OPTIMAL DECAY RATE FOR A DEGENERATE
HYPERBOLIC-PARABOLIC COUPLED SYSTEM*
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Abstract. We investigate the long-time asymptotic behavior of a one-dimensional degenerate
hyperbolic-parabolic coupled PDE system modeling diffusion-wave interactions with degeneracy at
the interface. The system consists of a degenerate heat-wave equation on a finite interval, where
the degeneracy strengths of the diffusion and wave propagation are characterized respectively by
the parameters a and 3, with o, 8 € [0,1). For smooth initial data, we establish that the system

exhibits polynomial stabilization to zero as ¢ — oo, with an explicit polynomial decay rate of order
2—a)(2=8)
2(1-a)+8 °
system operator further confirms the optimality of this decay rate. This constitutes the first proof

of the sharp decay rate estimate for degenerate heat-wave coupled systems over the full range of
exponents «, 8 € [0,1). Our methodology combines frequency-domain techniques with asymptotic
properties of Bessel functions and a detailed analysis of the underlying Sturm-Liouville structure.
The results reveal the stabilizing role of degenerate diffusion and provide novel insights into the
interplay between degeneracy and dissipation in hyperbolic-parabolic coupled systems.

determined by the degeneracy exponents o and 3. A rigorous spectral analysis of the

Key words. Degenerate PDE, heat-wave system, optimal polynomial decay rate, resolvent
estimates.

1. Introduction.

1.1. Problem formulation. Coupled heat-wave systems arise in physical and
engineering contexts involving fluid-structure interactions, where energy propagates
through both conservative and dissipative mechanisms. Such systems appear in ap-
plications such as airflow dynamics along aircraft surfaces and heart valve motion (see
[27]). In classical settings, the interaction between hyperbolic and parabolic dynam-
ics has been extensively studied under uniform, non-degenerate conditions. However,
in many real-world applications, such as fluid flow in narrow channels or heat con-
duction in inhomogeneous media, the diffusion coefficient or wave speed may vanish
at the interface or boundary, leading to degenerate equations (see [1, 14]). These
degeneracies significantly alter the dynamics, reduce regularity, and complicate the
spectral structure of the associated operators. Despite growing interest in degener-
ate parabolic and hyperbolic equations separately, little is known about the precise
long-time behavior of fully degenerate coupled systems. Our work addresses this gap
by analyzing a prototypical one-dimensional model with degeneracy on both compo-
nents and establishing optimal decay rates that reflect the precise influence of the
degeneracy parameters.

In this paper, we focus on the long-time behavior of a coupled degenerate heat-
wave system, which is described by the following one-dimensional partial differential
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equations:
uge(x,t) — (bug)z(z,t) =0, x € (—1,0), t >0,
we(z,t) — (awy)z(z,t) =0, x € (0,1), t >0,
u(—1,t) = w(1,t) =0, t>0, (1.1)
w(zx,0) = wo(z), x € (0,1),

u(z,0) =up(x), wu(x,0) =wvo(z), =€ (-1,0),
coupled through the following transmission conditions at x = 0:
u(0,t) = w(0,t), (buy)(07,t) = (aw,)(0",t), VtcR,. (1.2)

Here wg, vg and wq are the initial data. The functions a(x) and b(z) represent the
diffusion and wave speed coefficients, respectively. Both degenerate at the interface
point x = 0, and are given by

(1.3)

a(z) = x%, z€ (0,1, 0<a<,
ba) = (~2)%, =€ [-1,0),0<F<1.

Note that we focus on the range of exponents 0 < o, 8 < 1. Whena > 1or 8 > 1,
the nature of the model changes fundamentally, entering into the strongly degenerate
regime as characterized by Cannarsa et al. in [12, 13] (see Remark 2.5 below).

The natural energy E(t) of system (1.1)—(1.2) at time ¢ > 0 is defined as

-1

0 1
E(t)zE[/ (b(@) e (@, DI + e, £)2) da:+/0 wiz,)Pdz], Vi< R,

A direct calculation yields that LE(t) = —fol a(z)|wy(z,t))?dz <0, Vt € R,.
Hence, the energy F(t) is non-increasing over time, with dissipation arising from the
heat conduction mechanism in the subregion (0,1). The objective of this work is to
establish a sharp decay rate for the system over the range of exponents 0 < o, 8 < 1.

1.2. Main contributions. Recent progress on decay rates for hyperbolic -
parabolic coupled systems is summarized below, with the key contributions of this
work presented in Table 1.1:

TABLE 1.1
Decay Rates for Degenerate Coupled Heat-Wave Systems: Past Results and New Contributions

Source(Year) Exponent Range Decay Rate Op;g::illlsity

[38] (2(;2?)(,2[(3’)3(]3)(2004), a=B=0 -2 Ves

20] (2020) aelo,1), =0 = No

[32] (2022) a€0,1), =0 | Piecewise polynomial No

[19] (2023) a€l0,1), B=0 e Unknown

This work a,Be01) R e Yes
>Special case 1 a€l0,1), B=0 t—% Yes
>Special case 2 B€0,1), a=0 t*% Yes

e Zhang and Zuazua [38, 39] investigated the constant-coefficient coupled heat-
wave system (o = = 01in (1.1)) under two distinct transmission conditions.
Through detailed spectral analysis, they established the optimal polynomial
decay rate t~2 for smooth initial conditions. The same optimal decay rate
was also obtained by Batty et al. [7] for the system with Neumann boundary
condition at the end of the wave component, using frequency domain method.
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e Han et al. [20] examined the stabilization effect of degenerate parabolic op-
erators in coupled systems, considering constant-coefficient wave equations
coupled with degenerate parabolic equations (8 =0, « € [0,1) in (1.1)(1.2)).

3—a

For smooth initial conditions, they derived the decay rate t~ 2(0-=) | noting its
non-optimality as @ — 0% due to its inconsistency with the known optimal
rate t~2 given in [38].

e Tebou [32] subsequently refined the estimates for 8 = 0, obtaining piecewise
polynomial rates:

— t72 for a € [0, 1];

)
_ tiﬁ for a € [i %]7
_ 9—6a_ 13
— {730 for a € [571]5
TS fora € [2,1).

e Most recently, Han et al. [19] derived the unified decay rate t~1=a for 8 =0,
a € [0,1). However, the optimality of this rate remains undetermined.

