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Abstract: This paper investigates an ill-posed boundary value problem for the wave equation

with continuous spectrum, where the solution fails to depend continuously on the
boundary data. We propose a novel spectral filter regularization method to stabilize
the reconstruction. Two filter functions are introduced, designed to suppress unsta-
ble high-frequency components in the frequency domain. Under appropriate a priori
parameter choice rules, we establish convergence estimates of Holder type. Specifi-
cally, we prove that the regularized solution converges to the exact solution uniformly
in time with explicit error bounds. We also demonstrate the continuous dependence
of the regularized solution on the data and provide convergence rates under suitable
regularity assumptions on the initial data. The proposed method extends classical
spectral regularization techniques by introducing flexible filter parameters that allow
improved control over the trade-off between stability and accuracy. Unlike existing
approaches, our filters are constructed to handle the singularities arising from the
zeros of the sine kernel in the continuous spectrum setting. A detailed comparison
with the work of Gal and Gal (2008) is provided, showing that our method offers
explicit regularization, quantitative convergence rates, and uniform convergence in
time, whereas their approach only establishes well-posedness under restrictive con-
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Introduction

In the modeling of physical, scientific, statistical, and engineering phe-
nomena, we encounter an inverse problem. This problem is generally
ill-posed where the solution does not exist, is not unique, or does not
depend continuously on the input data. Often the last condition is the
reason why the problem is ill-posed [1].

Many methods are known to regularize ill-posed problems [2, 3, 4, 5].
We mention some of them:

1. Tikhonov’s method [6, 7] adds a term penalizing the norm of the
solution: min ||Az — b|| + A||Lz||.
2. Truncated least squares method (Truncated SVD) decomposes

the matrix by SVD and neglects the small singular values re-
sponsible for the instability.

3. Filter method proposes a function related to the solution that
satisfies certain conditions to ensure the problem is well-posed
[8, 9].

The wave equation is a hyperbolic partial differential equation solved
by D’Alembert’s formula, Fourier transformation, Fourier series, and
separation of variables [10, 11, 12, 13].

In this article, we consider a boundary value problem for the wave
equation, demonstrate that the problem is ill-posed, and propose a
regularization technique based on the filter method. We then study
the convergence and error of the proposed solution.
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Related Work

The problem of ill-posedness for abstract wave equations has received
considerable attention in the literature [14, 15]. A particularly relevant
contribution is the work of Gal and Gal (2008) [16] , who studied the
problem

ug + Au(t) =0, te (0,7),

u(0) =0, u(T) = ug,
where A is a general self-adjoint operator in a Hilbert space. Their
spectral approach established existence, uniqueness, and continuous
dependence on data under precise constraint conditions on T . They
employed a spectral representation using the spectral family { £, } and
proved that the problem becomes well-posed when certain conditions
on the spectrum of A are satisfied. Specifically, they showed that the
solution can be represented as

u(t) = /
(A)

sin(v/t)

————dFE)uo,
sin(v/AT) A0

o

and established well-posedness when the set { k;gz NS N} is dis-
joint from o (A). Their work generalized earlier results by Dunninger
and Levine (1976) [1] and Fox and Pucci (1958) [10].

However, the approach of Gal and Gal (2008) has limitations. Their
well-posedness results rely heavily on the condition that the singular
set of the kernel sin(v/AT') is avoided. When this condition fails, the
problem becomes severely ill-posed. Moreover, their analysis does not
provide explicit regularization strategies or convergence rates for the
regularized solution.

In contrast, the present work proposes an explicit filter-based regu-
larization method that remains effective even when the singular set is
approached. Our method provides:

1. Explicit regularization via filter functions g(«, A) and g(«, A, s).

2. Holder-type convergence rates with explicit order of conver-
gence.

3. A priori and a posteriori parameter choice rules.
4. Uniform convergence in time.

Several approaches have been proposed in the literature to address
the reconstruction of solutions in ill-posed problems. These include
iterative methods, variational and optimization-based techniques, as
well as regularization methods designed to control the instability asso-
ciated with the inversion of ill-conditioned operators. Among these ap-
proaches, spectral filtering provides an alternative framework in which
the unstable spectral components are suitably modified to obtain a
more stable reconstruction [17, 18, 19, 20].

The proposed filter method can be seen as a natural extension of the
spectral approach of Gal and Gal (2008), adding a regularization layer
that stabilizes the reconstruction in the ill-posed regime.

Novelty and Contribution

The main novelty of this work lies in the following aspects:

1. New Filter Functions: We introduce two families of spectral
filters g(a, A) and g(a, A, s) that are specifically designed for
the wave equation with continuous spectrum. Unlike existing
filters in the literature, our filters explicitly handle the singulari-
ties arising from the zeros of sin(+/AT') through the construction
1+ aX/sin?(VAT).

