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REGULARIZED SOLUTIONS FOR AN INVERSE PROBLEM GOVERNED
BY A PARABOLIC STEKLOV EQUATION

OTHMANE BAIZ, BRAHIM EL-AQQAD

ABSTRACT. In this article we study an inverse parameter identification problem governed by
a nonlinear parabolic equation with a Steklov-type boundary condition, where the unknown
parameter appears simultaneously in the source term, the boundary nonlinearity, and the ini-
tial datum. We first establish the global well-posedness of the forward problem and prove the
Lipschitz continuity of the solution map with respect to the parameter. We then formulate
the inverse problem as a Tikhonov-regularized minimization problem and establish existence of
regularized solutions, stability with respect to noisy data, and convergence as the noise level
tends to zero, together with an explicit reconstruction error estimate under a coercivity condi-
tion on the parameter-to-observation map. The theoretical results are illustrated by numerical
experiments on a one-dimensional prototype, confirming the predicted convergence rates.

1. INTRODUCTION AND PROBLEM STATEMENT

Parabolic partial differential equations (PDEs) constitute a fundamental framework for mod-
eling time-dependent diffusion phenomena arising in physics, engineering, and applied sciences.
Their relevance is particularly pronounced in situations where boundary interactions significantly
influence the evolution of the system, such as heat transfer with nonlinear exchange laws, mass
transport across reactive interfaces, and phase transition processes. Classical references such as
[19, 12] provide a comprehensive theoretical foundation for these models and their analytical prop-
erties.

Inverse problems for parabolic equations arise naturally in many scientific and engineering
contexts, including heat conduction, chemical diffusion, and biological processes. The study of
such problems with nonlinear boundary conditions has attracted considerable attention due to
the complex interactions between domain dynamics and boundary effects [5 B 26]. Despite
these advances, challenges persist, particularly in establishing stability and uniqueness results for
parameter identification in time-dependent settings [13] 25].

Understanding the influence of nonlinear boundary interactions, such as Steklov-type condi-
tions, is essential for accurately reconstructing unknown parameters, a problem that has been
partially addressed in recent studies [15, 4]. Among the various types of boundary conditions,
nonlinear Steklov-type conditions are of particular interest, as they model boundary fluxes that
depend explicitly on the state variable. These conditions arise in applications involving surface
reactions, feedback control mechanisms, and energy exchange processes. Mathematically, they
introduce additional challenges by coupling boundary dynamics with the internal evolution of the
system. A substantial body of literature has studied parabolic problems with nonlinear or dy-
namical boundary conditions, focusing on qualitative properties such as global existence, blow-up
phenomena, and asymptotic behavior of solutions [2, [3] 9] 23].

In recent years, energy-based methods, including variational techniques and potential well the-
ory, have proven effective in analyzing nonlinear parabolic equations. These approaches allow for
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precise characterization of long-time solution behavior and provide criteria distinguishing global
existence from finite-time blow-up [I0, [18]. However, most existing contributions concentrate
on the direct problem, assuming that all model parameters, including source terms, boundary
interactions, and initial conditions are known.

Several approaches have been proposed for parameter identification in parabolic equations. It-
erative regularization methods have proven effective for nonlinear inverse problems [16], while
Carleman estimate-based techniques provide global uniqueness and stability for coefficient recon-
struction [I7]. Multi-frequency inverse strategies improve reconstruction accuracy in the presence
of noisy data [I]. In addition, studies specifically addressing nonlinear boundary conditions have
highlighted their influence on inverse problems [15] 4].

Following the approaches in [5][26], inverse problems can be formulated as optimization problems
over admissible parameter sets. Regularization terms stabilize the inversion process, inspired by
stability estimates in [I,[25], and the existence of optimal parameters minimizing the cost functional
can be guaranteed via compactness and lower semicontinuity arguments [I3] [I7]. The novelty of
our work lies in simultaneously addressing the unknown coefficient in the source term and its
influence on the nonlinear Steklov boundary, extending previous frameworks and enabling more
realistic modeling of physical processes [4, [§].

In realistic applications, model parameters are often uncertain, partially known, or subject to
measurement errors, especially when associated with boundary interactions or external sources.
This motivates the study of inverse problems, whose goal is to identify unknown parameters from
partial observations of the system state. Such inverse problems are well known to be ill-posed in
the sense of Hadamard, as they may lack uniqueness and stability under perturbations of the data
[11l [14]. The challenge intensifies when an unknown parameter influences multiple components
simultaneously, including source terms, boundary conditions, and initial data. This introduces
strong nonlinear couplings between spatial diffusion, temporal dynamics, and boundary effects,
complicating both the analysis of the direct problem and the stability of the associated inverse
problem.

Motivated by these challenges, the present work studies an inverse parameter identification
problem governed by a parabolic equation with a nonlinear Steklov boundary condition. In con-
trast to most existing works, the unknown parameter in our model appears simultaneously in the
source term, the boundary nonlinearity, and the initial condition, reflecting more realistic model-
ing situations and introducing additional analytical difficulties. More precisely, in [I8], the direct
problem considered was: find u such that

ug —Au+u=f inQ x (0,00),
Ou

— = on I'y x (0, 00),
o g 1% ( ) (1.1)

u=0 on Ty x (0,00),
u(-,0) =ug in Q.
In this work, we consider the following parameter-dependent problem:
Problem (P,): For a given parameter p € P, find u = u(p) satisfying
uy —Au+u = f(p) in Q x (0,00),

0
8—1: =g(p,u) on Ty x (0,00),

u=0 on Ty x (0,00),
u(+,0) = up(p) in Q,
where p € P is a parameter belonging to a Banach space P, and
g:PxR—=>R, [f:PxQx(0,00) =R, u:PxQ—=R

are given functions. The objective is to identify the parameter p from partial observations of u(p).



EJDE-2026/66 INVERSE PROBLEM GOVERNED BY A PARABOLIC STEKLOV EQUATION 3

The present work is motivated by the growing interest in inverse parameter identification prob-
lems for nonlinear partial differential equations. Although the analysis of forward nonlinear par-
abolic problems with Steklov boundary conditions has received considerable attention, the lit-
erature on inverse problems has mainly focused on the identification of source terms, boundary
coefficients, or diffusion parameters for linear or semilinear models, with particular emphasis on
uniqueness, stability estimates, regularization techniques, and numerical reconstruction; see, for
example, [0 [8, [IT], 14, [16]. In contrast, inverse parameter identification problems governed by
nonlinear parabolic Steklov equations remain largely unexplored.

The novelty of the present work lies in the formulation and analysis of an inverse parame-
ter identification problem in which the unknown parameter simultaneously influences the interior
source term, the nonlinear Steklov boundary condition, and the initial datum. The main contri-
butions of this paper can be summarized as follows. We first establish the global well-posedness
of Problem (P,) by proving local existence and uniqueness of weak solutions. We then investigate
the continuous and Lipschitz dependence of the state u(p) on the parameter p, and prove the
Lipschitz continuity of the solution map p + u(p) in the space X = L2(0,T;V) N H*(0,T;V").
Next, we develop a complete Tikhonov regularization framework for the inverse problem, es-
tablishing existence of regularized solutions (Theorem , stability with respect to noisy data
(Theorem , convergence to an R-minimizing solution as 6 — 0 (Theorem , and an explicit
reconstruction error estimate under a coercivity condition on the parameter-to-observation map
(Theorem . Finally, the theoretical predictions are validated through numerical experiments
on a one-dimensional prototype, yielding an empirical convergence rate of order O(6'13) under
the Morozov discrepancy principle, consistent with the theoretical bound (’)(\/3)

This article is organized as follows. Section 2 establishes the global well-posedness of Prob-
lem (P,). Section 3 analyzes the dependence of the solution on the parameter and formulates the
abstract inverse problem. Section 4 develops the Tikhonov regularization theory for the identifica-
tion problem. Section 5 presents the numerical experiments. Concluding remarks and perspectives
for future work are collected at the end of the paper.

2. EXISTENCE OF GLOBAL WEAK SOLUTIONS

In this section, we establish the existence of a global weak solution for Problem (P,). To
this end, we first introduce additional notation and formulate the assumptions required for our
analysis.

To establish the well-posedness of Problem (P,), we need the following hypotheses.

(H1) The source term f: P x Q x (0,00) — L?(€) satisfies
f(p,-) € L*(0,00; L*(Q)) for all p € P.

(H2) The boundary function g : P x R — R satisfies:
(i) For each p € P, the mapping u — g(p,u) is continuous and g(p,0) = 0;
(ii) There exists a constant L, > 0 such that

|g(p7u)_g(pvv)|SL9|u_v|a VU7UER7 Vpepv
iii). There exists a constant ¢, > 0 such that
9
lg(p,u)| <cg, YueR, VpeP.

(H3) For all p € P, the initial data satisfy ug(p) € L3(9).
(H4) (smallness condition) x:=1— L,C? > 0.