In contrast, the stability and sharp decay behavior for the jointly degenerate
casewhere both the parabolic and hyperbolic components simultaneously degenerate
(i.e., a, B € [0,1))has remained unexplored.

This work makes two fundamental contributions: -

e We rigorously confirm the optimality of the decay rate ¢t~ 7=« for the heat-

degenerate case (8 =0, a € [0,1)), originally established in [19].
_(2=a)(2=8)
e More significantly, we establish the optimal polynomial decay rate t~ 2T-=)+5

for the jointly degenerate system, with a, 8 € [0,1). This result quantifies
the combined effects of degeneracy in both diffusion and wave components,
generalizing the partially degenerate case (8 =0, o € [0,1)) from [19].

Our findings reveal a dual role of degeneracy: for fixed 8, increasing « (enhanc-
ing heat degeneracy near the interface) accelerates decay, while for fixed «, increasing
B (intensifying wave degeneracy) decelerates decay. Consequently, heat degeneracy
enhances stabilization, whereas wave degeneracy tends to impede it. This suggests
the following physical interpretation: stronger heat degeneracy (larger «) may facili-
tate deeper wave penetration from the wave medium into the dissipative heat region,
thereby enhancing energy dissipation. By contrast, increased wave degeneracy (larger
B) slows wave propagation, delaying energy transfer to the interface and ultimately
weakening the stabilizing influence of the parabolic component.

This work presents the first rigorous analysis of optimal energy decay rates for
jointly degenerate coupled heat-wave systems. Unlike prior studies on non-degenerate
or partially degenerate configurations, the simultaneous degeneracy of both compo-
nents poses substantial analytical challenges, particularly in the spectral analysis of
the associated non-self-adjoint operator. Our main result establishes the sharp poly-
nomial decay rate with explicit dependence on the degeneracy exponents o and .

The proof combines frequency-domain techniques with refined asymptotic analysis
of Bessel functions, and careful analysis of the underlying degenerate Sturm-Liouville
problem. More specifically, we exploit properties of Bessel functions to analyze the
spectrum of the system operator and thereby derive a lower bound on the growth of
the resolvent norm along the imaginary axis. We then establish an explicit resolvent
estimate showing that this lower bound is also an upper bound. An application of
the frequency-domain criterion for polynomial stability in [5] then yields the optimal
decay rate of the system.

These findings advance the understanding of dissipation mechanisms in mixed-
type PDEs with interface degeneracies.

1.3. Related work. This subsection reviews closely related literature on con-
trollability and stability for coupled degenerate PDE models.
In [41], null controllability was established for a constant-coefficient heat-wave
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system with boundary control acting on the wave component. Significant results on
decay rates for coupled heat-wave PDEs in networked or multidimensional settings
appear in [4, 8, 15, 21, 31, 40] and the references therein. Notably, existing literature
primarily focuses on constant-coefficient heat-wave systems, corresponding to o =
B =01in (1.1).

The degenerate heat equation

Wt — (xawl‘)w = 07 T e (07 1)7t > 07

was first studied in the context of controllability using Carleman estimates in [12, 14]
for a € (0,2). Subsequently, the coefficient * was generalized to functions a(x) ~ %,
with a € (0,2) in [2]. Further generalizations involving singular potentials were also
studied, such as

A
w=0, ze€(0,1),t>0,

Wt — (l«alww)m — e

which arise in quantum mechanics and combustion theory (see [6, 10, 11]). The null
controllability and stability properties of such systems, as well as the corresponding
Carleman estimates, have been studied in [33, 34] for the case a; = 0, as = 2, and
in [35] for ay € [0,2) and certain suitable choices of ag and A. Further developments
can also be found in the monograph [17].

Compared with the degenerate heat equation, the degenerate hyperbolic equation

up — (Pug)e = 0, 2 € (0,1),t > 0,

has received considerably less attention. In [1], the authors analyzed the observability
of such degenerate wave models for two distinct parameter ranges: 0 < 8 < 1 and
1 < B < 2. Furthermore, they established exponential decay estimates for both linear
and nonlinear feedback control frameworks.

1.4. Article’s structure. The paper is organized as follows: In Section 2, we
present the main results. Section 3 provides the necessary preliminary material for the
subsequent analysis. Sections 4 and 5 are devoted to the proofs of the main results.
Finally, Section 6 offers concluding remarks and outlines several open problems.

2. Functional setting and main results. We first introduce the following
weighted Sobolev spaces. Fix § € [0,1), and define

2|24’ € L*(~1,0),
Hé,o(—l,O) = {u S Hé(—l,O)’u(_l) — 0};
H3(-1,0) == {ue Hé(—1,0)||x‘/3u/ € H'(~1,0)}.

HY(-1,0) := {u € L*(—1,0)

u is absolutely continuous on [—1,0), } .

(2.1)

Here Hj(—1,0) and Hj ;(—1,0) are Hilbert spaces endowed with the following inner
product:

0 [ R
(u, U>Hé(71,0) = /_1 (\x|5u’(x)v’(ac) —|—u(x)v(x))dx, Yu,v € Hé(—l,O),

and

0

(u, ”)Hé’o(—l,o) = /1 lz[Pu (2)v (z)dx, Yu,v € Hjo(—1,0).

By the weighted Hardy’s inequality, one easily sees that the norm ||-|| m, i equivalent

to the norm ||- ”Hé Additionally, we note that Hé_o(—L 0) corresponds to the classical
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Sobolev space Hi(—1,0) := {u € H'(—1,0)|u(—1) = 0} as B = 0. Moreover, we will
use the facts that Héﬁo(fl, 0) is continuously embedded in C'([—1,0]) and is compactly
embedded in L%(—1,0) ([1, 12, 18, 26]).