2. Generalized Parameter Family: The introduction of the param-
eter s > 2in ¢q(a, A, s) allows for improved convergence rates
of order O(a*"/2) compared to O(a/2) for the classical filter.
This provides additional flexibility in balancing stability and ac-
curacy.

3. Rigorous Convergence Analysis: We provide a complete
convergence analysis for both filter families under appropriate
a priori parameter choice rules. The estimates are of Holder
type and match the optimal rates for the considered regularity
classes.

4. Uniform Convergence: We establish that the regularized solu-
tion converges uniformly in time to the exact solution, which is
essential for practical applications.

5. Extension to Continuous Spectrum: Unlike most existing
works that focus on discrete spectrum, our analysis explicitly
handles the continuous spectrum case using the spectral family
{E\}, which is more general and applicable to a wider class of
operators.

To the best of our knowledge, the proposed filter functions and the
associated convergence analysis are new in the context of boundary
value problems for the wave equation with continuous spectrum.

Mathematical Preliminaries

Consider the problem of finding  : [0,7] — D(A) C H:

d2u

TR0+ Au® =0, tel0.T,

u(0) =0, 1)
u(T) = uo,

where A : D(A) C H — H is a linear, self-adjoint, positive operator
with non-compact inverse, and H is a Hilbert space.

The spectral theorem for self-adjoint operators guarantees the exis-
tence of a unique spectral family {E5}x>o of orthogonal projection
operators on H such that

A=
o(A)

AdE)y.

We construct the spectral family as E\ = T\ + S where T), is the
projection onto the subspace spanned by eigenvectors corresponding
to eigenvalues A; < X and S, is the projection onto the continuous
spectrum subspace.

To construct S, we suppose that ¢; (z, A) are the solutions of Au = Au
and ||¢;|| = oo for 1 = 1,2,3, ... which form a fundamental system of
solutions. Then the eigenfunctions are

A
A = [ el anw)

0
continuous functlons We obtain:
Al (z fA@l z, w) dA (w fwiﬂz(ff w) dA;(w)

- / wel, dA (w)
0

which is the ordinary Stieltjes integral and we can write formally:
A(dg}) = A(dg})

then d¢!, is also a solution of Au = Au. Therefore, S} is the projection
of H into the subspace spanned by ¢!, such that w < A.
Since A is a positive self-adjoint operator, we have:

Aug =
o(A)

/ AdT\uo + / AdSyuo

op(A) oc(A)

NdEyuo

e’}

2

u07¢3 d)J

- oc(A)

AdSyug.
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where S)ug is the projection into the subspace spanned by ¢l>\ and To demonstrate the ill-posedness, consider the perturbed problem with

¢}, = 0forany up € H. noisy data:
Let puy (A) = (Exuo,uo) = ||[Exuol|?. This is a bounded, continuous 2w
and nondecreasing function satisfying: a2 (1) + Aug(t) =0, t€[0,T],
u(0) =0, u(T) = uf = |sin(vXeT)|*/2Ey.

A) = 0asA— 0t A) = 2as\— o
Pug (A) o Hug(A) = luol| e The solution is

and (VA
= |sin(y/A,T) |/ 2202 sin(vArt) E

Hrug (X) = (Exuo, uo) = (Txuo, uo) + (Sxuo, uo)- sin(v/ArT)
The problem has a solution if {k?72/T2,k = 1,2,3,...}No(A) =0 A direct calculation shows:
(Dunninger unigueness criteria, 1976). k272
We define S(t) = [ 202D qp, for ¢ € (0,7). lradllzr = 1sin(VAT)IM 2 dpag (k) — 0 a8 Ak = =5,

A) sin(VAT)

Then u(t) = S(t)uo is a solution of the problem.
We define the solution of the problem llurx %

but

sin? (VArt) dt dpwg (M) — +00.

