ([7.11)) follows from the contractivity estimate above. O

Remark 7.3. In the wave-propagation part of the paper, we assume that the z-support of m(s, -) is
contained in a fixed ball B(0, R). In that case, the prehistory u_ (¢, z), t < 0, needs to be prescribed
only on (—00,0) x B(0, R), since for s > t it enters the memory term only after multiplication by
m(s, z). Our choice of the initial conditions (3.27)) makes the prehistory in B(0, R) zero.

We have kept the memory kernel m so far, instead of em. We switch to em below.
7.2. Strong solutions, well-posedness.

7.2.1. Compatibility conditions. We study solutions u on [0, 7] x Q of
(7.13) ug — Ag u+ €V - / m(s, x)Vu(t — s,x)ds = f(t,x)
0

with 0 < e < gg, where g¢ is fixed. We display the dependence on € because certain estimates below
will be uniform in €. The precise finite-order assumptions on the data, including the forcing term
f, are included in the definition below. For the moment, to motivate the compatibility conditions,
suppose that all quantities are smooth enough for the following formal differentiations. Assume
that a prehistory is prescribed by

u(t,x) = u_(t,z), t<O0.

The equation samples the trajectory on both sides of ¢ = 0. Indeed, if we introduce the joined
trajectory

at) = {u(t), t <0,

u(t), t>0,
then the memory term contains u(t — s). Splitting its integral at s = ¢ and differentiating in ¢
produces endpoint terms involving the two one-sided jets at ¢ = 0. These endpoint terms cancel
precisely when the past and forward jets agree. Thus compatibility of order k requires the joined
trajectory to have matching time derivatives through order k at ¢t = 0.
At order zero this gives
u_(0—) = up.
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For the concrete initial history
(s) := ug — u_(—s), s >0,

this is equivalently 7?(0) = 0. This statement concerns the concrete history function; it does not
assign a value at s = 0 to an abstract element of the memory space. At first order the matching
condition is

Ou—(0—) = vy,
or, equivalently, 957 (0) = vo.
Beginning at second order, the forward jets are determined by the equation. For example,
evaluation of (7.13]) at t = 0+ gives

Uy .= Utt(0+) = AUEUO —eV- /OOO m(57 ')VU,(*S, ) ds + f(07 )

Consequently, second-order corner compatibility is 9?u_(0—) = Us; in terms of the concrete history
above, it is 927 (0) = —U,. Higher forward jets are obtained in the same way by differentiating
and evaluating at ¢ = 0+4. This produces the recursion below and explains why the time jet
of f enters the higher-order conditions.

There is also a distinct boundary compatibility requirement. Since the solution satisfies the
homogeneous Dirichlet condition for ¢ > 0, every forward jet that possesses a boundary trace must
have zero trace. At order k, this is imposed on the jets through Uy. The next jet Ui, has only L?
regularity in the scale used below, so neither a boundary trace nor an additional matching condition
is required of it. Based on these observations, we define the forward time jets by

Uo = U, U1 = 9,

(714) Uj+2 = AUsUj — eV /OO m(s7 ) V@gu_(—s, ) ds + agf(oa ')7 j > 0.
0

Here the formula is understood whenever its right-hand side is defined. For compatibility of order
k, we use it for 0 < j < k — 1. Under the regularity assumptions in Definition together with
(7-3)), its right-hand side belongs to H*¥=179(Q2), and hence U; € H**179(Q) for 0 < j < k + 1.

Definition 7.1 (Compatibility conditions). Fiz k > 1. Assume ug € H*1(Q), vo € H*(Q), and
Ofu_ € Oy ((—o0,0]; HF174(Q)), 0<¢<k.
Assume also that
off e C(0,T); H*4(Q)), 0<(<k.

In particular, OF f € C(]0,T]; L*(Q)).

We say that (ug,vo,u—, f) satisfies the compatibility conditions of order k if the following two
conditions hold.