Notice that H,(0,1), H},(0,1), and HZ(0,1) for any a € [0,1) can be defined
in the same manner. Let us now introduce the energy space as follows:

H=Hpj,(—1,0) x L*(—1,0) x L*(0,1),

with X = /7Ty v+ 1600 + Mgy VX = (Fog,h) € .
Then, for X = (u,v,w) € H we define a linear unbounded operator A : D(A) C
H — H by

AX = (1}, (biig)s (awx)x),VX = (u,v,w) € D(A), (2.2)
where
D(A) := {(u,v,w) €H :0|peo = wo—o, (Dtz)|smo = (awm)u:()}7 (2.3)
with

ue Hi(-1,0)NHj, —;,O), v e Hgo(-1,0), } -

- (
= {(“’“’w) €| we H2(0,1) NHLH0,1).

Letting X (t) = (u(-,t),us(-,t),w(-,t)) € H, the system (1.1)-(1.2) can be refor-
mulated as the evolution equation:

d
{ S X(1) = AX (1), V>0, (2.4)
X(0) = (uo, vo, wo).

The first result concerns the well-posedness and strong stability of the evolution
equation (2.4), which is achieved by the classical semigroup theory and the use of
Bessel functions.

THEOREM 2.1. Let A and H be defined as above. Then:

(i) A generates a Cy-contraction semigroup et on H;

(i) o(A) NiR = 0, and thus, according to [3, 25], the semigroup et is strongly

stable.

Now, we give the main results about the long-time asymptotic behavior for system
(1.1)-(1.2).

THEOREM 2.2. Assume that the degenerate coefficients a(x) and b(z) are defined
by (1.3), with degeneracy orders o € [0,1) and € [0,1), and (ug,vo, wo) € D(A) is
the initial state . Then, the following hold:

(i) For classical solutions of the system (1.1)-(1.2), there exists a constant C > 0
such that

_@2-)(2=5)
| (w, wg, w)||3 < Ct™ 20=F5 || (ug, vo, wo) || p(ay, t>1. (2.5)
(i) For any o € [0,1) and B € [0,1), we have

2-a)(2-p)

_Su{ 50 3C >0, vt > 1, }
2M—a)+p5 P

Il (w, we, w)lle < Ct™7|| (o, vo, wo)llp(a)

Therefore, the decay rate given in (2.5) is optimal.

REMARK 2.3. Theorem 2.2 establishes the optimality of the decay rate t_%,

which was originally derived for the heat-degenerate case (a € [0,1), 8 =0) in [19].
2(2—8

-5)
As a byproduct of our analysis, we also obtain the optimal decay rate t™ 275 for the
heat-wave system with wave-component degeneracy (a =0, 8 € [0,1) in (1.1)-(1.2)).
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REMARK 2.4. Theorem 2.2 reveals that for fized B, decreasing o intensifies heat-
induced dissipation yet paradozically diminishes the decay rate of the system. This
phenomenon is similar to the “over-damping effect” in wave equations (see [30]),
where excessively strong damping slows down energy decay rather than enhancing it.

REMARK 2.5. Throughout this paper, we assume that the degeneracy exponents
a and B lie in the interval [0,1). Under this assumption, the differential operators
(—2)Pug), and (z%wy), in equation (1.1) are referred to as weakly degenerate. It is
worth noting that when o > 1 or 8 > 1, the corresponding operators become strongly
degenerate (see, e.g., [1, 12, 13]). In such cases, the homogeneous Neumann boundary
conditions lim,_,o- (—2)Pu, = 0 and lim,_,o+ 2w, = 0 are automatically satisfied at
the degenerate point x = 0. As a result, the model described by equations (1.1)(1.2)
may no longer be suitable in the strongly degenerate regime. Future research should
aim to develop a well-posed alternative model that incorporates appropriate transmis-
sion conditions at the interface for such hyperbolicparabolic coupled systems.

3. Preliminaries. This section introduces the well-known Bessel functions and
outlines some of their fundamental properties. We then examine a specific type of
Sturm-Liouville problem that arises in subsequent computations. The structure of
solutions to this problem will be determined using the Bessel functions. Throughout
this paper, we adopt the convention that the square root of any complex number
A =re’? with r >0 and 6 € [—7, 1), is defined as VA := \/r /2.

3.1. Bessel functions.

3.1.a. Definition of Bessel functions. Let us begin by introducing the definition
of Bessel functions. For any fixed real number v, the Bessel functions of order v are
solutions to the following differential equation:

2y"(2) + 2y (2) + (22 = v?)y(z) = 0,Vz € (0, +00). (3.1)

This equation is commonly referred to as the Bessel’s differential equation of order v.
It is well known that there are four standard solutions to Bessel’s differential equation
(see [36]). In this work, we will focus exclusively on the first type of Bessel functions,
defined as follows: for v ¢ N,

> —1)™ 1
J:I:V(Z) = Z Cimz2miyv Cyim = ( ) (

2m=+tv
' miT(mtv+1) 5)

,V2>0, (3.2

m=0

where I'(-) denotes the Gamma function.

The Wronskian determinant of J,(z) and J_,(z) is given by —%(zw) (see [36,
Section 3.2]). Consequently, J, and J_, are linearly independent solutions of (3.1)
for any real and non-integer v. Thus, the pair (J,,J_,) forms a fundamental system
of solutions to equation (3.1), generating a vector space of dimension 2.

3.1.b. Properties of Bessel functions. As shown in [36, Chapter 3], the Bessel
function J,(z) is an entire function of z for each fixed v € C. Moreover, from (3.2),

it is straightforward to observe that
Ju(2) ~ oz and J_p(2) ~ ¢, g2z Vas z — 07, (3.3)

where C:O = W and ¢, g = ﬁ For the asymptotic behavior as |z| suffi-
ciently large, the Bessel functions (3.2) admit the following representation (see Lebe-
dev [23, Section 5.1.6]):

Ju(2) = (%)E [cos(z — %mr - iw)(l + O(#))
(v=3)+3) 1

- = ="sin(z — %Vﬂ'— iﬂ')(l—l—O( ))] (3.4)

2|
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valid for |arg z| < m — ¢ with any small § > 0. Additionally, the Bessel functions
satisfy the following recurrence relations:

2J0(2) — vy (2) = —2Jy1(2), 2J(2) + v, (2) = 2J,_1(2). (3.5)

3.1.c. Location of the zeros of the Bessel functions J,(z). The distribution of
the zeros of the Bessel functions J,(z) has been thoroughly studied in Watson [36]
and Lebedev [23]. Specifically, for any real v > —1, J,(2) has no complex zeros and
possesses an infinite number of real zeros, all of which are simple except possibly at
z = 0. Furthermore, the zeros of J,(z) exhibit several useful properties, which are
summarized in the following lemma.