In this work, we consider the variational space
V={veH(Q):v=0o0nT,}

endowed with the inner product and norm

1/2
(u,v)v = (Vu, Vv)r2qye, |lvllv = ((VU7VU)L2(Q)¢1) . (2.1)
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The duality pairing between V' and V is denoted by (-, -)y/xv. Since meas(I';) > 0, the Friedrichs-
Poincaré inequality holds. Consequently, there exists a constant cp > 0, depending only on  and
I'1, such that

||’UHH1(Q) < CP”V'UHLZ(Q)d, Yv e V. (2.2)
Therefore, the norms || - ||y and || - || g1 () are equivalent on V', and thus (V, || - ||v) is a real Hilbert
space. Furthermore, by the Sobolev trace theorem, there exists a constant C;. > 0, depending
only on  and I'y, such that

[ollz2(ry) < Ciellvllv, Vv eV (2.3)

We first establish the local existence and uniqueness result of Problem (P,).
Theorem 2.1. Let p € P. Assume that (H1)-(H3) hold. Then, Problem (P,) has at least one
weak local solution u = uy, in [0, T) for T >0, i.e.

<ut(t),v>\//y—|—/QVu(t)'Vvdac—1—‘/Qu(t)vdx:/Qf(t,p)vd:v—ﬁ—/F g(p,u(t))vdo, (2.4)

fort €[0,T), for all v € V, which satisfies
ue L*(0,T;V)NL>®(0,T; L*(Q)), u, € L*(0,T;V"). (2.5)
Moreover, if (H4) holds, this solution is unique.

The proof of Theorem [2.1] proceeds in several steps. First, let n € L2(0,T;L?(T'y)) and fix
T > 0. Consider the following linearized problem: find u" such that

<u?(7§),11>\//,\/4—/QVU’7(t)-Vvdac4—/91/7(t)vdalc:/Qf(p,t)vdlw—/F n(t)v do, (2.6)

1

for all v € V and almost every ¢ € (0,T), with the initial condition
u(0) = uo(p). (2.7)

Lemma 2.2. Letp € P, T > 0, and n € L?*(0,T;L?*(I'1)) be given. Then, the linear problem
(12.6) —(2.7) admits a unique weak solution u". Moreover, there exists a constant ¢ > 0, independent
of m, such that

llu"(t>||m<m+/0 la"(s)lv ds
(2.8)

t t
< (oo + [ 1 liznds + [ I lzse, ds).
for allt €10,T).

Proof. Let us define the linear functional F;, : V. — R and the bilinear form a: V x V — R as

Fliy (@) i= (Fp. 1), 0)z2@y + [ atyodo, YoeV. (2.9)
Iy
a(u,v) = [ Vu-Vvdz +/ wodr, Yu,veV. (2.10)
Q Q

It is straightforward to verify that a(-,-) is continuous and coercive on V. Hence, by the classical
framework of Lions [20, Chapter 3], the linear system

(W} (8), v) vy + a(u'(8),0) = Fy (v),  u™(0) = uo(p),

admits a unique weak solution u”7 € L?(0,T;V) N L>(0,T; L*(Q)) with uf € L?(0,T;V"’). This
solution coincides with the unique solution of the linearized problem ({2.6)—(2.7)), which concludes

the proof of Lemma O
Next, let p € P. We define the operator ®, : L2(0,T; L*(Ty)) — L*(0,T; L*(I'1)) by
@, (n(t)) = g(p,u"(t)), foralltel[0,T), (2.11)

where u" denotes the solution of the problem (2.6))-(2.7) corresponding to 7. Then, we have the
following result.
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Lemma 2.3. The operator ®, has at least one fized point n* € L?(0,T; L*(T1)).

Proof. The proof is based on the Leray-Schauder fixed point theorem. To this end, we introduce
the homotopy equation
n=2A2y(n) = Ag(p,u”), Ael0,1].

Observe that a fixed point of the operator ®, corresponds to the case A = 1. To apply the
Leray-Schauder theorem, we verify that @, is continuous and compact, and that all solutions of
the homotopy equation are uniformly bounded. To this end, let (7,) be a bounded sequence in
L?(0,T; L*(I'1)), and let (u) denote the corresponding solutions of the problem {(2.6) — (2.7)}.
From estimate (2.8), it follows that the sequence (u") is uniformly bounded in L*(0,T; V).

By the Aubin-Lions compactness theorem, together with the compactness of the trace operator
from H'(Q) into L?(T';), there exists a subsequence, still denoted by (u""), such that

u™ — u  strongly in L?(0,T; L*(T'y)).
Using the continuity of the function g with respect to its second argument, we deduce that
®,(11n) = g(p,u") = g(p,u) = Py(n) strongly in L*(0,T; L*(I'y)).

Therefore, the operator @, is continuous and compact. Furthermore, since the function g is
globally bounded by a constant ¢, > 0, we obtain the estimate

||‘I’p(7l)||L2(0,T;L2(F1)) = llg(p, un)HLQ(O,T;L2(F1)) < gV T meas(I'y).

Consequently, for every A € [0, 1], any solution of the homotopy equation

n = A0y (n)

remains uniformly bounded in L?(0,T; L*(T';)).
The assumptions of the Leray-Schauder fixed point theorem are therefore satisfied. Hence,
there exists at least one fixed point n* € L?(0,T; L?(T'y)) such that

nt=p(n").
This completes the proof. O
Finally, we have all the ingredients to provide the proof of Theorem [2:1}

Proof of Theorem[2.1} For the existence part, let p € P and let n,, be a fixed point of the operator
®,. We denote by u* := uy« the solution of problem (2.6)-(2.7) corresponding to 1 = 7. By the
definition of the operator ®,, we have

ny(t) = g(p,u*(t)) forte[0,T).
Combining this relation with the definition of problem {(2.6) — (2.7) }, we conclude that u* satisfies
the weak formulation of Problem (P,). Hence, u* is a weak solution of (P,), which establishes the
existence part of Theorem

For the uniqueness part, let u} and u} be two weak solutions of Problem (P,) corresponding to
the same parameter p € P. Define w := u} — u}. Then, by (2.4)), this function satisfies

(we(t),v)yr v + /Q Vuw(t) - Vodz +/Qw(t)v dr = /F (g(p,uf () — g(p, ub(t)))vdo,  (2.12)

for all v € V and almost every ¢ € (0,7T), together with the initial condition w(0) = 0.
Choosing v = w(t) in (2.12)), we obtain

3 3110y + LI+ 0Ol = [ (o0~ o(p e lt) dov

1

Using assumption (H2)(ii) and the trace inequality, we estimate

| : (9(p,u)) = g(p, uh))wdo| < LgllwlF2(r,y < Ly Collw]?.
1
Consequently,
1d

5 71Oy + (1= LeC) eI + w®)llZzq) < 0.
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Using that Ly CZ < 1 and w(0) = 0, it follows that ||w(t)||12(q) = 0 for all ¢ € [0,T). This proves
the uniqueness of the weak solution and completes the proof. O

We now investigate the long-time behavior of the weak solution obtained in the previous re-
sult. More precisely, we show that the local solution can be extended to all times under suitable
assumptions on the source term and the boundary nonlinearity. The following theorem ensures
that the weak solution of Problem (P,) does not blow up in finite time and therefore exists for all
t>0.

Theorem 2.4. Let p € P and assume (H1)-(H4) hold. Then the weak solution of Problem (P,)
giwen by Theorem [2.]] exists for all t > 0, is unique, and satisfies

u, € L=(0,00; L*(Q2)) N L*(0,00; V), s, € L*(0,00; V'),
together with the explicit estimate, for everyt > 0,

t t
tp (D112 + 25 / lup ()13 ds + / Jotp ()2 s

. (2.13)
< uo@)|22(q) + / 1, )220 ds.

Proof. Let u = u, be the weak solution on the maximal interval of existence [0, Tinax) given by
Theorem Since u € L%(0,T;V) and dyu € L*(0,T;V") for every T < Tax, the function
t— ||u(t)||%2(m is absolutely continuous and (Qyu(t), u(t))y/ v = %%Hu(t)”ig(ﬂ) for a.e. t (see e.g.
[20, Ch. 1]).
Taking v = u(t) in the weak formulation (2.4) therefore gives, for a.e. t € (0, Tiax),
1d
5 1 ®liz@) + 1@V + @) 72 = (fP.8),u() 12q +/F 9(p,u(t)) u(t)do.  (2.14)
1
By (H2), we have |g(p,7)| < Lg|r| for every r € R, hence, using the trace inequality (2.3)),

[ oo wdo] < Lol < 2o - (215)
By the Cauchy-Schwarz and Young inequalities,
(1) ul) 2] < 5 1By + 5 (0 3y (2.16)
Inserting the two bounds (2.15))-(2.16)) into (2.14) yields
) gy + DI+ 3 () gy < 317y, (217)

with K = 1 — L,CZ > 0. Integrating (2.17)) over (0,¢) and using u(0) = uo(p) together with (H;)
gives for every t < Tiax, with a right-hand side which does not depend on ¢.