(i) The forward jets agree with the corresponding prehistory jets:

(7.15) Hu_(0—,)=U; in H*'I(Q), 0<j<k
(ii) The forward jets satisfy the Dirichlet boundary condition:
U; € H¥179(Q) n HY (), 0<j<k.
For 0 < j <k, define the concrete differentiated initial history by
(7.16) i0(s,) == U; — dHu_(-s,),  s>0.
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Then (7.15)) is equivalently
77(0,) =0 in H"'79(Q), 0<j<k

Heren 77] denotes the concrete hzstory function. If 77] € M denotes the corresponding abstract history
element, no pointwise value 1; 9(0) is being asserted.

The recursion also defines Uy ; € L%(Q). This quantity will be the initial value of
afHu and is needed as the second component of the terminal abstract jet Z = (U, Ug1, 772) € H,
introduced in the proof of Theorem Although Uy 1 is determined by the recursion, no matching
or boundary condition is imposed on it.

7.2.2. The elliptic Volterra equation. Relating D(L*) to Sobolev spaces. For the homogeneous
abstract problem, z(0) € D(L¥) implies that the solution remains continuous with values in D(L*).
In the nonhomogeneous problem, however, smoothness of f alone does not imply that (0, f,0) €
D(L¥). The appropriate conditions are instead the recursive abstract compatibility conditions for
the time jets, which will be verified in the proof of Theorem[7.4] What remains to be clarified is how
the resulting graph regularity relates to the classical Sobolev spaces. The main difficulty is that
z € D(L) implies v € H', whereas the second component of Lz, see , gives only A,u+Qn € L?;
the two terms cannot be separated directly to conclude that v € H-.
The following lemma about the elliptic Volterra equation would be useful for this purpose.

Lemma 7.2. Fork=0,1,..., let F € C([0,T]; H*(Q)), and assume that (7.3)) holds with k+1 in
place of k. Then the Volterra equation

t

Ay u(t) —eV - / m(s, - )Vu(t — s)ds = F(t)

0
has a unique solution u € C([0,T]; H*2(Q)NHE(Q)). Moreover, the norm of the solution operator
F — w is uniformly bounded in € € [0,&¢], for eg < 1 possibly depending on m.
Proof. We will formulate the problem in more general terms. Let A : H; — Hs be an isomorphism,

B(t) € L'([0,T)s; L(H1,M2)), and F € C([0,T]; Hz). Then

—i—/ u(t —s)ds = F(t)

has a unique solution u € C([0,T]; H1) continuously depending on F. Set v(t) = Au(t). We are
looking for a solution of

(7.17) +/ K(s)v(t—s)ds = F(t), K(s):= B(s)A™t e L}([0,T];; L(Hz2, Ha)).

This equation is solvable via Neumann series in C([0, T']; Hz2) when || K||1(j0,77,; £(2,m2)) < 1. The
general case can be reduced to this one by setting v, (t) = e “wv(t) for some a > 1. Then v,
solves with K replaced by K,(s) = e **K(s), and F,(t) = e “*F(t). Then the convolution
operator in has an operator norm bounded by

T
| e I ) s s

which converges to zero as a — oo by the dominated convergence theorem. Therefore, the operator
norm can be made less than one for a > «ag(A, B) > 0, and the Neumann series argument still
applies. It is straightforward to check that the solution operator has the claimed continuity in the
original norms.
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In the case of the lemma, Hy = H*T2(Q)N H(Q), Ha = H¥(Q), A = A,_ p, where the subscript
D denotes the Dirichlet realization, and B(s)u = —eV - (m(s)Vu). To prove uniformity in e, write
A;jD = AR (Id + A, Ap') 7! The inverse in the second factor exists on H*(Q) for 0 < e < 1.
Note also that K is e-small in this case, so no « is needed.

Note that we need to assume for |B] < k+ 1 and for ¢t € (0,7) only. O

7.2.3. Strong solutions. In the next theorem, we need the stronger version ([7.3). For 0 < j < k-1,
we use the notation

) = v . /Oo m(s, )Vou_(t—s,-)ds.
t

Thus f&j) denotes the contribution associated with the jth prehistory jet.
Theorem 7.4. Fiz k € {1,2,...}, T > 0, and 0 < € < g9. Assume (1.3), (7.1)), and (7.3),

and suppose that (ug, v, u—, f) satisfies the regularity and compatibility conditions of order k in
Deﬁm'tz'on for this value of €. Then , with u(0) = wo, ut(0) = vo, the prescribed prehistory
u_, and the homogeneous Dirichlet boundary condition, has a unique weak solution. This solution
is strong and satisfies

Oue C(0,T); HM (@) nHy(Q), 0<j<k,  ofueC(0,T);L*(Q).