LEMMA 3.1. [13, 23, 36] For any v > —1, J,(z) has no complex zeros and
possesses an infinite number of real zeros. Let j,,,mn > 1, denote the positive zeros.
Then:

(i) The sequence {j, n}tn>1 s infinite and strictly increasing, with j, , — +00 as
n — oo.

(i) The zeros of J,(2) satisfy the asymptotic expansion:

_ (+y 1) 42 —1 +O<1) L
v — T — = < | T — — ] asn Q.
Jvin 2 4 8(n+ v — )7 n3

(iii) For any v € [0,3] and n > 1, the zeros j,., satisfy

m+l Yy <jn<amr Lo
n+—-—- v <m(n+ - —<).
T 9 g = =T 18

These results are classical, and complete proofs can be found in Watson’s treatise
[36].

3.2. The Sturm-Liouville problem.
3.2.a. The homogeneous equation. As an application of Bessel functions, we first
consider the following ordinary differential equation:

— (2% (z)) = Mw(z),Vz € (0,1), a € [0,1), A e C. (3.6)

The general solution structure for this equation has been established in [13, 18, 22],
as summarized in the following proposition:

PROPOSITION 3.2. For v, := =2 with o € [0,1), there exist constants Cy and
C_ such that (3.6) admits the general solution:

w(z) = CL®L (N, x) + C_®,(\,z), Ve (0,1), (3.7)

where ®L(\, x) ==z 2 J,, (ﬁ\[\nga), O (N a)i=a 2 J_,, (2%

[e3%

Proof. Following the methodology in [13, 18], we employ the ansatz

w(x) = x%y(z(x)), z(x) L\/XJCQ?X’

:2704

where y(z) is assumed to be a smooth function. Direct substitution reveals that y(z)
satisfies the classical Bessel equation:

2V

Y@+ () + (7= (G

Since v, = é:—g € (0, %] is non-integer, the fundamental solutions to (3.8) are

Jy. (z) and J_,_(z), yielding the general solution (3.7). O
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3.2.b. The non-homogeneous equation. We now consider the associated non-
homogeneous equation:

(z9w' () + Aw(z) = £(z), Yz € (0,1), a €[0,1), A€ C, (3.9)

for £(z) € L2(0,1). The general solution is derived via the variation of parameters
formula, using the fact that the Wronskian determinant of J,(z) and J_,(z) is given
by —%&”ﬂ for v ¢ Z; see [36, Section 3.2].

PROPOSITION 3.3. For any a € [0,1), let vy, ®L (N, ), and @, (\,x) be defined
as in Proposition 3.2. Then for any £(x) € L%(0,1), there exist two constants Cy and
C_ such that equation (3.9) has the following general solution: Yx € (0,1),

w(w) = C+(I)i:(>‘a (E) + C*(P; ()‘» CL’)

)/Omf(T)(QZ()\,x)‘I)a()\,T)—@;F(A,T)@a()\,a:))dr (3.10)

(2 — a)sin(vam

™
—+

The proof follows the standard variation of parameters method and is detailed in
[37].

3.3. Asymptotics and technical estimates. We now establish fundamental
properties of the solutions ®*(\, z). Let

()= (2ﬁ)2m+%

Vo ,mM - Yva,m 2«

L e (A = c;mm(;l/i)m_ua.

Using the series expansion (3.2), we derive

Vo,

L\ a) =Y & NPT ei(\a) = Y&, (N2, (3.1

m=0 m=0

from which we obtain the asymptotic behavior:
L (N, x) ~ 6270()\)“%1*“, S (N z)~ ¢, o(A) asz — 07, (3.12)

Applying the recurrence relation (3.5), we derive the derivative relationships:

a 1 2 2o 1o 2 2o
xf(q>;)w(A,x)=(1—a)x—aJya(ﬂﬁxT)—ﬁxTle(%aﬁxT), (3.13)

and

a —a 2 —a
25 (D0)e(N2) = —VAz 2 Ty, (27\5\3022 ) (3.14)
-«
Then using (3.2) again, we obtain, as z — 0%,

2 (1), (N, z) ~ (1—a)& O(/\)x_%, 22 (D)) (N, x) ~ —\[\51__%70(/\)331_%. (3.15)

Vo,

Thus, we observe from (3.12) and (3.15) that ®X(\,-) € HL(0,1).
4. Well-posedness and spectral analysis.

4.1. Well-posedness (proof of Theorem 2.1—(i)). In this subsection, we
establish that the operator A associated with the degenerate coupled system (1.1)-
(1.2) is the infinitesimal generator of a Cy contraction semigroup e** on . This
result proves the well-posedness of the evolution equation (2.4).

We now prove Theorem 2.1-(i).
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Proof of Theorem 2.1—(i). We employ classical semigroup theory. A direct cal-
culation shows that for any X = (u,v,w) € D(A),

1
Re(AX, X)y = 7/ alw,|*dz <0,
0

which implies that the operator A is dissipative.

To proceed, it suffices to verify that 0 € p(.A). If this holds, then since p(.A) is an
open set, there exists a sufficiently small A > 0 such that R(A —.A) = H. Combining
this with the dissipativeness of A, it follows from [28, Theorem 1.4.6] that D(A) is
dense in H. Consequently, by the Lumer-Phillips theorem (see [28]), the operator .4
generates a Cy contraction semigroup et on H.