. |sm(\/ 1)
un(t) = Sy (t)ug = /N MdE)\UO Thus, the solution fails to depend continuously on the data, confirming
o sin(vVAT) that the problem is ill-posed in the Hadamard sense.
d2
(t)+AuN(t)_0 te [OvT]v ags .
dt? 2 Stability Estimate
un (0) =0,
un(T) = Enug. The following result provides a crucial stability estimate.
It satisfies the following properties: Theorem 2. Let u(t) be the solution of problem (1) satisfying
« wx(t) is infinitely differentiable, s0 un (t) € C((0,T); H). lw'(0)|| < E with E bounded. Suppose there exists a > 0 such that

(Av,v) > a||v||? foreachv € H. Let © be a strictly increasing, convex

. ) . " (. A 2 .
un () = u() and uiy () = w(-) in L2((0, T); H) as N — oo. function satisfying ©(0) = 0. If there exists C, > 0 such that

- LetAN bea partition of [0, N,

XA =0< A < <Ay = NT asequence and CZsin?(VAT) > O (;) , YA€ o(A),
AN = max |A\x — Ag_1]- Then for each puy € [Ap_1, Ax],

k=1,...,.N then
we have: x . ) [|uo]|? 1/2
un (1) = Sx(tuo = 3 SRR dBsuo g ol < 8 [0t (2 ||u/<0)||2)] |

For ©(z) = z'+# with 8 > 0, we obtain the explicit estimates:

sin(y/pxt
= hm Z ( ) (E/\+ou0 — E>\+0 uo).

1
N
|al =0 {= sin(y/RT) K—1 max lu@®))? < (Cz lluoll 2) 2+28 7
€l0,7] [l (0)]]
This limit is understood in the norm of H and Aun(-) — Au(-) in < i pils
L2((0,T); H) while A is a linear and closed operator. Then tggg% lu@®I < (Calluol) +5 ET+5.
u(t) = S(tyuo € W2((0,7); H). Proof. see [16] O

We observe that u(t) € D(A) if and only if

) Regularization of the Problem
/ .)‘761“% < 0.

Ly sin?(VAT) Assume that the measured data v’ (T") € H satisfies
[u(T) = w(T)||a < 6.
. We define th larized solution:
Well-Posedness Analysis ¢ detine fhe reguiarized solut
54y — 5 sin(v/At) sin(vVAY) o
The formal solution of problem (1), when it exists, is given by uq(t) = q(e, Aug OGin(var) N
o(A)
sin(v/t) N . o
t) = ———~dE\uop. where , A\) is a filter function to be specified.
u) = | T Ao ala ) p
o(4) Theorem 3. Let u(z,t) be the exact solution of problem (1) and
The following theorem establishes the well-posedness conditions. ud (z,t) the regularized solution such that ||u®(T) — w(T)||x < 4,
v/ (0)||g < E, and q(c, \) satisfies:
Theorem 1. Forug € H, if the following hypotheses are satisfied: Ag(a, \)
2 1. sup | ————=— ci1(a),
k_n :k:1,2,...}ﬂa(A)=@, psm 2(VAT) |~ (@)
. A2 12 \/XT
(i) U(fA) sz vy o) < o0, 2. sup %(q(aﬂ) —1)| < k()
then the problem (1) has a unique solution given by 3. sup |g(a, \) — 1| < ka(a),
A
wy = [ SOV e 4. supa(a, V)| < ea(0).

ol sin(v/AT)

If the regularization parameter o = «/(9) satisfies:
Moreover, w € W22((0,T); H). (@) dca(a) - 0asé — 0,

Published: An-Najah National University, Nablus, Palestine 3



(b) dci(a) > 0asd — 0,
(c) k2(a) is bounded,

(d) ki(e) »>0asd —0,

then forevery0 < t < T,

[[ud, (t)
Proof. We first estimate the erroratt =T

| ug(T) = w(T) ||z =|| /(A) q(a, NuddEy — / updEy ||

o(A)

1 B

—u(t)||g < (Cadea(a)+Caki(a))T+8 (dc1(a)+Eka(a)) T+B .

=|| /q(a,)\)ung'Af / q(a, NuodEy

o(A) o(A)
+ H / q(a,)\)uodE'Af / uodEk ||
o(A) o(A)
<l [ at@nuass - [ ataNudss |
o(A) o(A)
+ |l / q(o, NugdEy — / updE) ||
o(A) o(A)
< sup | g(ee, N) [[| w®(T) = u(T) |
2
([ Gatan - eSO oyt
o(A)
A)—1
< ésup | q(a, ) | +Esup | % \
Slllz(fT)
< dca(a) + Eki(a).
Similarly, for the derivative at ¢t = 0:
VA
9(0) — = / NuddE
| u (0) — ' (0) [z =l qa, Auf X Gn(VT)
VA
_ dEy — Y2
o )‘sin(ﬁT) I
o(A)
VA
= MNuddE
I a(o, Nug N (/AT
a(A)
v
— MNugdE
| e wodms 2
a(A)
X
+ ANuodE
| / ale Auo Asm(fT)
o(A)
[ woamn
— u
0 Asm(\fT)
a(A)
_q(o, A
< 6T +E A)—1
sup| = (fT) | sup | g(a, ) |

< Tci(a) + Eka(a)
Applying Theorem 2 with these estimates yields the desired result. O

Comparison with Other
Methods

Tikhonov Regularization: The Tikhonov method solves

Regularization

min || Au — 0] + ajul/*

yielding the filter qrik(c, A) = A2/(A\% + «). In our setting, this corre-

sponds to

uTik(t) = /
(A)

(A

sin(vAT)?  sin(v/At)
sin(vVAT)2 + a sin(v/AT)

dEyug.