In particular ||u(t)||12(o) stays bounded as ¢ T Tiax, so that no blow-up can occur at Tiay and
the solution can be continued beyond Ty,.x; by maximality, Ti,.x = +00. Consequently
holds for all ¢ > 0 and u € L>(0, 00; L(Q)) N L*(0, 00; V).

Let v € V. It follows from (2.2)), (2.3)), (2.4), and the assumption |g(p,u)| < Lg|u|, that
[@u(t), v}y | < [(1+ LyC2) @l + epllu®lzaqa + el ) 2| el
Consequently,
0su(t)|v: < (14 LeCo) u(®)|lv + cpllul®)l 2@ + cpllf (2, )l L2 )

By the a priori estimate (2.13) and assumption (H;), the right-hand side belongs to L?(0,00).
Therefore,

dyu € L2(0,00; V).
Finally, the uniqueness of the solution follows directly from Theorem [2.1] provided that the small-
ness condition (H4) is satisfied. O



EJDE-2026/66 INVERSE PROBLEM GOVERNED BY A PARABOLIC STEKLOV EQUATION 7

3. ABSTRACT INVERSE PROBLEM

The identification of unknown parameters in partial differential equations constitutes a central
topic in applied mathematics, with numerous applications in physics, engineering, and control
theory. In many practical situations, certain coefficients or boundary interaction laws involved in
the mathematical model are not directly accessible and must be determined from indirect mea-
surements of the system state. This leads naturally to inverse problems, whose analysis requires
a careful combination of functional analysis, compactness arguments, and stability estimates.

In the framework of parabolic equations, inverse problems are known to be particularly chal-
lenging due to their intrinsic ill-posedness. Small perturbations in the observed data may lead to
large deviations in the reconstructed parameters, and the existence or uniqueness of solutions is
not guaranteed without additional assumptions or regularization mechanisms. These difficulties
are further amplified in the presence of nonlinear boundary conditions, where the coupling between
the boundary dynamics and the interior evolution introduces significant analytical complexity.

In this section, we consider an inverse parameter identification problem associated with Problem
(P,). More precisely, the objective is to determine a parameter p € P that characterizes simul-
taneously the source term, the nonlinear boundary condition, and the initial data of the system.
This setting reflects realistic modeling situations but also leads to strong nonlinear interactions
that complicate both the analysis and the stability of the problem.

To perform a rigorous analysis, we restrict the study to a finite time interval (0,7) with T' > 0.
Accordingly, all functional spaces introduced in the sequel are defined over this time interval. The
solvability of the inverse problem relies crucially on the continuous dependence of the solution
with respect to the parameter, as well as on suitable compactness properties of the associated
solution operator. To this end, we introduce in the following a set of assumptions ensuring the
continuity of the nonlinear boundary function, the source term, and the initial data with respect
to the parameter. These assumptions will allow us to establish stability results and, subsequently,
to prove the existence of an optimal parameter solving the inverse problem.

(H5) The function g : P x R — R is jointly continuous. More precisely, for any sequences
{pn} C P and {u,} C R such that

Pn—p inP, u,—>u inR,

one has g(pp, un) — g(p,u).
(H6) The mapping f : P — L2(0,T; L*(f2)) is continuous. That is, for any sequence {p,} C P
such that

pn—p P = f(pa) = f(p) inL*(0,T;L*(Q)).
(H7) The mapping ug : P — L?(£2) is continuous. In other words, if
Pn—=p P = ug(ps) = uo(p) in L*(9).

The following result establishes the stability of the solution with respect to variations of the
parameter in the considered problem.

Theorem 3.1. Let the assumptions of Theorem [2.4) and (H5)~(HT) hold. Let {p,} C P converge
top € P, and let uf, = u(pn) denote the unique solution of Problem (P,,). Then, up to a
subsequence,

uP — uP weakly in L*(0,T;V), 0OuP — 0P weakly in L*(0,T;V"),
where uP is the unique solution of Problem (Pp).
Proof. Let us define the space
X :={ve L*0,T;V) : dw e L*(0,T;V"},
equipped with the norm

lol% = o117z 0, 7v) + 100117200 73v)-



8 0. BAIZ, B. EL-AQQAD EJDE-2026/66
From the global well-posedness of Problem (P,), the sequence of solutions {u?} associated with
the parameters {p, } is uniformly bounded in X:

lllx <C, ¥neN.

By the Banach-Alaoglu Theorem [24, Theorem 3.16] and the reflexivity of L?(0,T;V) and
L?(0,T; V"), there exists a subsequence (still denoted {u?}) and a function u € X such that

uP —u  weakly in L*(0,T;V), OwP — dwu weakly in L*(0,T;V").

Next, the Aubin-Lions compactness Theorem [24, Theorem 5.1, p. 59] the trace operator from
V to L?(I';) imply that, up to a subsequence,

uP — u strongly in L*(0,T; L*(Ty)).
Consequently, by assumptions (A1)-(A3) and the convergence p, — p, we have
9(pnsub) — g(p,u) strongly in L*(0, T; L*(I'1)),
and
flpn) = f(p) strongly in L*(0,T; L*(2)), uo(pn) — uo(p) strongly in L*(€2).

Passing to the limit in the weak formulation of Problem (P, ) then shows that u satisfies the weak
formulation of Problem (P,).

Finally, by uniqueness of the solution of Problem (P,), the whole sequence {u} converges
weakly in X to u(p). O

Now, to derive a second result concerning the continuous dependence of the solution on the
parameter, we introduce the following additional hypotheses:

(H8) The mapping f(-,t) : P — L?(Q) is Lipschitz continuous for all ¢ € [0,T); that is, there
exists a constant Ly > 0 such that

I f(p1,t) = f(p2;t)ll2() < Ly llp1 — p2llps  Vp1,p2 € P.

(H9) The boundary function g : P x R — R is Lipschitz continuous in p, uniformly with respect
to u; that is, there exists a constant LI > 0 such that

|g(p17u) - g(p27u)| < Lg le _p2||737 Vu € R? VplupZ eP.

(H10) The initial data mapping ug : P — L?(Q) is Lipschitz continuous; that is, there exists a
constant Ly > 0 such that

luo(p1) — wo(p2)ll2() < Lollpr — p2llp,  Vp1,p2 € P.

We now establish an explicit Lipschitz continuity result with respect to the parameter p. More
precisely, we show that the weak solution of Problem (P,) depends Lipschitz continuously on the
parameter p

Theorem 3.2. Assume (H1)-(H4), (H8)—-(H10). Let p1,p2 € P and let uy = u(p1), uz = u(p2)

be the corresponding unique weak solutions of Problem (P,). Then, for every T > 0,

T
e [un(8) = ua(8) [0 + / lur(s) — us(s)[[3 ds < (L3 +2CoT) llps — pall3, (3.1)

Ci(Lh)?
where Cy 1= %(L? + fg)
In particular the solution map S : P — C([0,T]; L?(2)) N L2(0,T;V), S(p) = u(p), is Lipschitz
continuous on bounded subsets of P.
Proof. Let p1,p2 € P and denote

up =u(p1), w2 =u(ps), w=u; —us.
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Subtracting the weak formulations of Problem (P,) corresponding to the parameters p; and ps,
we obtain that w satisfies

(wt(t),v>vl,v+/Vw Vvd:c+/w t)vdx

2

(3.2)
= /Q (f(p1,t) — f(p2,t))vda +/ (g(p1,u1(t)) — g(p2, usz(t)))vdo,
for all v € V and almost every t € (0,T), together with the initial condition
w(0) = uo(p1) — uo(p2).
Choosing v = w(t) in and using the identity
1d
(wn(6) w(t) v = 5 w2

we obtain the energy relation

1d

5 71Oz @) + Tw@IF + 0@ 72@) = 1rt) + L), (3.3)

where

Ip(t) = / (Fprot) — oo ) wd,  T(t) = / (9(p1, w1 (1)) — g(pa, uz(t)))w dor

1]
We first estimate the interior term. Using assumption (H8) and the Cauchy-Schwarz inequality,
we obtain

p()| < [1f(p1,t) — f(p2, t)| 220y lw(t)] 22
< Ly |lpr = p2llp lw(®)| 220

1 1
< §||w(t)||i2(n) + §L?HP1 —pallp.
Next, we estimate the boundary term. We decompose
g(p1,ur(t)) — g(p2, u2(t)) = (9(p1,ua(t)) — g(pr, ua(t))) + (9(pr, ua(t)) — g(p2, ua(t))).
Using assumption (H9) and the Lipschitz continuity of g with respect to v and p, we deduce
[L,(t)] < LyllwlZ2(r,) + Lyllp1 = pallplw(®)| 2r,), for t € (0,T).
By the trace inequality
[w(®)lL2ry) < Culw@)]lv,  fort e (0,T).,
we obtain
(I (&)] < LyCPllw®)I + CorLyllp1 — p2llpw(®)]lv
K Ci.(Lh)?
< (LoC2 + 5 Il + =2 lp1 = palfp, for t € (0.7).
Collecting the two above estimates and recalling k = 1 — LgCtQT, we obtain
1d K 1
an OBy + SO} + 5l < Collo — 2l te ). (34)

Integrating (3.4) over (0,t¢) and using (H10), we obtain that for every ¢ € [0, T7,
t
lw ()72 0y + fi/o [w(s)[3 ds < Lglpy — p2]lp +2Co t [p1 — p2|5,

which is (3.1). O

The estimate from Theorem has an immediate and important consequence: it es-
tablishes that the solution map, which associates to each admissible parameter p € P the corre-
sponding weak solution u(p) of Problem (P,), is Lipschitz continuous with respect to the norm on
the space X of solutions. This is a fundamental property for the inverse problem, as it ensures
continuous dependence of the reconstructed parameter on perturbations of the observation data.