To show that 0 € p(A), we first prove the existence of the inverse operator A~!.
For any given (f,g,h) € H, consider (u,v,w) € D(A) satisfying

A(u,v,w) = (f,g,h). (4.1)

Combining this with (1.3), we obtain the system

v=f in Hj,(-1,0),

((7I ﬂuﬂ)’ﬁ =9 in L2( 170)7

(z*(W)z)z = h in L%(0,1), (4.2)
u(=1) = w(1) = 0, v(0) = w(0),

(—2) ua(07) = 2w, (07)

Following the classical ODE methods, we solve for u and w explicitly, obtaining con-
stants C7, Co, C3, C4 such that

O (—x) P — (=s)1-F
u(z) = Cy(—z) =P + Cy —|—/ (( ) — (=9) )g(s)ds,
z a:xl—a _ 81}0‘ B (4.3)
w(z) = Cyxl~* + Oy +/0 ( o )h(s)ds.

Let C;1 := (C1,Cs,C5,Cy). Using the boundary and transmission conditions in
(4.2), we derive the matrix equation: M;C1T = F1, where

1 1 0 0 — 0 (5 g(s)ds
M, = 8 8 é } , Fp:= fo (1 ;(%)) (s)ds
1-8) 0 (I1-a) O 0

Since det M; = —(1—/3) # 0 for any S € [0, 1), there exists a unique solution (u, v, w)
o (4.2), given by v(z) = f(x), = € (—1,0), and

-«

)= (=) [ T s + 0] (127 1)

0 (_p\1=B _ (_g)1—B 0 1 _(_g)1-8
+/x (( ) 172 ) )g(s)ds—/_1 (”)g(s)ds, x € (—1,0);

w(z) = —[/01 A h(apds + £(0)] a0 +/Om (= hs)ds

11—«
+1(0), € (0,1).

Thus, A~! exists. To complete the proof, it remains to verify that A~"' is bounded.



10 Z.J. HAN, K. YU AND E. ZUAZUA

A direct calculation yields

8 ,é
[COLTH P \ [ A0 + O -0 g,
+ H i 9<S>d51 1)
<Oy vy * N9ll ooy + 1l 2oy
and
1 1— slfoz o
HwHL2(o,1) S‘/ (7)’1(5)‘13’“"7 HL2(0,1) +2[7(0)]
+ H/ 11—« )h(s)ds‘ L2(0,1)

SC(HfHH}S,O(fl,O) + HhHL2<0,1))'

Here we have used the estimate |f(0) |f_ (s)ds| < iﬁH(—x)gf’HLz(_l_o).

Consequently, we obtain ||(u, v, w)| 3 S C|\|(f,g,h)||%, which implies A~ € B(H).
Therefore, 0 € p(A). This completes the proof of Theorem 2.1-(i), establishing the
well-posedness of system (1.1)-(1.2). O

4.2. Spectral analysis. This subsection is devoted to analyzing the distribution
of the spectrum of the operator .A. We begin by showing that 4 has no spectrum on
the imaginary axis. Then, it follows from the spectral criterion for the strong stability
of bounded Cy-semigroups established by Arendt and Batty [3] and Lyubich and Vu
[25] that the semigroup e'A is strongly stable on .

4.2.1. o(A) NiR = () (Proof of Theorem 2.1—(ii)). We first present the
following lemma, whose proof is given in Appendix A.

LEMMA 4.1. LetY := HE(—I,O) N Hé,o(—l,O) for any B €[0,1). Then space Y
is compactly embedded in H;}’O(fl7 0).
Proof of Theorem 2.1—(ii). We now establish that o(.A) NiR = ). Note that the
spaces Hé,o(_la 0) and H;(’O(O7 1) are compactly embedded in L?(—1,0) and L?(0,1),
respectively. Combined with Lemma 4.1, this implies that the space H is compactly
embedded in H. From Theorem 2.1-(i), we know that 0 € p(A), and that A~! is an
isomorphism from H onto D(A) endowed with the graph norm. Furthermore, D(A)
is continuously embedded in H. Consequently, A~! is a compact operator on H. This
implies that the spectrum of A~! consists only of eigenvalues with finite multiplicity,
and the only possible accumulation point is at the origin. By the spectral mapping
theorem for the point spectrum, it follows that o(A) consists only of eigenvalues of
finite multiplicity, with the only possible accumulation point at infinity.

To complete the proof of Theorem 2.1—(ii), we establish that .4 has no eigenvalue
on the imaginary axis. This is equivalent to showing that is — A is injective for any
s # 0. Assume that X = (u,v,w) € D(A) satisfies:

(is — A)(u,v,w) =0, (4.4)
that is,
isu—v=20 in Héyo(—LO),
(—2)Puz)e + s2u =0 in L?(—1,0),
(x%Wy)y — isw = 0 in L2(0,1), (4.5)

u(—1) =w(l) =0,
v(0) = w(0), (=) uy(07) = z%w, (0F).
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In Proposition 3.2, the general solution structure of (4.5)2 and (4.5)3 has been
clarified. It follows that u satisfies

u(z) = C1(s)U (z) + Ca2(s)U~ (z), Vax € (—1,0), (4.6)
where - -
Ut (2) i= @ (5%, —2) = (=2) = oy (5255(-2) 2" ), W
U™ () = ®; (5%, —x) = (_m)%J,VB(ﬁS(_x)¥), .
with vg = %, and Cp, Cs are some complex constants depending on s. Similarly,
the general solution of w is given as follows:
w(z) = C3(s)WT(x) + Cy(s)W™ (2), Vo € (0,1), (4.8)
where - -
WH(z):=®L(—is,x) =22 J,, (ﬁ —isxT), (4.9)
W™ (z) = &, (—is,z) = z 2 Jva (% —ist_Ta), .
with v, = ;:—Z, and C5, C4 are some complex constants depending on s.

In what follows, we determine the relationships among the above four constants
C;, j =1,2,3,4. Firstly, it follows from the boundary conditions u(—1) = w(1) =0
that

Jug (22_—‘9/8)01(3) + I, (22_755)02(3) —0,
Jra (22%/_75)03(3) v (22\/__?)04(3) =0. (4.10)

Moreover, we consider the first coupling condition v(0) = w(0), which, in view of
(4.5)1, also reads as isu(0) = w(0). Using the asymptotic behavior (3.12) of ®F(\, x)
near x = 0, we have

_ 28 \VB _ _

+ ~+ 1-8 _ + 1-8

U™ (x) ~ CuB,o(/\)‘A:SQ (-2) 7 = Cl,ﬁ,o(2 — ﬂ> (—z) ™", asz— 0,
_ — _ 2s \“vs _

U™ (z) ~ CVB’O(/\)‘A:# =Cu0 (m) , asx — 0.