While Tikhonov regularization provides stability, it introduces a bias that
can be significant for large A. Our filter adapts to the spectral struc-
ture of the wave operator by explicitly accounting for the singularities of
sin(vV/AT).

Spectral Cutoff (Truncated SVD): The spectral cutoff method uses
geut(c, \) = 1 for A < « and 0 otherwise. This approach is simple but
introduces artificial discontinuities. Our filter provides a smooth transi-
tion between retained and discarded frequencies.
Quasi-Reversibility: The quasi-reversibility method replaces the orig-
inal equation with a higher-order equation that is well-posed. While
effective, it requires solving an additional boundary value problem. Our
spectral filter approach is computationally simpler.

Gal and Gal (2008): To situate our contribution, we provide a detailed
comparison with the work of Gal and Gal (2008) [16].

Both works consider the abstract wave equation:

ure + Au(t) =0, u(0) =0, u(T)=uo,

with A a self-adjoint operator in a Hilbert space. However, the ap-
proach and objectives differ significantly.

1. Established existence and uniqueness under the condition
{K*r2/T? : k e N} no(A) = 0.
2. Proved continuous dependence on data and stability when this

condition holds.

3. Generalized the results of Dunninger and Levine (1976) and Fox
and Pucci (1958).

4. Did not provide explicit regularization when the well-posedness
condition fails.

5. Did not establish convergence rates for the regularized solution.

The spectral solution of Gal and Gal (2008) [16] corresponds to the
case g(a,A) = 1 in our framework. When the well-posedness con-
dition holds, our filter reduces to their solution as @« — 0. When the
condition fails, our method provides a stable approximation while their
method breaks down.

Present Work:

1. Accepts the ill-posed nature of the problem and provides explicit
regularization.

2. Introduces filter functions g(a, \) and ¢(a, A, s) to suppress in-
stabilities.

3. Establishes explicit Holder-type convergence rates of order
O(as/z) and O(as“:/z).

4. Provides uniform convergence in time.

5. Works even when the well-posedness condition of Gal and Gal
(2008) [16] fails.

Comparison with Other Works

The following table summarizes the key differences between our

method and existing approaches.
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Feature Gal & Gal [16] | Yang et al [7] | Pres Work 1. |ga(on A, ) — 1] € 1 = ka(a).
Explicit reg No Yes Yes CLICTNORY [ W
Converg rates No Holder Holder sin2(VAT) | = o° .
Cont spect Yes No Yes 3. |g2(a, A, 8)| < 1= ca(a).
Parameter s No No Yes 4. ‘7;1/““;(\5};;)‘ < af = ki(a).
Unif converg No Yes Yes The corresponding regularized solution is:
Table 1: Comparison of methods. () = / up sin(v/Xt) sin(vAT) JE
a = -
” sin?(VAT) + asA
Filter Functions and Properties Theorem 4. et u. be a function, The regularized problem (3) has a

_ sin(v/t)
We have u(t) = o(fA) dEy\uo S (VAT)
_ cos(4/Agt)
Moreover, v’ (t) = a({x) VA K Sm(VAT) /2 dE)
thenw/(0) = [ — Y2k __4p
u( ) a(fA) sin(\/ET)l/Q A
and Vo
A
' (0) ||2 = / ——— _dE, |?
IO IP =l [ el
a(A)
_ / Adpiug ()
| sin(v/AT) |2
a(A)
22
= / At ) whenx =
sin? (v/AT)
o(A)
2.2
T Isin(kw) |2 koo
P A
So, we shall limit the term ST
We propose two families of filter functions.
Filter 1: 1
(A= ————5—.
Lt aqeian
This filter satisfies:
| = | _eA/sin®(VAT) _

1 () — 1] = | {22000 < 1 = ky(a).
qi(a, )N | | A/sin?(VAT) 1 _
sinz(\/XT) - ‘1+a)\/ sinQ(\/XT) = a Cl(Dl).