Moreowver, 8gu(0+) =U; for 0 < j < k+1; hence the forward and prehistory jets agree through
order k. The solution depends continuously on the data in these spaces.

Proof. The proof consists of two steps. First, we translate the Sobolev compatibility conditions
into the corresponding abstract ones. With Z; = (U;, Uj41, 77?) and g = (0, f,0), they take the form
Zje D(L;)and Zj11 = L. Z; +91(0) for 0 < j < k—1. When f = 0, this is precisely the condition
Zy € D(L'g); for general f, it is its source-adjusted version. Semigroup regularity then gives the
required time regularity in the energy and graph spaces. Second, after differentiating the equation
and splitting the memory integral into its present and prehistory parts, we apply Lemma [7.2]
starting with afflu and proceeding downward, to obtain the additional spatial regularity.

We give the proof for ¢ > 0; when ¢ = 0, the memory component is omitted and the same
argument reduces to the standard wave equation. Let L. be the operator L with m replaced by em,
and set g(t) = (0, f(¢),0). For 0 < j <k, let 172 € M be the abstract history element associated
with the concrete function ﬁjo in , and set Z; = (Uj, Uj11, 17?), 0<j<k.

We first verify the abstract compatibility conditions. For j < k — 1, the concrete function ﬁjo
vanishes at s = 0, while it and its s-derivative are bounded and continuous with values in the
appropriate spatial H' space. The difference-quotient definition of the generator of the zero-filled
right shift therefore gives 77? € D(A) and An? =— sﬁjo in M. This assertion follows by dominated
convergence on s > h; on 0 < s < h, the zero filling and 77]0(0) = 0 give a bound tending to

zero because foh |lm(s,-)||ree ds — 0. Thus the value at s = 0 is used only for the concrete history
function. The boundary compatibility gives U;+1 € H{ (). Finally, the definition of the forward
jets gives

An?+JUJ+1 :77?4_1, AJU]+5Q77;): ]+2_agf(0)7 OSJ <k-L

Consequently, Z; € D(L.) for 0 < j <k—1, Z; € H, and L.Z; + g(j)(O) = Zj+1. Notice that this
is exactly why no additional matching or boundary condition is imposed on Uy, 1: it is the second
component of Z;, and is required only to belong to L?(12).
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The forcing regularity in Definition gives g € C*([0,T];’H). Hence the standard regularity
result for the inhomogeneous abstract Cauchy problem, applied successively to z, z, . .., 25~ now
yields

2 € CF (0, T D(Lo) N CH(0, TLH),  2V(0) =
1

VEI
In particular, writing w; = &/u, we have w; € C([0,T]; Hj(2)) for 0 <
C([0,T); L3()).
It remains to recover the additional spatial regularity. For 0 < j < k — 1, differentiate
7 times and split the memory integral at s = t. The endpoint terms cancel because the past and
forward jets match at ¢ = 0, and we obtain

< k and wgqq €

t A .
Ay wj —eV - / m(s, )Vw;(t —s,-)ds = wja2 + f@ —0]f.
0

The assumptions on u_ and imply f(_j) € C([0,T]; H*=179(Q)); this follows directly from
the usual Sobolev product estimate and dominated convergence in s. For j = k — 1, the right-
hand side of the last equation is continuous with values in L?(2), so Lemma gives wi_1 €
C([0,T]; H*(Q)N H(£2)). Here the solution provided by the lemma agrees with the energy solution
obtained above: the same Volterra argument, applied with H; = H{(Q2) and Ho = H~1(9), gives
uniqueness in the energy class. We now proceed downward in j. At each step, w;yo is already
continuous with values in H*~177(Q); applying Lemma with Sobolev index k — 1 — j gives
w; € C([0,T); H*179(Q) N HY(£2)). This proves the claimed regularity. Existence and uniqueness
in the weak class follow from Theorems and and continuous dependence follows from the
semigroup and Volterra estimates used above. O

Remark 7.4. We emphasize that the a priori weak solution to ((7.10]) is smooth when the data are
smooth and compatible; treating it merely as a weak solution does not establish this directly.