Thus, we have

u(0) = lim (Cl(s)U++Cg(s)U_)

z—0"
. _ . _ 25 \~vs
= Ca(s) - lim U™ () = Cals) C%O(ﬂ) , (4.11)
where Cryo = F(%SH) = ( is independent of s. In the same manner, we have
wt(z) ~ 6,‘,"{1,0()\)‘A P T = c,fmo(22 __;S)Vaml_a, asxz — 0T,
_ _ _ 24/ —18\ Vo
w (x)wcua,O(A)‘A:\/:.S_ ""0(27a) , asxz — 0"
Hence,
. _ _ 2/ —is\ Ve
w(0) = lim (Ca(s)W* (@) + Ca(s)W ™ (2)) = Cals) ey o (5—) o (412)
z—0t 2—«

where ¢, , = =—2—— # 0 is independent of s. Consequently, combining (4.11) and
Vo ,0 T'(—va+1)
(4.12) yields
_ 2s \“vs . _ 24/ —18\ Vo
alz=g) 06 —a(35,) G =0 (4.13)



12 Z.J. HAN, K. YU AND E. ZUAZUA

Besides, for the second coupling condition (—z)%u,(07) = x%w,(0%), we utilize
the formulas (3.13) and (3.14) to obtain that
_1-8 2-p 1 2-8
(—2) U (@) =—(1 = B)(—2) "2 oy (5255(=0) " ) bs(=2) Ty (S5 (-2) 2,
1 2 2-8
s(—x)2J1-0, (ﬁs(—x) 3 ),

T
8
NS

=
5
—
8
N
Il

Wi (z) = (l—a)afl_Tona (ﬁ —zswz_Ta) —\/—ism%JyaH(%\/—isx{z;n),
W, (z) = f\/fisx%Jlfua (% fzsx%Ta)

Combining these with the series expansions of (3.2) yield, as ¢ — 07,

(~2)°Uf (2) ~ —(1 —ﬂ)c;,o(fjﬁ)”ﬁ, (~2)°U; (2) ~ sef 0(22‘_55)1‘”ﬂ (~a),

and, as x — 07,

W) 1 - e, o B ) " £W )~ Tt ()

va0\ 9 o 2 -«

Thus, we have

(=2)°ua(07) = lim_ (Cu(s)(=2)°USF + Ca(s)(~) Uy )

z—0—

=Ci(s) Tim (~2)°UF = ~Ci()(1 - ey (55) " (414)

x—0" 2 6
and
z%w,(07) = lim (C’g(s)an; +C4(s)anI_)
z—0t
24/ =18\ Y
_ C et ot (2
=Cs(s) lim a® W, = Cy(s)(1 - )ei, (2_a) (4.15)

where cj&O = do not depend on s. Then, it follows

that

1 +
1275 and ¢, =

1 1
T'(vg+1)2 T'(va+1)2ve

(1- ,@)cjﬁ,o(zz_sﬁ)”ﬁ SCi(s) + (1 - a)cjmo(%*/‘f)”a Ca(s)=0.  (4.16)

Let Ca(s) := (C1(s), Ca(s),Cs(s), C4a(s)). By collecting the above four equalities
n (4.10), (4.13), and (4.16), we derive that Ca(s) satisfies

M, (s)C2  (s) =0, (4.17)
where the matrix Ma(s) is defined by
Jus (25) Ty (25) 0 0
5 02 B 502 B JVQ(QQ__JS) nya(zﬁ)
0 . c;ﬁ70<22756)7uﬁis 0 V 76;0”0(2%/:?)*%
(=B o(25)" 0 (1—a)f, o(BEE)™ 0

By direct computation, we get that

det M2 (s)
ot (R ) e () (52)
=:A(s)
() () () ()

=:B(s)
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We claim that det Ma(s) # 0 for any s € R and s # 0. In fact, by the theory of Bessel
functions, we know that .J,,(z) and J_,,(z) are linearly independent, which implies
that det Ma(s) = 0 if and only if A(s) = B(s) = 0. However, this is impossible.
According to Lemma 3.1, J,_, J_,, have no complex zeros. Furthermore, we observe
that ﬁ\/—izs is not a real number for any s € R and s # 0. Thus, for all nonzero
real numbers s, A(s), B(s) # 0, which reduces to det Ma(s) # 0.

Hence, we establish the uniqueness of the solution to equation (4.4) and conclude
that Ker(is — A) = {0} for any s € R (s # 0). Therefore, the operator (is — A) is
injective, and consequently, o(A) N iR = @. Consequently, by the spectral criterion
for the strong stability of bounded Cy-semigroups [3, 25], the Cp-semigroup et is
strongly stable on H. This completes the proof of Theorem 2.1—(ii). O

4.2.2. Spectral distribution of A. We next analyze the asymptotic behavior
of the point spectrum of the operator A near the imaginary axis. This facilitates
the subsequent stability analysis in the next section. We first establish the following
result.

PROPOSITION 4.2. Fiz o, € [0,1) and set vy := 3=%, vg = % Let A be
defined as in (2.2) and assume that J, is the classical Bessel function of the first kind.
Then the point spectrum of A can be described by the following expression:

op(A)={AeC_| F(N\)=0 } (4.18)
where
FO) =(1 = a)ef, Mg VA" -5, 05 Qﬂ N T (i) g (%i/\)
+a 5)0;00(%1\5)% -ciﬂ,o(zfﬂik)”ﬁ-ba( —iVA) - (5 ﬂ“)

as well as c,jfmo =
defined in (3.2).
Proof. Observe from Theorem 2.1 that iR C p(A), which combined with the semi-
group theory implies that o,(A) C C_. Now, we take A € C_ and set X := (u,v,w) €
Ker(AI — A). By the definition of A, we have

and cyiﬁ 0 = — 1 gre the same constants
.