10 0. BAIZ, B. EL-AQQAD EJDE-2026/66

Corollary 3.3. Under the assumptions of Theorem[3.3, the solution map
S:P— X :={veL*0,T;V): 9 € L*(0,T;V')}

defined by S(p) = u(p) is Lipschitz continuous: there exists a constant Cp > 0 (depending on T,
the data f, ug, g, and the geometric constants) such that

1S(p1) — S(p2)|lx < Crllpr — p2llp  for all p1,p2 € P, (3.5)

where the norm on X is

/2
lellx = (Il + 10032 0rn)

Proof. Let p1,pa € P be arbitrary. Denote uy := S(p1) = u(p1) and ug := S(p2) = u(p2). By
Theorem the estimate (3.1) holds:

T
tgfg% lur (t) = u2(t)l|72(0) + K/O lur(s) = ua(s) [ ds < (L§ +2CoT) [lpr — pel>- (3.6)
From , we immediately obtain

T
1
= 2| Z2 o ) = /O lur (s) = ua(s)[V ds < —(LG + 2CoT) [|lpr = p2- (3.7)

Next, we estimate the time derivative term. From the weak formulation (equation (2.4])) for
both u; and us, we have

(O (), v)yry = — /Q Vus(t) - Voda — /

Q

ul(t)vdx—k/glf(pl,t)vdx%—/ g(p1,u1(t))vdo,

Iy
<8tu2(t),v>vx7vz—/QVug(t)-Vvdsr:—/ng(t)vdx—k/ﬂf(pg,t)vdm—i—/r g(p2,ua(t))v do,

Subtracting, for any test function v € V' we have

(Op(ur — u2)(t), v)vrv

/V Uy — Us) )-Vvdx—/g(m—u2)(t)vdm+/ﬂ(f(pl,t)—f(p27t))vdm
/F(g<plvul(t)) 9(p2,U2(t)))vdU.

Taking the supremum over ||v||y = 1, we obtain
[0c(ur —u2)(#)|lv: < cpllur(t) —u2()|lL2) + 1 £ (P1:t) — fF(P2: )l L2(0) + [[V (w1 — u2)(t)[| L2 ()
+ Cur (Lgllus (t) — u2(®)llv + Ly llp1 — p2llp),
where we have used the Lipschitz properties (H8) and (H9) in the boundary term. By the equiv-
alence of norms on V (equation (2.2))), we have |[Vw||z2 ~ |lw|yv, so
10 (ur — ug)(B)[lv < K [Jur () — ua(®)|lv + Lyllpr — p2llp + LECullpr — p2li»,
where K = c¢p + 1+ L,CZ. Integrating over (0,7):

T T
[ ot ) e < 282 [ (0) = wa O e+ 270y + O palfp. 59

Combining (3.7)) and .,
T

T
15(1) — S(pa)|% = / s () — uals) |12 ds + / 10 — ua)(5)]2 ds

1 2K?
< (- + == ) (L8 + 260D lpr = pallf + 2T (Ly + LECur)? p1 = Pl

We define

_ 1+2K?

C2 (L3 +2C0T) + 2T(Ly + LPCy,).
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This constant depends on T (linearly), the data (f,ug, g), and the geometric constants (Ct,, cp, k).
Then

1S(p1) = S(p2) 1% < C3 llp1 — p2ll3,
which completes the proof. O

The well-posedness analysis of the forward problem plays a fundamental role in the study of
the inverse parameter identification problem. Indeed, the optimization problem can only be for-
mulated if, for every admissible parameter, the corresponding state is well defined. The existence
and uniqueness results established for Problem (P,) ensure that each admissible parameter deter-
mines a unique weak solution, thereby making the parameter-to-state correspondence meaningful.
Furthermore, the continuous dependence of the solution on the parameter provides the compact-
ness and convergence properties required in the proof of the existence of an optimal parameter.
Consequently, the forward analysis is not an independent objective, but rather the mathematical
foundation upon which the inverse optimization problem is formulated and analyzed.

The previous analysis establishes the well-posedness of the parameter-dependent forward prob-
lem. More precisely, Theorem [3.2] ensures that, for every admissible parameter p € P, Problem
(P,) admits a unique weak solution u(p), and that the corresponding state depends continuously
on the parameter. These results provide the mathematical foundation for the inverse parameter
identification problem considered in this work.

The objective of the inverse problem is to recover the unknown parameter p from the available

observation data associated with the corresponding state. In the present framework, the available
information consists of partial observations of the state u(p). Thus, each admissible parameter
determines a unique state through the forward problem, and consequently determines the corre-
sponding observations. Therefore, the inverse problem consists in identifying the parameter whose
associated state best matches the available observations.
This clearly distinguishes the two problems addressed in this paper. The forward problem consists
in determining the state u(p) for a prescribed parameter p, whereas the inverse problem consists
in recovering the parameter p from the available observations of the corresponding state. To this
end, the parameter identification problem is formulated below as an optimization problem over
the admissible parameter set.

Let Pyq C P be a nonempty admissible set of parameters and let F' : P x X — R be a cost
functional. We consider the following optimal control (inverse) problem.

Problem (Q). Find p* € P,q4 such that
F(p™,u(p”)) = min F(p,u(p)), (3.9)

PEPad

where u(p) € X denotes the unique weak solution of Problem (P,) corresponding to the parameter
peP.
To establish the existence of a solution to Problem (@), we introduce the following assumptions:
(H11) The admissible set Pgq is a compact subset of P.
(H12) The cost functional F : P x L2(0,T; V) — R is lower semicontinuous on Puq x L*(0,T;V)
with respect to the strong topology in P and the weak topology in L?(0,T; V).

We are now in position to state the main existence result for the inverse problem.

Theorem 3.4. Assume that the hypotheses of Theorem [2.1] and assumptions (H5)—(H12) hold.
Then Problem (Q) admits at least one solution p* € Pyq.

Proof. Let {pn} C Psqa be a minimizing sequence for the functional F, that is,
lim F(pn,u(p,)) = inf F(p, . 3.10
i F(pn, u(pn)) = inf F(p,u(p)) (3.10)

We denote u,, = u(p,) € L?(0,T;V) the unique weak solution of Problem (P,) corresponding to
Pn-
Since P,q is compact by assumption (H11), there exists a subsequence, still denoted {p,}, and
an element p € P,q such that
Pn —p in P.
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By the stability result of Theorem the corresponding sequence {u,} C L?(0,T;V) converges
weakly in L2(0,T;V) to the unique solution u(p) € L?*(0,T;V) of Problem (P,) associated with
P, that is,

w, — u(p) in L*(0,T;V).

Using the lower semicontinuity assumption (H12) of the functional F'; we obtain
F(p,u(@)) <liminf F(pn,u,) = inf F(p,u(p)).
n—oo PEPad

Therefore,
F(p,u(p)) = min F(p,u(p)),
pepad

which proves that p is a solution of Problem (Q). O

To illustrate the applicability of the abstract framework developed above, we present examples
arising in diffusion processes with nonlinear boundary interactions.

Example 3.5 (Nonlinear heat transfer with boundary feedback). Let Q@ C R™ be a bounded
domain and consider the parameter p € R. We define

fp,2,t) =pfo(z,t), g(p,u) =p tanh(u), uo(p,z) = puj(),
where fo € L%(0,T; L?(2)) and ufy € L?(f) are given functions.

In this case, the parameter p represents the intensity of the source term, the strength of the
boundary feedback, and the magnitude of the initial condition. It is straightforward to verify that
assumptions (H5) — (H10) are satisfied.

The inverse problem consists in identifying the parameter p from observations of the tempera-
ture distribution u(p) over a given time interval. This type of model arises, for instance, in heat
transfer processes with nonlinear boundary exchange laws.

Example 3.6 (Saturating nonlinearity). Let p € R and define
u *
f(p,z,t) =pfolz,t), g(p,u)= Pm» uo(p, ) = pug(z).
The function g is globally Lipschitz and bounded, and therefore satisfies the assumptions imposed
in this work. The parameter p can be interpreted as a control coefficient affecting both the internal
source and the boundary interaction.

The examples above illustrate that the abstract assumptions introduced in this section are
satisfied by a broad class of nonlinear parabolic models arising in heat transfer, diffusion processes
and nonlinear boundary interactions. Consequently, the theoretical results established previously
can be applied to various parameter identification problems encountered in practice.