3. |qi(e, A)| €1 =ca2(a).

q1(a,N)—1 | _ _
4. ‘)\/51112 fT)’ )1+a)\/>1n2 fT)’ Sa_kl(a)-

The corresponding regularized solution is:

_ ug sin(v/At) sin(vVAT)
ua(t) = (4 Sn2 (VAT) + o dE

For o = €2/ E2, this recovers a known regularization [1].
Filter 2 (Generalized):

1
q2(av)‘a S) =T - X

14+ a8 m
Remark on the parameter s: We observe that the generalized fil-
ter g2(a, A, s) can be rewritten as ¢1(8,A) with 3 = a®. Thus, as
a family of regularization operators, Filter 2 is not a new family but
rather a reparameterization of Filter 1. However, this reparameteriza-
tion is practically useful because it allows the user to effectively vary
the regularization strength over a wider dynamic range without chang-
ing the algorithmic structure. The convergence rate stated as O(a*/2)
should be interpreted in terms of the effective parameter 3: it becomes
O(B</?), which is consistent with Filter 1. Therefore, the parameter
s does not introduce a fundamentally new regularization method, but
provides additional flexibility in parameter selection.
This filter satisfies:

s> 2.

unique solution that depends continuously on g

Proof. We consider the problem

Dus (1) + Aua(t) =0 te[0,7]
ua(0) =0 ®3)
ug
UQ(T)  l+a sirﬂ():ﬂT)
sin(v/At) _ u sin(v/At)
J ua(m) 2220 ap, = f : : dE
o(A) sin(VAT) o(A) 1+am sin(vVAT)

it is unique.
regarding continuous dependence of uq (t) with respect to ug
51n2(ft) sin?(VAT) dt

| ualt) |I? :/0 lua(®) |I7= / / (sin?(VAT) + aX)?

dptug (X) sin (\ft) sin (fT)
< (é ) (aN)?

1 T 1 2
< a2 J, dtdpug (A) = axe [l wo |
a(A)

dptug (A)

O

Theorem 5. Let A be a strictly positive operator whose lowest spectral
value satisfies Ayin = inf o(A) > 0. Then for every ug € H, a > 0,
t€[0,7] and B > 0, we have:

=1
[ ua(®) [ ——aPFT |luo ||
man
Proof.
T
duuodt 5in2(ft)
2t (8) 112 = (1) s —evs v
0 o(A) smz(\ﬁT) sin
T
< dppygdt 1
- 24 28 gin2(VANT
0 o(A) (1+am)ﬂ+l B+ ( n )
T dpy 1
< K £ T 2(\/TT)dt
0 — XA )BFI(1)F+ " »
a(4) (asinQ(mT)) (1)
T d
< Hug . dt
O olay (@Amin) FHT
1 dp,
F ot A s
min ola) (a) 5+1
1 1 =2
<z lwo P —= = a1 uo |
min o B+1 min
O
M dpy,
Theorem 6. Assume that f = (\‘}Oﬂ < oo then for every ug =
f uodE,\, || ua(.,T) — uQ || — 0
a—0
a(A)
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Proof.

ua(wT) —up = /
o(A)

B / sin?(vV/AT)
B sin?(VAT) + a\,

ug sin? (VAT)
sin?(VAT) + a

dEy — / wodEy,

o(A)

— 1)updE)

—a\

= ———————updE\.
Uy (sin2(ﬁT) + aA JuodEx

a?)?

$0 || ua(., T) —uo ||*= (f) EE (/AT T2 o

on the other hand, we have [ Mg

sin?
o(A) © (VAT)

we fix ¢ > 0, we choose N such that [, dpu, < /2
thus

a? )2

, N
| wa (. T) —uo | :/0 (sin2(VAT) + ar)?

oo ()é2/\2
+ / S
N4+1 (sinQ(ﬁT) + aX)?
N Oé2/\2 oo
< Y g+ / d
/o (sin2(VAT) + anz 1o T Jyy e

dppuy +€/2

dluuo

dNU(J

IN

5 N A2
O‘/o (sin?(VAT) £ an)?

IN

5 N A2
WA e

IN

5 N )\2
o ——dpy, +€/2
/o sin? (vV/AT) Huo /

N
a2/ 04)\2+25d,u,u0 +¢e/2
0

IN

Now, let a? < e(2 [ ¢*A?T28u2) =2, then || ua (., T) — uo ||< ¢
]

Theorem 7. Problem (1) admits a solution if and only if the sequence
{ua(T)} converges in H and u.(t) converges uniformly to u(t) on
[0,T] as o — 0.

Proof. Part 1:<)
L
ey
T sin? (V/At)

- STWVAY g dt
sinZ (VAT) o

sin? (V/t) sin? (VAT)

2
| walt) — u(t) |l (sin®(VAT) + a))?

Ay dt

0
o (A)

_ T sin? (V/At) sin® (VAT) o

sin2 (VAT) (sin2 (VAT) 4+ a))? H

0
o(A)
T sin? (V) (sin? (VAT) + a)? dpin dt
- uQ

) sin2 (VAT) (sin2 (VAT) + a))?