1
T(£va+1)2+va D(*vg+1)2+78

Au—v=0 in Hé)o(_]-’o)v
Nu— ((—2)%u) =0 in L3(—1,0), (4.19)
Aw = (z*(w)')' =0 in L*(0,1),

with boundary conditions u(—1) = w(1) = 0 and the transmission conditions:
v(0) = w(0), (—2)’(u)'(07) = 2 (w)'(07). (4.20)
Note that in order to get the point spectrum of A, it suffices to seek the non-zero

solutions to system (4.19)-(4.20). Utilizing Proposition 3.2, we solve system (4.19)
directly along with the above boundary and coupling conditions and obtain that

u(z) =Ci () - (—2) 2 J, (%M(-@ﬁ)
+ ) ()7 o, (725

l-a 2 2-a
w(z) =C3(N) o2 Jva (mzﬁw22 )

M(—x)¥), Va € (—1,0),

IRV = ar A (%zﬁw;) vz € (0,1), (4.21)
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where v, = %:—3, vg 1= é:—ﬁ, and Cq, C5, C3, and C4 are some complex constants

depending on A, which satisfy the following equalities:
o, ﬁm) CCLN) + Ty (ﬁm) - Cy(N) =0,
o, ﬁiﬁ) C5(N) + T, (ﬁzﬁ) Ci(\) =0,
¢ 0(325IN) A Ca(N) — ¢ o(5251VA) T - Ca(N) = 0,
(1= B)ef, o(F25IN - C1(N) + (1 — @)ef, o(F5 VA" - C3(A) = 0.

Set C3(A) := (C1(A), C2(N), C5(A), C4(N)). Then, the equation satisfied by Cg(\)
can be formulated as

M3 (A\)Cs” () =0, (4.22)
where the matrix Mz()\) is defined by
Jos (22) s (2) 0 0
0 0 T (32) T (32)
0 Cryo(Z25) 77 - 2 0 —cy (B2
(1= B)el, o(25)7 0 (1—a)e) o(32)" 0

Note that equation (4.19) admits nonzero solutions if and only if there exist non-trivial

solutions to the matrix equation (4.22), which is equivalent to F'(\) := det Mg(\) = 0.

Therefore, the point spectrum of A is given by (4.18). The desired result follows. O
By using the structure of 0, (A) as given in Proposition 4.2, we have the following

estimate on the asymptotic distribution of the spectrum of A near the imaginary axis.
THEOREM 4.3. Define the function

2l-w)+p N
Ve, B) = C-we-p “° [0,1), B€[0,1).

There exists a sequence {\,} C 0,(A) and a positive constant o1 € Ry such that

4.2
0> Re\, > —Uln_'Y(o"ﬁ), V large n € N. (4.23)

{ [An| ~ [ZmA,| ~ %nﬁ, as n — oo;
Proof. To establish (4.23), we analyze the distribution of the roots of F()\) defined
in (4.18). Proposition 4.2 states that A € C_ belongs to o, (.A) if and only if A is the
root of
2% 2% 4, va 2 2
yVer 'C”ﬁﬁo(r—ﬁ) 8 ALVt S .J_l,a< z\&)]uﬁ (72_57)\)

FO) = (1= a)ef, o

=:c1

2 2 e 2 2
+(175)CUQ’0(2_ ) i 'Cllﬁ,o( )Vﬁ ')\Vﬁ 2 -Jua< aZJX)J_Dﬁ (71)\>

We can rewrite F'()\) as

F(A):cl.M*Vﬁ%‘*.J,,,a( 2 iﬁ)-ﬁ(A),

2—«
where
_ 2 N\, e Ju(3ZGiv) 2 N\ 1rop,
F o | —— = erzma T g (2 +2vp—va
) = o (5o50) + 2 T (5o
N , et —«

= 1()\)
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Thus, let us analyze the zeros of F()), which obviously are the zeros of F()).
Let {ju,.n}ney denote the positive real zeros of Bessel function J,,(z). From

Lemma 3.1, j,, » satisfies

() 7(n+F = 3) < Jun < n(n 7""7[ —3), Vn > 1;

(i) [vgnt1 = dusml 2 7(F +5) >0, Vo > 15 (4.24)
. _ v 1 412 1 1 }
(iii) juyn = (n + 5 - Z)?T — 78(n+%i[177)ﬂ + O(W)’ as n — +oo.
Define p, := —i(QEB)j,,ﬂ,n. It is clear that each u, is purely imaginary and
satisfies F(pn) = 0 for all n > 1. Additionally, set

By = {X€C|A— p| < n™ @) va, B €[0,1)}, Yn €N,

where o7 is a positive constant to be specified later. Inspired by [8, 7], we apply
Rouché’s theorem to analyze the spectrum of A. Specifically, we aim to prove that

[Fo(N)| > |[FL(N)], YA € 0B, (4.25)

for n sufficiently large. If this holds, then, as both Fy and F} are analytic in B,, and
F = Fy+ F;, Rouché’s theorem ensures that F'(\) and Fy()\) have the same number of
zeros inside B, for large n. Since each p, is a simple zero of Fy, it follows that F (\)
possesses a unique zero in each B,. This establishes the existence of an eigenvalue
sequence that satisfies (4.23).