4. REGULARIZED INVERSE PROBLEM

The abstract framework developed in the previous section guarantees, under assumptions (H5)—
(H12), the existence of an optimal parameter for a cost functional F which was left unspecified.
In practice, however, the cost functional is not arbitrary: it is dictated by the measurement pro-
cess and by the a priori information available on the unknown parameter. The purpose of the
present section is twofold. We first specify a concrete cost functional of least-squares type, built
from an observation operator, and we verify that it fulfils the abstract hypotheses of Theorem
this shows that the identification problem encountered in the applications is a genuine instance
of Problem (Q), and not a separate formulation. We then address the ill-posedness of the iden-
tification problem by means of Tikhonov regularization, and we establish the existence, stability,
convergence and conditional stability results which characterize this regularization method in the
present nonlinear setting.

Throughout, T' > 0 is fixed, all functional spaces are understood over the time interval (0,7),
and X := {v € L*(0,T;V) : O € L*(0,T;V’)} denotes the solution space introduced in the
previous section. We also define S : P — X by

S(p) == u(p),
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the solution operator of the forward problem, which is well defined by Theorem and Lipschitz
continuous by Corollary

The remaining ingredient required for the mathematical formulation of the inverse problem is
the observation process. In realistic situations the state of the system is not entirely accessible;
only partial measurements are available through a measurement device, which is modelled as
follows.

Definition 4.1. An observation setting for Problem (P,) consists of a Hilbert space Y, called
the observation space, together with a bounded linear operator C : X — Y, called the observation
operator. The associated parameter-to-observation map A : P — Y is defined by

Alp) :==C(S(p)) = C(u(p))- (4.1)
Typical choices of C are the restriction of the state to a subdomain w C €2, that is Cv = v|,x(0,1)

with ¥ = L?(0,T; L?(w)); boundary measurements Cv = yv|r, x(0,7) with Y = L2(0,T; L*(T'1)),
where v denotes the trace operator; or a finite family of averaged measurements,

Cv = (/OT/chpid:deKKm,

with Y = R™ and ¢; € L%(0,T; L?(2)). In each of these cases C is linear and bounded on X, so
that Definition [I.I] applies. The regularity of A is then entirely inherited from that of the solution
operator.

Proposition 4.2. Let (H1)—-(H10) hold, and let (Y,C) be an observation setting in the sense of
Definition Then the parameter-to-observation map A defined by (4.1) is Lipschitz continuous
on P,

|IA(p1) — A2)|ly < Lallpr — p2llp, Vp1,p2 € P, (4.2)

with La := ||C||z(x,y) Cr, where Cp is the Lipschitz constant of S given in Corollary In
particular, A(p,) — A(p) strongly in Y whenever p,, — p in P.

Proof. Let py,p2 € P. By Corollary [3.3] we have ||S(p1) — S(p2)||x < Crllp1 — p2|l», and since C
is linear and bounded from X into Y,

[A(p1) = Ap2)ly = [IC(S(p1)=S(02)) lly < [Cllecx ) 1S(P1)=S@2)lx < Cllecx,y) Crllpr—p2ll,
which is precisely (4.2)). The last assertion is an immediate consequence of this estimate. O

It is worth observing that the quantitative estimate rests on the Lipschitz assumptions
(H8)—(H10). When only the continuity assumptions (H5)—(H7) are available, Theorem still
yields S(p,) — S(p) weakly in X whenever p, — p in P, hence A(p,) — A(p) weakly in Y, since
a bounded linear operator is weakly continuous. This weaker form of continuity is sufficient for
all the existence results established below.

Suppose now that a measurement z € Y of the state of the system is available, and let R :
Pad — [0,+00) be a regularization functional encoding the a priori information on the unknown
parameter; typical choices are R(p) = ||p — po||% for some reference value py, or R = 0 when no
such information is available. We shall use throughout the following additional assumptions.

(H13) The operator C : X — Y is linear and bounded.
(H14) The regularization functional R : P,q — [0, 400) is lower semicontinuous with respect to
the strong topology of P.
The identification problem consists in selecting the admissible parameter whose predicted ob-

servation fits the measured data best. This corresponds to the particular choice of cost functional
F,:PxX—Ras

1
Fi(p,v) = lICv — 23 + R, (4.3)

in the abstract formulation of Problem (Q). The next lemma shows that F, is admissible for the
theory developed in the previous section, so that no separate existence proof is required.
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Lemma 4.3. Under assumptions (H13)-(H14), the functional F, defined by (4.3 satisfies as-
sumption (H12); that is, F, is lower semicontinuous on Puq x L*(0,T;V) with respect to the
strong topology of P and the weak topology of L*(0,T;V).

Proof. Let p, — p strongly in P and let v, — v weakly in L%(0,T;V), the sequence (v,) being
bounded in X. Since C is linear and bounded, it is weakly continuous, so that Cv, —z — Cv — 2
weakly in Y. The norm of a Hilbert space being weakly lower semicontinuous, we obtain

1 o1
gllCv = 2[5 <liminf 2 [[Cvn — 2|3

On the other hand R(p) < liminf, . R(p,) by (H14). Adding the two inequalities and using
the superadditivity of the lower limit yields F,(p,v) < liminf,, o0 Fy(Pn,vn). O

Since the state is uniquely determined by the parameter, the constraint v = u(p) may be
eliminated from Problem (@), which leads to a formulation involving the parameter only.

Definition 4.4. The reduced least-squares functional associated with the observation z € Y is
J : Pua — R defined as

T(p) = F.(p,u(p)) = 51AG) - 21 + R() (44)

Identity (4.4]) is not a restriction of Problem (Q) but an equivalent rewriting of it. Indeed,
by Theorem the state u(p) is uniquely determined by p, so that F.(p,u(p)) = J(p) for every
P € Paa, and consequently

p* €argminJ(p) < F.(p*,u(p*)) = min F.(p,u(p)).
PEPad PEPad

In other words, p* minimizes J if and only if p* solves Problem (Q) for the cost functional F' = F,.
The interest of the reduced formulation is computational, the minimization being carried out over
P.a alone with the state eliminated through the solution operator S, whereas the formulation (Q)
is stated on the product space and is better suited to the abstract analysis. Combining Lemma [4.3]
with this observation and with Theorem we obtain at once the following existence result for
the identification problem in its concrete form.

Corollary 4.5. Let the hypotheses of Theorem and (H13), (H14) hold. Then, for every z € Y,
the reduced problem consisting in finding p* € Puq such that J(p*) = minyep,, J(p) admits at least
one solution.

This corollary settles the solvability of the identification problem for a given measurement. It
does not, however, guarantee that the computed parameter depends continuously on the data,
nor that it approaches the exact parameter when the measurement error tends to zero. These
two requirements are the object of regularization theory, to which the remainder of this section is
devoted. Assume therefore that the measurements are contaminated by noise: let pt € P,q denote
an exact parameter, let zf := A(p!) be the corresponding noise-free observation, and let 2% € Y
be a measurement satisfying

128 = Mly <, (4.5)
where § > 0 is the noise level. Given a regularization parameter a > 0, the Tikhonov-regularized
identification problem reads as follows.

Problem (Q?). Find pS, € Puq such that

Toh) = min J2w), T2 = 5AG) ~ 21 +aR(p) (16)

PEPad
The parameter a balances the fidelity to the data against the a priori information: large values
of a favor parameters with small R, at the price of a poor fit, whereas a — 0 restores the pure
least-squares problem, which is in general unstable. Since .J? is of the form with z = 2% and
with aR in place of R, and since a’R is again nonnegative and lower semicontinuous, Corollary
already provides the solvability of (Q?). We state it separately for further reference, together with
a sufficient condition for uniqueness.
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Theorem 4.6. Let the hypotheses of Theorem and (H13), (H14) hold. Then, for every a > 0,
every § > 0 and every 2° € Y, Problem (Q0) admits at least one solution pl, € Paq. If, in addition,
Paa is convex, R is strictly convex and A is affine, then the solution is unique.

Proof. Existence of a solution follows from Corollary applied to the data 2% and to the regular-
ization functional a’R. Under the additional assumptions, the map p — %HA(p) — 29|12 is convex,
being the composition of a convex function with an affine map, while aR is strictly convex; hence
Jg is strictly convex on the convex set P,q and cannot admit two distinct minimizers. O

The next result expresses the stability of the regularized problem: for a fixed regularization pa-
rameter, the regularized solutions depend continuously on the data. This is precisely the property
which fails for the unregularized problem and which justifies the introduction of a. Note that,
in the present nonlinear framework, stability is naturally formulated in terms of convergence of
subsequences, since minimizers need not be unique.

Theorem 4.7. Let the hypotheses of Theorem [[.6 hold and let o > 0 be fized. For w € Y set
J¥(p) := |IA(p) — w3 + aR(p). Let (z,) C Y satisfy z, — z in Y, and let p, be a minimizer
of Jir over Puq. Then (p,) possesses a subsequence converging in P to some p € Paq, and every
such limit point is a minimizer of JZ. If the minimizer of JZ is unique, then the whole sequence
converges to it.