1)
o[ /

— 0.
a—0

—aX(aX + 2sin?(VAT)) sin? (V/At) d

sin2 (VAT) (sin2 (VAT) + a))? gt

— (@ + 2sin? (\FT))me(\ft)d

wp dt
sin? fT smz(\fT)qLaA)z Huo

Part 2:=-) Now, we suppose that u(t) a solution of problem (1)

[ uodEy we have [ Ny

lete > 0and ug = 5
o(A) sin2 (v AT)

< oo we

A2 duuo

choose N such that [¥° sinZ (VAT)

<e/2

[ _tesin®(VAT)
e (5 T) = up(, T) || =| / sin?(VAT) + aX
a(A)
A

- /
<||/

+ 1

ug sin? (v/AT) dE
sin? (VAT) 4 pA

al

uoA(p — @) sin? (VAL T)
sin?(VAT) + aX -

uo)\(p—a)sm (VAT)

sin?(VAT) + aX -
uoA(p — a) sin? (VA T) dE
N+1 sin?(VAT) + aX

N dpug N (p — )? a2
= /o sin? (v AT) ye/2

S(p—a)Q/ON

We choose p — o > 0 such as (p — a)? < ¢( fO 5
Then || ua (., T) —up(.,T) |I< e

The sequence {u«(T)} is a Cauchy sequence and hence converges
S0 uq (t) converges to u(t) uniformly in ¢

Al

+(p

dptug A2
— +¢€/2.
sin?(VAT) /

duuo

1
san(fT) )

O
Convergence Rates
. A d iy,
Theorem 8. ifug = [ wodE,, 3n > 0 such as f Sinle(\/XOT)
o(A) o

converges, then || uq (T) — uo || converges to 0 with order o

Andﬂuo

: (AT is finite and k € [0, 2]

Proof. letn € [0,2] suchas [
o(A

We fix A\, we define:

ok _ o sin* (vVAT)
(sin?2(VAT) + aX)?

g)\(a) = BN
l+o sinz(\/XT)

as gx(a) > 0, g»(0) = 0 and lim g, («) — 0 and
[e3 (oo}
ksin?(VAT)

X0 = TR
have the inequality:

a critical value when g, reaches its max. So we

kP sin?* (VAT) sin4(ﬁT)

(2—Kk)k2E

< =
g)\(a) 7gk(a0) (sin%ﬁT)—i—ﬁsinz(ﬁT))Q
. in2k VAT
_ (zkk)ks ( )
1+ ﬂ)
We calculate:
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a?)\?

| wa(T) ol (sin?(VAT) + a))? "

o(A)

uo

a2 kX2aF sin (VAT)
sin% (\F)\T) (sin2 (\F/\T) + aX)?

dpiug

a2—k>\2

W‘i#ugg)\(a)

042_kA2_kd,U«u0 (ﬁ)k

sin2C=R) (VAT)(1 + 5£)2

a27k/\2—kduu0 (ﬁ)k

sin2(2—%) (\ET)(ﬁ)2

a(A)

/ a27k:>\27k:d‘uu0 ( QEk )k72
sin2(2_k>(ﬁT)

<
o(A)
If we choose n = 2 — k, we have :

QN dpyy (251) 77

Il wa(T) = uo |2 < /

sin?7 (VAT
a(A)
Adji
< aMn12"n / 0
= $in27 (v/AT)
o(A)

< a'm"const.

Using the dominated convergence theorem and the condition
A2 . .

Ly T2 (AT dpw, < 0o, we obtain the desired convergence. O

Note: Following the exact same procedure as above, we can compute

the error and determine the order of convergence for the second filter

function as well.

Numerical Experiments

We consider the ill-posed boundary value problem (1) with a self-
adjoint operator A that possesses a genuine continuous spectrum. We
choose the multiplication operator

(Au)(z) = 2?u(z),  z €[0,00),
on H = L?(0,00). This operator has purely continuous spectrum
o(A) = [0, 00), which matches our theoretical framework.
The spectral family is given by (Exu)(z) = 1jo, z)(z)u(z), and we take

1 1
dptug (X) = Trx A, up(A) = i

The noisy data are u$ = ug + § ¢, where ||¢|| iz = 1 and § is the noise
level. Results are averaged over M = 50 independent realizations.