Corollary 7.1. Let k > 1. Define
k1l
ullyory = D 107 ull oqo.ry; moi-i(a)-
j=0
Then, under the assumptions of Theorem for 0 < e <egq, the solution satisfies

Y (T) = YET Oll H*+1(2) Ol Hk(Q)
lullyi(z) < Chr  [luoll +lvo]

k k
D10l e resr-ccon + 3 10 ooy i )
/=0 /=0
Here Cy, 1 depends on k, T, g, the elliptic constants, and the kernel bounds, but not on the particular
data or on e € [0, p].

Proof. Each step in the proof of Theorem [7.4] comes with a corresponding estimate. The assump-
tions on m first give uniform bounds for the maps from u_ to the history elements 77? and to the

terms fﬁj). The recursion then bounds the initial jets U;, 0 < j < k + 1, by the expression
in parentheses above. The contraction estimate for the semigroup gives the corresponding bounds
in the energy and graph spaces. Finally, the solution operator in Lemma is uniformly bounded
for 0 < e < gp; applying that estimate successively, starting with 8f_lu and proceeding downward,
gives the stated Y3 (T) estimate. The constants in all these steps are uniform on [0, £¢], which proves
the claim. ]
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Remark 7.5. We could have formulated and proved the estimates above semiclassically, replacing
the derivatives in the estimates and in the definitions of the Sobolev spaces by hd; and hd,. In
fact, this would have been more convenient in the next step, providing sharper constants, which
we do not track here; however, it would have slightly complicated the present step.

7.3. Justification of the asymptotic expansion; proof of Theorem [3.1} We have constructed
earlier, for every integer N > 1, an asymptotic solution uy to (3.5), in [0,7] x  solving
Pyun = 7y, where ry = O(RY) in every Ci. Consequently, for every fixed integer K > 1, the
source norm on the right-hand side of the estimate in Corollary m with f = ry, is O(RNK).

The prehistory u_ vanishes in B(0, R), and so do uy and vg. We can take uy to agree with the
free solution for ¢ < ty, and hence ry = 0 there. Consider the correction problem P,wy = ry with
zero Cauchy data at ¢ = 0 and zero prehistory. Since ry vanishes in a neighborhood of ¢ = 0, all
of its time derivatives at ¢ = 0 vanish. Thus the forward jets of the correction are all zero, and its
regularity and compatibility conditions are satisfied to every order. Theorem and Corollary [7.1
applied at order K, give

(7.18) HwNHYK(T) < CK7ThN7K.

Now fix the desired classical regularity order ¢ > 0 and precision order ¢ > (. Choose an integer
K > 1 such that K +1 > g+n/2. Sobolev embedding in the spatial variables, applied to each time
derivative in the definition of Y (7)), yields ||wn|ca(orx0) < Cllwn|ly, (). Choosing an integer
N > K + /¢, we conclude from that [[wy|lca(o,rxa) < ChY. Therefore, u := uy — wy is an

exact solution to (3.4, (3.6), and
lu = unlloao,rxe) < CRE.

The exact solutions obtained from different truncation orders coincide by uniqueness in the weak
class. Since K can be chosen arbitrarily large, this solution is smooth. Finally, choose €2 so large
that the causal support of the data does not meet 92 before time 7. The finite propagation
argument at the beginning of section [7] shows that the solution is independent of this choice of Q
in the region under consideration and therefore gives the asserted solution on [0,77] x R™.

As a consequence, we get the following.

Proposition 7.1. There exists a unique smooth solution to (3.4)), (3.6) on [0,T] x R™. Given an
integer ¢ > 0 and £ > 0, there exists an integer N so that for the finite asymptotic expansion un
constructed above we have

lu = unlla(or)xrny < ChE.
Remark 7.6. The C'? norm above can be replaced by the C’Z norm, which is more natural for

the solutions we consider. As we mentioned in Remark we could have worked in semiclassical
spaces all the time.
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