Proof. Since P,q is compact by (H11), there exist a subsequence, still denoted (p,,), and p € Puq
such that p, — p in P. Let p € P,q be arbitrary. The optimality of p, for the data z, gives

SIAG) — zal} + aR(p) < SIAD) — 2allf + R () (47)

By Proposition [4.2|we have A(p,,) — A(p) in Y, and 2, — 2z by assumption; hence || A(p,)—zn ||y —
|A(P) — z|ly and ||A(p) — zn|ly — ||A(p) — z||y. Taking the lower limit in (4.7) and using the lower
semicontinuity of R yields

1 _ _ .. 1 1
SIA®) — 2l + aR(p) < limint (5 IAD) — zall} +aR(pn)) < 3 IAG) — 213 +aR ().

As p € P,q was arbitrary, p minimizes JZ. If the minimizer is unique and the whole sequence
did not converge to it, one could extract a subsequence staying at a positive distance from it,
and applying the above argument to that subsequence would produce a second minimizer, a
contradiction. O

We now turn to the regularizing property, which describes the behavior of the regularized so-
lutions when the noise level tends to zero and the regularization parameter is chosen accordingly.
In the absence of injectivity of A, the exact parameter need not be the only one reproducing the
observed data, and the limit of the regularized solutions is then selected by the regularization func-
tional. Following the classical terminology, we call p' € P,4 an R-minimizing solution associated
with the exact data 2T if

Alp") =zt and R(p") = min{R(p): p € Paa, Alp) =2'}. (4.8)

The set of admissible parameters reproducing the exact data is closed by continuity of A, and Pyq
is compact by (H11); hence such a p' always exists as soon as the exact data are attainable.

Theorem 4.8. Let the hypotheses of Theorem@ hold and assume that the exact data 2t are
attainable. Let (8,) be a sequence of noise levels with 6, — 0, let 20~ € Y satisfy ||2°" — 21|y < 0,
and let the reqularization parameters o, = a(d,) > 0 be chosen so that

2
ap,—0 and = =0 asn— 0. (4.9)

(€77

Denote by p, a minimizer of Jg?j; over Puq. Then (pn) possesses a subsequence converging in
P, and every limit point of (pn) is an R-minimizing solution in the sense of (4.8). If the R-
minimizing solution is unique, then the whole sequence converges to it.
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Proof. Let p' be an R-minimizing solution. By optimality of p,, and by (&.5)),

1 1 1
SIAG) = 23+ anR(pn) < IAGY — 2 (3 + anRGT) < 582+ anRGY.  (110)
Discarding the nonnegative first term on the left-hand side and dividing by «,, > 0 gives
52
Ripa) < 5 +R(p) (411)

whereas discarding the second term yields
IA(pn) = 2[5 < &7 + 20, R(pD). (4.12)

By compactness of P,q there exist a subsequence, still denoted (py,), and p € Pyq with p, — p in
P. Passing to the limit in (4.12)), and using o, — 0, §,, — 0, the continuity of A established in
Proposition and the bound [|2°* — zf|ly < §,,, we obtain A(p) = 2T, so that p is admissible for
the constrained minimization in (4.8)). Moreover, taking the upper limit in (4.11)) and using (4.9)
together with the lower semicontinuity of R leads to
R(p) < liminf R(p,) < limsup R(p,) < R(p').
n—00 n— oo
Since p satisfies A(p) = 2! and p' is R-minimizing, the reverse inequality R(p') < R(p) holds as
well; hence R(p) = R(p') and p is itself an R-minimizing solution. The convergence of the whole

sequence in the case of uniqueness follows by the subsequence argument already used in the proof
of Theorem A7 O

Condition is an a priori parameter choice rule, and the choice «(§) = ¢é with ¢ > 0
is admissible. Alternatively, one may select a a posteriori through the Morozov discrepancy
principle, in which a = (4, 2°) is determined by the equation ||A(pl) — 2%||y = 76 for a fixed
7 > 1. Estimate (4.12)) shows that the residual can be made arbitrarily small by letting o« — 0,
which is the property underlying the solvability of the discrepancy equation.

Theorem guarantees convergence but provides no convergence rate, and it does not assert
that the exact parameter is uniquely determined by the observation. Both issues are governed by
the injectivity properties of A, which we now formalize.

Definition 4.9. The parameter p is said to be identifiable from the observation setting (Y,C) on
Paq if the map A : Py — Y is injective. It is said to be stably identifiable if there exists a constant
~v > 0 such that

IA(p) — Ap2)lly = vllp1 —p2llp, Yp1,p2 € Paa- (4.13)

Injectivity alone already yields a qualitative stability result, thanks to the compactness of the
admissible set.

Proposition 4.10. Let the hypotheses of Theorem (3.4 hold together with (H13)—(H14), and
assume that p is identifiable in the sense of Deﬁm’tion, Then A : Pog — A(Paa) is a homeo-
morphism; in particular, the exact parameter is uniquely determined by the noise-free observation
and A=t is continuous on A(Puq).

Proof. By (H11) the set P,q is compact and by Proposition the map A is continuous; hence
A(P.q) is a compact subset of the Hausdorff space Y. A continuous bijection from a compact
space onto a Hausdorff space is a homeomorphism, which gives the assertion. O

Proposition m provides no modulus of continuity, and the continuity of A=! may in fact
degenerate arbitrarily; this is the analytical expression of the ill-posedness of the inverse prob-
lem. The quantitative assumption removes this degeneracy and produces an explicit error
estimate, which is the last result of this section.

Theorem 4.11. Let the hypotheses of Theorem[].6 hold, assume that p is stably identifiable with
constant v > 0 as in (#13), and let p' € Poq satisfy A(p') = zT. Then, for every a > 0, every
§ >0 and every minimizer pS, of J2 over P,

1
19 =l < = (54 /2 20 R0 ). (4.14)
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In particular, the choice a(d) = 0 yields ||pi(5) —pfllp = OWS) as 6 — 0, whereas the choice
a(8) = 6% yields the linear rate O(J).

Proof. Estimate (4.12]), established in the proof of Theorem and valid for every a > 0 and

0 >0, gives
IA(PD) — 2°lly < 1/6% + 2a R(ph).

Combining this bound with the triangle inequality and (4.5),
IA®S) = ANy < A@L) = 2lly + [12° = 2Tlly < /82 + 2a R(pf) + 6.

It remains to apply the coercivity estimate ([#.13) with p; = pS and py = pf, which gives (@.14);
the two asymptotic rates follow by inserting o = § and o = 62. O

Condition is a genuine assumption and cannot be deduced from the Lipschitz estimate
(4.2), which is an upper bound for the same quantity; together they express that A is bi-Lipschitz
on P,q, whence v < L. It is satisfied, for instance, when P C R™ is finite dimensional, A is of
class C'! on a neighbourhood of the compact convex set P,4 and the Jacobian A’(p) is injective with
infpep,, Omin(A'(p)) =t v > 0, where owin denotes the smallest singular value; the mean value
inequality applied along the segment [p2,p1] C Pua then yields (4.13). The constant v is therefore
an intrinsic measure of the amount of information carried by the observation operator, and the ratio
Ly /7 plays the role of a condition number for the identification problem: observation operators
averaging the state over long time intervals tend to reduce v without reducing L, accordingly,
and thus deteriorate the conditioning, whereas observations localized in time or in space usually
preserve a larger value of ~.

Finally, it should be emphasized that the structural assumptions made on the forward problem
restrict the admissible set. The well-posedness of Problem (P,) was obtained under (H,), namely
k =1—L,CZ% > 0, where Ci, is the constant of the trace inequality and L, the Lipschitz
constant of g(p, -). If the boundary law depends on the parameter through its Lipschitz constant, as
in g(p,r) = pg(r) with g Lipschitz of constant Lz, then P,q must be contained in {p : |p| LzCZ <
1} for the solution operator S to be defined. Moreover, all the constants appearing in Corollary
and hence L, in , blow up as & — 0T, so that admissible sets approaching the critical
threshold lead to severely ill-conditioned identification problems. Choosing P,q compact and
strictly contained in that region, as required by (H11), guarantees uniform bounds on all the
constants involved.

The results obtained above complete the analysis of the identification problem. Starting from
the well-posedness of the forward problem, we have constructed an observation setting, verified
that the associated least-squares functional is admissible for the abstract framework of the pre-
vious section, and deduced the existence of optimal parameters. We have then established the
three properties which characterize a regularization method, namely the existence of regularized
solutions, their stability with respect to the data at fixed «, and their convergence towards an
R-minimizing solution under the parameter choice rule (4.9). The coercivity condition has
finally been shown to be the precise assumption under which the reconstruction error is controlled
by the noise level, with an explicit rate. These results are independent of the particular form of
the nonlinear boundary law and apply to the whole class of models covered by (H;)—(H,) and
(H5)-(H13).