Regularized Solutions

The regularized solution is

s sin(vV/At) 5
uy (t) = a, \) ——— dE)ug,
a(t) a( )sin(ﬁT) AU
a(A)
with the filter functions:
1
aN)= —————,
a(eA) 1+ a)/sin?(VAT)
1

a, A\, 8) = s s>2
a2( ) 14 as)/sin?(VAT)

Comparison Methods

For Tikhonov regularization:

(. 0) sin? (vV/AT)
ik (Q, = —
Tk sin?(VAT) + a
Spectral cutoff:
1, X<1/a,
A) = N
(@ ) {0, A>1/a.

The unregularized Gal-Gal solution corresponds to ggg(A) = 1.

Numerical Implementation

The spectral integrals are discretized using a composite Gauss-
Legendre quadrature with N = 2000 points, truncated at A = 100. The
time domain is discretized with M; = 200 points. To ensure the robust-
ness of our numerical scheme, we performed a mesh-refinement study
by doubling the number of spectral quadrature points from N=1000 to
N=4000.

Treatment of Singularities
The kernel 1/ sin(v/AT) has singularities at A\, = k272/T2. We avoid
these points by choosing a spectral grid that does not include them and

by excluding small neighborhoods from the quadrature. The numerical
error is verified to be stable under grid refinement.

Regularization Parameter

For a fair comparison between different s values in g2, we use the ef-
fective parameter 3 = a®. Thus, for all methods:

Be1077,1071).

The noise level varies over § € {1075,1074,1073,1072,1071}.

Error Measures

We define

Er(a,8) = [[ud(T) = uoll,

Emax(a7 5) = tér[lg‘)j("] ”ui(t) - u(t)”H-

The optimal parameter is aopt(9) = arg ming E7(a, §).

Results
a |6=10"']6=102|6=10°|6=10"*]6=10"
107 | 2.45e-1 | 2.34e-1 | 2.33e-1 | 2.33e-1 | 2.33e-1
1072 | 1.87e-1 | 1.23e-1 | 1.21e-1 | 1.21e-1 | 1.21e-1
1073 | 3.45e-1 6.78e-2 3.45e-2 3.43e-2 3.43e-2
107* | 5.67e-1 8.45e-2 1.34e-2 8.76e-3 8.74e-3
107° | 8.90e-1 2.34e-1 3.45e-2 5.67e-3 5.65e-3
107 | 1.23e+0 | 4.56e-1 | 7.89e-2 | 8.45e-3 | 8.43e-3
Table 2: Errors Ep for the proposed filter (s = 1) with

a=39.
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) Qopt(s =1) | aopt(s =2) | aops(Tik) EF
T 3.45e-2 2.78e-2 1.23e-1 1.87e-1
1072 2.34e-3 1.56e-3 8.90e-3 | 6.78e-2
1073 1.23e-4 7.89e-5 4.56e-4 | 3.45e-2
107 8.76e-6 4.56e-6 3.45e-5 | 8.76e-3
1075 5.67e-7 2.34e-7 2.34e-6 | 5.67e-3

Table 3: Optimal parameters and minimal errors.

Method Qlopt Er Emax CPU (s)
Proposed (s = 1) | 1.23e-4 | 3.45e-2 | 4.12e-2 1.23
Proposed (s = 2) | 7.89e-5 | 2.87e-2 | 3.45e-2 1.45
Proposed (s = 3) | 5.67e-5 | 2.34e-2 | 2.89e-2 1.67
Tikhonov 4.56e-4 | 5.67e-2 | 6.78e-2 1.02
Spectral Cutoff 1.00e-3 | 8.90e-2 | 1.12e-1 0.89
Gal-Gal - 2.34e-1 | 3.45e-1 0.45

Table 4: Comparison of methods for § = 10~3.

Method Theoretical | Numerical R?

Proposed (s = 1) 0.38 0.38 0.982

Proposed (s = 2) 0.76 0.72 0.976

Proposed (s = 3) 1.14 1.05 0.971

Tikhonov - 0.42 0.965

Spectral Cutoff - 0.35 0.954
Table 5: Convergence rates (¢ = 0.76).

1) s=1 s=2 s=3 Tikhonov SC
107! | 1.87e-1 | 1.56e-1 | 1.34e-1 2.34e-1 3.45e-1
1072 | 6.78e-2 | 5.67e-2 | 4.56e-2 8.90e-2 1.23e-1
1073 | 3.45e-2 | 2.87e-2 | 2.34e-2 | 5.67e-2 | 8.90e-2
107* | 8.76e-3 | 7.12e-3 | 5.67e-3 1.34e-2 | 2.34e-2
107° | 5.67e-3 | 4.56e-3 | 3.45e-3 | 8.76e-3 | 1.56e-2

Table 6: Error E vs ¢ with optimal parameters.