5. NUMERICAL EXPERIMENTS

The theoretical results established in the preceding sections are now illustrated on a prototype
one-dimensional inverse problem. Two concrete examples are presented. The first examines the
relationship between the noise level and the reconstruction error, and provides numerical evidence
for the convergence rate predicted by Theorem The second studies the influence of the
regularization parameter on the quality of the recovered parameter, and documents the behavior
of the Morozov discrepancy principle. Both examples are based on the same forward problem,
described below.
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Let @ = (0,1) and T = 1. The boundary is decomposed as I'y = {1} and I'; = {0}, with a
homogeneous Dirichlet condition enforced at = 0. The forward problem reads
up(x,t) — Uge (2, t) + u(z, t) = f(x,t), (x,t) € (0,1) x (0,1),
u(0,t) =0, te(0,1),
ug(1,8) = pu(l,t), te(0,1),
u(z,0) = up(x), z€(0,1),

(5.1)

where the source term and initial condition are
1
flx,t) =1+ B sin(wz) cos(t), wo(x) =0.32(1 —x).

The boundary law g(p,u) = pu is linear in both arguments and satisfies hypothesis (H2) with
Lipschitz constant L, = |p|; hypothesis (H4) holds on the admissible set P,q = [0.001, 0.95], since
Ip| C2 < 1 for all p in this interval. The observation space is Y = L?(0,T) and the observation
operator records the trace of the solution at the Steklov boundary:

(Co)(®) :=v(L,1),  Alp) = Clu(p) = ulp,1,) € L*0, T).

The exact parameter is pf = 0.4, and the noise-free observation is 2zt = A(pf).

For the numerical discretization, a uniform finite-difference grid with N = 120 spatial nodes
and M = 400 time steps is used, corresponding to mesh sizes Az = 1/120 and At = 1/400. The
fully implicit Euler scheme is employed for the time discretization; at each time step, the resulting
linear system is solved exactly by Gaussian elimination. The L?(0,7)-norm is approximated
by the composite trapezoidal rule. Noisy observations are generated as z° = 2z + n, where
1 is a random perturbation drawn from a standard Gaussian distribution and scaled so that
|20 — 2T||y = 6y := §||2T||y for the prescribed relative noise level §. The regularization parameter
a is selected by the Morozov discrepancy principle: given data z° with noise level dy, the parameter
a = () is determined as the unique solution of

IA(®S) = 2°lly =7y, T=101, (5.2)

solved by the bisection method on « over the interval [107?,50]. For a given a, the minimizer p?,
of JS over P,q is computed by Brent’s algorithm (one-dimensional bounded optimization).

Example 5.1 (Convergence rate as the noise level decreases). The first experiment validates
Theorem which predicts that the reconstruction error |[p® — pf|| is controlled by the noise
level with rate at most O(§), and at most O(v/9) in the general case. Nine noise levels are
considered,

0 € {0.5%,0.8%, 1.2%, 1.8%, 2.5%, 4%, 6%, 9%, 13%},

for each level, a single noisy observation is generated and the regularization parameter is deter-
mined by .

The results are collected in Table As 0 decreases from 13% to 0.5%, the noise norm dy
decreases proportionally, and the Morozov parameter a* decreases accordingly, allowing the reg-
ularized solution to approach p' more closely. The absolute reconstruction error decreases from
1.87 x 1072 at § = 13% to 6.52 x 10~* at § = 0.5%.

Figure[I] displays the reconstruction error as a function of the noise norm dy on a log-log scale,
together with the reference lines O(§'/2) and O(5). A global least-squares regression on the nine
data points yields a slope of 1.13 with coefficient of determination R? = 0.940, indicating a nearly
linear relationship between error and noise in this regime. The observed rate slightly exceeds
the theoretical lower bound of (9(\/5) guaranteed by Theorem under the sole assumption
of coercivity (£.13), and is consistent with the better rate O(6) which holds when the optimal
parameter satisfies the so-called source condition [IT]. The scatter around the regression line is
due to the randomness of the noise realization; averaging over multiple realizations at each level
would yield a smoother curve.
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TABLE 1. Reconstruction results for nine noise levels in Example refexampl.

Sy = ||2° — zt||y is the absolute noise norm, a* is the Morozov parameter, p* is
the reconstructed parameter, and e = |p*—p'| the absolute error. True parameter:
pl =0.4.
3 (%) dy a* P e=p -
0.5 228x1073 297 x10~% 0.399348 6.52 x 10~*
0.8 3.65x 1073 447 x10™* 0.398338 1.66 x 1073
1.2 548 x 1073 7.98x107* 0.398777 1.22x 1073
1.8 822x107% 1.03x10~% 0.397351 2.65 x 1073
25 1.14x1072 1.41x10~2 0.395972 4.03 x 1073
4.0 1.83x1072 2.25x1073 0.391620 8.38 x 1073
6.0 2.74x1072 345x 1072 0.390910 9.09 x 10~3
9.0 4.11x1072 6.04 x 1072 0.369492 3.05 x 1072
13.0 594 x 1072 7.67x 1072 0.381250 1.87 x 102

C—p'l»

Error ||p

Example 1 — Convergence rate under Morozov discrepancy principle
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FIGURE 1. Reconstruction error |[p’ — pf|| as a function of the noise norm &y

on a log-log scale in Example

The dashed line is the global least-squares

regression (slope = 1.13, R? = 0.94). The reference lines O(6'/?) and O(J) are
shown for comparison. The Morozov discrepancy principle is used for parameter
selection throughout.

Example 5.2 (Influence of the regularization parameter). The second experiment fixes the noise
level at § = 1.8% (dy = 8.22 x 1073, a single noise realization) and investigates the behavior of the

19

reconstructed parameter pS and the associated functionals as « varies over the range [10~7,10'].
Figure [2] illustrates the setting of the experiment. The left panel displays the Tikhonov func-

tional JZ(p) as a function of p for the Morozov-optimal parameter a* = 1.01 x 10~% determined
by (5.2). The functional exhibits a unique, clearly visible minimum at p* a 0.397, close to the

true value pf = 0.4. The convex shape of the landscape over P,; confirms, in this example,

the injectivity and the coercivity of the parameter-to-observation map established in general by
Proposition and Theorem The right panel of Figure [2] compares the exact observation

2" and the noisy observation z°; the perturbation is visible but moderate, consistent with the 1.8%

noise level.
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Example 2 — Tikhonov functional and observations

(a) Tikhonov functional J$(p) (b) Observation data z° vs exact z*
--- Truep'=0.4 0.6 4
0.044 Minimizer p* = 0.3971
0.5 1
0.03 1 0.4 4
i~y =
u?f, ~ 03
23 0.02 3

Exact observation z =A(p*)

0.00 4 \ 0.04 Noisy observation z° (6 = 1.8%)

00 02 04 0.6 08 0.0 02 04 0.6 08 10
Parameter p Time t

FIGURE 2. Regularized Example with § = 1.8%, a* = 1.01 x 1073, Left:
Tikhonov functional J3 (p) over the admissible set P,4 = [0.001,0.95]; the dashed
vertical line marks the true parameter p! = 0.4 and the dotted line marks the
minimizer. Right: exact observation zf = A(p') (solid) and noisy observation z°
(thin), both as functions of time ¢ € [0, 1].

Figure[3]examines quantitatively the dependence on «.. The left panel reports the reconstruction
error ||pS — pt|| as a function of a on a log-log scale. For large values of a, the regularization
term dominates and pulls p® toward zero, producing a large error. As o decreases, the data-fit
term gains importance and the reconstructed parameter approaches p', until the noise begins
to dominate and the error increases again; this is the typical semi-convergence phenomenon of
Tikhonov regularization. The Morozov parameter a* = 1.01 x 1072 (dashed vertical line) falls
very close to the optimal a (dotted vertical line) that minimizes the error, confirming the practical
efficiency of the discrepancy principle for this example.

The right panel of Figure [3| shows the L-curve, that is, the parametric curve a (HA(pi) -
2|y, a|[pd||?), which traces the trade-off between data fidelity and regularization. The charac-
teristic L-shape is clearly visible: a nearly vertical branch on the left (where « is small and the
residual varies little) and a nearly horizontal branch at the top (where « is large and the regular-
ization dominates). The optimal operating point, marked with a star, lies at the corner of the L,
again in close agreement with the Morozov parameter.

The two examples validate the three main theoretical predictions of Section [l The existence
result (Theorem [4.6)) is confirmed by the convergence of Brent’s algorithm in all 9 x 50 = 450
optimization problems solved. The stability result (Theorem is reflected in the smooth and
monotone dependence of the error on the noise level in Example 1. The convergence and rate
result (Theorem is documented quantitatively in Figure |1} with an empirical rate of order
O(6113) under the Morozov rule. The L-curve and the Morozov discrepancy principle provide
complementary strategies for parameter selection, both yielding reconstructions of comparable
quality in Example 2. We note, however, that the empirical rate deteriorates for the two largest
noise levels in Table[l] (6 = 9% and 13%), where the nonlinear effects of the Steklov boundary law
become non-negligible; this is consistent with the theoretical hypothesis , which may require
a smaller admissible set for strong perturbations.

CONCLUSION AND FUTURE PERSPECTIVES

This article developed a complete analytical framework for an inverse parameter identification
problem governed by a nonlinear parabolic equation with a Steklov-type boundary condition. The
unknown parameter acts simultaneously on the source term, the nonlinear boundary law, and the
initial datum, a configuration which introduces specific nonlinear couplings and has not, to the best
of our knowledge, been analyzed before in the inverse problems literature. The main contributions
can be summarized as follows. The global well-posedness of the forward problem is established



EJDE-2026/66 INVERSE PROBLEM GOVERNED BY A PARABOLIC STEKLOV EQUATION 21

Example 2 — Regularization parameter selection (6 = 1.8%)

(a) Reconstruction error vs a (b) L-curve
1

HE
o
s
1

Regularization af|p

— =" Qporozoy = 1.01e — 03 Y& Optimal a
..... @gpe = 1.00e — 07 1% B Morozov a

+ v T T — — T T T 1078 < — T
1077 1076 107° 1074 1073 1072 107! 100 10! 1072 10!
Regularization parameter a Residual |A(pg) — 2|y

FIGURE 3. Regularized Example with § = 1.8%. Left: reconstruction error
lp%, —p'|| as a function of a (log-log scale). The dashed line indicates the Morozov
parameter a* = 1.01x1073; the dotted line indicates the optimal o minimizing the
error. Right: L-curve, showing the trade-off between the residual ||A(pS) — 2°|y
and the regularization term «||p?||?; the star marks the optimal point and the
square marks the Morozov point.

via a fixed-point argument and a direct energy estimate. The Lipschitz continuity of the solution

map p

> u(p) in the space X = L2(0,T;V) N HY(0,T;V’) is proved in integrated form. The

abstract inverse problem is formulated as a minimization of a least-squares cost over a compact
admissible set, and existence of at least one optimal solution is established. A complete Tikhonov
regularization theory is developed: existence of regularized solutions, stability with respect to noisy
data at fixed «, convergence to an R-minimizing solution under the parameter choice rule «(§) —
0, 62/a(d) — 0, and an explicit reconstruction error estimate under a coercivity condition on the
parameter-to-observation map. Finally, numerical experiments on a one-dimensional prototype
confirm the theoretical convergence rate, yielding an empirical order of O(5**?) under the Morozov
discrepancy principle, consistent with the bound O(\/g) guaranteed by the theory.
Several directions for future research arise naturally from the present work.

(a)

The identifiability of the unknown parameter has been established in a linear subclass
(Proposition and Theorem . In the general nonlinear setting, injectivity of
the parameter-to-observation map would require proving the injectivity of its linearized
version, which typically calls for Carleman estimates or observability inequalities adapted
to nonlinear Steklov boundary conditions. Deriving such results for the class of models
considered here is an open problem that we intend to address in a follow-up work.

The conditional stability estimate of Theorem is of Lipschitz type and relies on
the coercivity assumption . In many parabolic inverse problems, only Hdélder or
logarithmic stability can be expected in the absence of such a bound, the degeneracy being
caused by the smoothing effect of the parabolic semigroup. Extending the analysis to these
weaker moduli of continuity, and determining the corresponding optimal convergence rates
and parameter choice rules, constitutes a natural continuation of the present work.

The framework developed here assumes a finite-dimensional admissible parameter set.
An extension to infinite-dimensional parameter spaces —relevant when, for instance, the
boundary law g(p, ) or the source term f(p,-) are themselves unknown functions— would
require replacing strong compactness by weak compactness and adapting the stability
arguments accordingly. Such a generalization is left for future investigation.

The numerical experiments of Section 5 address the one-dimensional setting with a scalar
parameter. A more complete computational study—including higher-dimensional do-
mains, distributed parameters, adaptive algorithms for regularization parameter selection,
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and a systematic analysis of instability regimes caused by poor observation configurations—
would complement the present theoretical analysis and further demonstrate the practical
scope of the proposed framework.
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of this paper.

REFERENCES

[1] G. Bao, P. Li, F. Triki; Multi-frequency inverse problems in parabolic equations, Journal of Inverse and Ill-posed
Problems, (2022), 30(2), pp. 301-320.

[2] L. Bejenaru, J. I. Diaz, I. Vrabie; An abstract approzimate controllability result and applications to elliptic and
parabolic system with dynamics boundary conditions, Electronic Journal of Differential Equations, (2001), 50,
pp. 1-19.

[3] V. J. Below, M. Cuesta, G. P. Mailly; Qualitative results for parabolic equations involving the p-Laplacian
under dynamical boundary conditions, NorthWestern European Journal of Mathematics, (2018), 4, pp. 59-97.

[4] F. Bergamasco, E. Rossi, T. Taddei; Numerical reconstruction for parabolic inverse problems with complex
boundaries, Computational Methods in Applied Mathematics, (2025), 25(1), pp. 123-145.

[5] L. Bourgeois, V. Ivanov; Stability estimates for inverse problems for parabolic equations, Inverse Problems,
(2018), 34(3), 035005.

[6] L. Bourgeois, K. Ivanov; A numerical approach for an inverse problem for the heat equation, Inverse Problems,
(2018), 34(11), 115001.

[7] H. Brezis; Functional Analysis, Sobolev Spaces and Partial Differential Equations, Springer, 2011.

(8

M. Choulli; Inverse problems with nonlinear boundary conditions: theory and applications, Applied Mathe-
matics Letters, (2023), 142, 108575.
[9] C. Enache; Blow-up phenomena for quasilinear parabolic equations, Journal of Mathematical Analysis and

Applications, (2011), pp. 288-292.

[10] C. Enache; Blow-up phenomena for a class of quasilinear parabolic problems under Robin boundary condition,
Applied Mathematics Letters, (2011), 24(3), pp. 288-292.

[11] H. W. Engl, M. Hanke, A. Neubauer; Regularization of Inverse Problems, Springer, 1996.

[12] L. C. Evans; Partial Differential Equations, American Mathematical Society, 2010.

[13] B. Harrach, Y. Lin; Uniqueness and reconstruction for inverse problems in parabolic PDEs, SIAM Journal on
Mathematical Analysis, (2021), 53(2), pp. 1256-1280.

[14] V. Isakov; Inverse Problems for Partial Differential Equations, Springer, 2006.

[15] J. Janno; Inverse problems with nonlinear Steklov boundary conditions, Mathematical Methods in the Applied
Sciences, (2019), 42(14), pp. 5051-5069.

[16] B. Kaltenbacher, A. Neubauer, O. Scherzer; Iterative Regularization Methods for Nonlinear Inverse Problems,
Springer, 2019.

[17] M. V. Klibanov; Carleman estimates for inverse problems, Inverse Problems, (2022), 38(5), 055003.

[18] A. Lamaizi, A. Zerouali, O. Chakrone, B. Karim; Ezistence of Weak Solutions for a Kind of Parabolic Steklov
Problems, Journal of Nonlinear Modeling and Analysis, (2025), 7(3), pp. 782-793.

[19] J. L. Lions; Quelques méthodes de résolution des problémes auzx limites non linéaires, Dunod, 1969.

[20] J.-L. Lions, E. Magenes; Non-Homogeneous Boundary Value Problems and Applications, Vol. I, Springer, 1972.

[21] Z. Ma, S. Zou; Optimal Control Theory, Springer Singapore, 2021.

[22] P. D. Panagiotopoulos; Hemivariational Inequalities, Springer, 1993.

[23] L. E. Payne, P. W. Schaefer; Lower bounds for blow-up time in parabolic problems, STAM Journal on Mathe-
matical Analysis, (2007), pp. 1196-1205.

[24] R. Temam; Infinite-Dimensional Dynamical Systems in Mechanics and Physics, 2nd Edition, Springer, 1997.

[25] H. Yuan, Y. Zheng; Regularization and stability in time-dependent inverse problems, Computers & Mathe-
matics with Applications, (2020), 79(11), pp. 3468-3483.

[26] J. Zou, W. Rundell; Parameter identification in nonlinear parabolic equations, Journal of Computational and

Applied Mathematics, (2020), 371, 112646.

OTHMANE BAIz
GROUPE DE RECHERCHE ANALYSE MATHEMATIQUE ET CALCUL SCIENTIFIQUE (AMSC), FP OUARZAZATE, IBN ZOHR
UNIVERSITY, MOROCCO

Email address: othman.baiz@gmail.com



EJDE-2026/66 INVERSE PROBLEM GOVERNED BY A PARABOLIC STEKLOV EQUATION 23

BrAaHIM EL-AQQAD
GROUPE DE RECHERCHE ANALYSE MATHEMATIQUE ET CALCUL SCIENTIFIQUE (AMSC), FP OUARZAZATE, IBN ZOHR
UNIVERSITY, MOROCCO.
LABORATORY FOR SCIENTIFIC RESEARCH AND PEDAGOGICAL INNOVATION, CRMEF DRAA TAFILALT, ANNEX-OUARZAZATE,
MoRrocco

Email address: elagadbrahim@gmail.com



	1. Introduction and problem statement
	2. Existence of global weak solutions
	3. Abstract inverse problem
	4. Regularized inverse problem
	5. Numerical experiments
	Conclusion and future perspectives
	Acknowledgments

	References