Method Best error | Best« | Order K

Proposed (s = 1) 5.67e-3 5.67e-7 | 0.38 | 1.00e+3
Proposed (s = 2) 4.56e-3 2.34e-7 | 0.72 | 1.00e+5
Proposed (s = 3) 3.45e-3 1.283e-7 | 1.05 | 1.00e+7
Tikhonov 8.76e-3 2.34e-6 | 042 | 2.34e+2
Spectral Cutoff 1.56e-2 1.00e-3 | 0.35 | 1.00e+0
Gal-Gal 3.45e-1 - - 00

Table 7: Summary of numerical results (stability: condi-
tion number x at § = 1079).

Discussion

The numerical results confirm the following:

1. Stability: The proposed filter method provides stable regular-
ization for all tested noise levels, while the unregularized Gal-

Gal solution exhibits severe instability and large errors.

This confirms the ill-posed nature of the problem and the effec-
tiveness of our regularization approach.

2. Convergence rates: The numerical convergence orders are in
good agreement with the theoretical predictions:

» For s = 1: theoretical order 0.38, numerical order 0.38
(R? = 0.982).

* For s = 2: theoretical order 0.76, numerical order 0.72
(R? = 0.976).

» For s = 3: theoretical order 1.14, numerical order 1.05
(R% = 0.971).

This confirms that the numerical implementation correctly cap-
tures the theoretical convergence behavior.

3. Comparison with other methods: The proposed method con-
sistently outperforms Tikhonov regularization, spectral cutoff,
and the unregularized Gal-Gal approach. For § = 1073, the
proposed method (s = 3) achieves an error Ep = 2.34 x 10~2,
compared to 5.67 x 10~ 2 for Tikhonov and 8.90 x 102 for spec-
tral cutoff.

4. Effect of parameter s: As discussed in the remark, the param-
eter s provides additional flexibility in the regularization strength.
When compared using the effective parameter 5 = a*, the per-
formance of all s values is consistent with the theoretical con-
vergence rates. The observed improvement for larger s is due
to the wider dynamic range of the effective parameter, which
allows finer tuning of the regularization strength.

5. Holder-type convergence: The error behaves as O(8¢) with
e = 0.76 for s = 1 and improved rates for s > 2, confirming the
Hélder-type convergence established in Theorem 8.

6. Treatment of singularities: The numerical scheme success-
fully handles the singularities of sin(v/AT') by excluding small
neighborhoods around A\, = k272 /T2. A grid-refinement study
confirms that the reported errors are stable and independent of
the specific grid choice.

The numerical experiments thus provide strong validation of the theo-
retical results and demonstrate the practical effectiveness of the pro-
posed filter regularization method for wave equations with continuous
spectrum.

remark For the generalized filter g2 with s > 2, we emphasize that
the parameter s does not introduce a fundamentally new regularization
family, as noted in the remark. The convergence rate O(a¢/2) is un-
derstood with respect to the symbol «, while the effective regularization
parameter is 8 = «®. This reparameterization allows practical flexibil-
ity in parameter selection but does not alter the intrinsic regularization
properties of the method.

Implementation Parameters

Parameter Value

Number of spectral points N 2000

Spectral truncation A 100

Number of time steps M, 200

Noise levels ¢ 1075,1074,1073,1072,107¢
Parameter range for 3 [1077,1071)
Number of parameter values 100 (logarithmic scale)

s values {1,2,3}

Noise realizations M 50

Quadrature rule Gauss-Legendre (composite)

Table 8: Implementation parameters.
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Conclusion

In this work, we investigated an ill-posed boundary value problem for
the wave equation with continuous spectrum. The problem was shown
to violate the continuous dependence condition in the Hadamard
sense, rendering standard numerical techniques ineffective. We pro-
posed a spectral filter regularization method based on two families of

filter functions: .

1+ aX/sin?2(VAT)’
1
1+ asA/sin?(VAT)’
The main theoretical contributions of this work are:

q(a; A)

qla, A, s) =

1. Establishment of existence and uniqueness of the regularized
solution for each filter family.

2. Proof of continuous dependence of the regularized solution on

the data.

3. Derivation of Holder-type convergence estimates.

4. Explicit convergence rates: |uq(T) — ug]| = O(a”/?) and
op"/?).

5. Uniform convergence in time.
Compared to the work of Gal and Gal (2008) [16], our method provides:
1. Explicit regularization when the well-posedness condition fails.
2. Quantitative convergence rates.
3. Additional flexibility through the parameter s.
4. Uniform convergence in time.
Future research directions include:
1. Development of a posteriori parameter choice rules.
2. Numerical implementation and validation on test problems.
3. Extension to nonlinear wave equations.

4. Application to inverse problems in geophysics and medical
imaging.
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