To establish (4.25), we first estimate |Fy()\)| on dB,. For any A € dB,, A
can be expressed as

A=y +on V@D = g 4 ib, = (a2 + bi)% e Y € [-m,7),

where a,, = o1n7(@F) cosh, b, = —(25’8)3'%,” + oin~ (@B sin g, as well as Op =
arctan(b, /a,). From (4.24), it holds that VA € B,,, as n — +o0,

@ A~ ol = 525, 0 ~ E2nm;
@ A~ py =~ ~ i (4.26)

@\Fz(a%—kbi)i-ei% vV EDnr e

Let z(\) := ﬁi/\ and define the closed contour C,, := {§ € C | [£ — pn| = 70}
for each n € N, where ry > 0 is some fixed small constant. It follows from Taylor’s
theorem that, for all A € 0B,, and n sufficiently large,

Fo(N) =Fo(\) = Fo(un)
:Jyﬂ (Z()\)) - Jl//3 (Z(/J“n))

2 e(n)) - (A — pin) 4o /C (M&d@@\—un)?um

T2 _Bdze omi

i

==l _
We now proceed to estimate the two terms above.
e The estimate for ZL.. From the first formula in (3.5), we have

d

%JVB(Z) _JVBJFI(Z(/’[’TL))' (428)

_ (¥ _
z=z(n) B ( z Jyﬂ (Z) JVB+1(Z))

2=2(pn)

We also note that J, satisfies the following asymptotic formula (see [36]), for z € Ry,

J2(2) + o (2) = %(1 +0(1)), as z — +oc. (4.29)
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Since z(fin) = juym ~ nm as n — 400, combining this with (4.28) and (4.29) yields
that

d 2 2 2
(aJuB (2(n))” = (Jugr1(2(pn)))” ~ 3, Asm = 00,
Thus, we obtain that, VA € 0B,
= = % T D (14 o(1), as s oo

o The estimate for = . Based on the choice of the contour C,,, we observe that
for any £ € Cp, one has z(€) ~ z(u,) ~ nm as n — 400, and

1
|§ /\I > ‘5 Mn‘ - |)‘ :un| > ’I“o, VA e 8Bna
for sufficiently large n. Applying the asymptotic formula (3.4), we then obtain

e = 2 o) 3 Flua=cR () meos.

for some constant C' > 0 independent of n. Therefore, for the second term of (4.27),
we have

|H2| = (n_%_%(a”@)) , as n — oo.

Hence, combining the estimates of 2! and Z2 into (4.27), we obtain that for any
A€ 0B, asn — o,

~ 2V/201 1 4 1

Therefore, it follows that

V201 ) n*%*ﬁ(a,ﬁ)’

V€ oB,, (4.30)

for all sufficiently large n.
Next, we estimate |F;(\)| on 0B,. From (3.4) and the second estimate in
(4.26), for any A € 0B,

2 2V2 .
— A | < —n"2 i . .
‘J_VB (2 — 62)\) ‘ S—_—n for n sufficiently large (4.31)

Moreover, we claim that
oo (1Y)
Tvo (51

1

Indeed, using (3.4) and the third estimate in (4.26) along with v, = 5=, we obtain
that for any A € 0B,

o (%Z\/X) cos(

Jvq (ﬁlﬁ) cos (22 iV + e — 77r)
(e
(Ve

, YA€ dB,, asn — . (4.32)

2 1
222 VA -t — i)

«@

(2 B)w 1 (- 3a)7T—|— 1/(2—B)7rn%i)

T 1(2—a) 2—a

(2— B)w i o + v (2— ﬁ)wn%)

4(2—04)7.r 2—«a

Q
[

O

Q

0S

=: f(n)
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as n — +oo. Moreover, considering f(n) and using the identity cosz = (e +
e~%%)/2, Vz € C, we have lim,,_, | o, f(n) = 2=2™_ This establishes (4.32).
Observe that
20-8) 1-« 20— )+
—1+425 —vy =—1 - = = —y(a, B).
+2ug — 1, t T T a G-a)2-5) V(e B)

Thus, summarizing the estimates (4.26)1, (4.31) and (4.32), we infer that

42 ( (2 - B)W) —v(eh)

T 2

1P\ < |%| : n~E@B) YA€ 9B,,  (4.33)
1
for n sufficiently large.
Hence, by choosing o1 = 2- |%|%W((2 — B)m) (@A) from (4.30) and (4.33),
we deduce that [Fy(\)| > |F1(\)| holds on dB,, for sufficiently large n € N. This proves
(4.25), and the desired eigenvalue sequence of A follows. The proof is complete. O

5. Stability analysis. In this section, we mainly study the rate of energy de-
cay for classical solutions of the abstract Cauchy problem (2.4) associated with the
degenerate heat-wave coupled system (1.1)—(1.2).

5.1. Decay rate. The goal of this subsection is to present the proof of the decay
rate in Theorem 2.2—(i).

Firstly, we introduce the following frequency-domain characterization of bounded
semigroups, as established by Borichev and Tomilov in [5] (see [24] for a related weaker
result and [9, 29] for general cases).

LEMMA 5.1. Let {T'(t)}+>0 be a bounded Co—semigroup on a Hilbert space H with
generator A such that iR C p(A). Then for fized v > 0 the following are equivalent:

(1) |R(is; A)ll = O(|s["), s € R, [s] = 00;
(i1) There exists a constant C' > 0 such that ||T(t)x|n < Ct*%||:zc\|p(A)7 Vo €
D(A), t > 1, where || - |[p(a) is the graph norm corresponding to A.

Next, we recall the following weighted Hardy inequality (see [19, 20]), which will
play a key role in the proof.

LEMMA 5.2. Given two constants v > —1 and a < 1, there exists a constant
C =C(a,v) > 0 such that

/ 1 27| f(z)dz < C 1x“|f’(x)|2dw7 (5.1)
0 0

for any f(z) € H)((0,1).
Proof of Theorem 2.2—(i).

Recall that y(a, 8) = % for any « € [0,1) and 8 € [0,1). According to
the necessary and sufficient conditions in Lemma 5.1, and with iR C p(A) already

established in Theorem 2.1, we need to verify

[[R(is; Al

s[R) < +400. (5.2)

lim sup
|s]—+o0

If (5.2) does not hold, then by the Banach—Steinhaus theorem, there exist se-
quences {s,} C R and {X"} C D(A) where X" = (u",v™,w™) and || X"||% = 1, such
that lim |s,| = +oo and

n—oo

\snp(o"mﬂ(isn — X"y =0(1), n— oo. (5.3)

Let (is, — A)X™ =: (f™, g™, h™). Then, by the definition of A, (5.3) can be
expressed as
ispu” — o™ = f7 = |s, |7 (@Fo(1), in Hé)o(fl,O),
50" — (—2)Pul), = g = |sal 7@Po(1), i L2(~1,0), (5.4)
ispw” — (2w e = " = |s,| (@ Po(1), in L2(0,1),
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equipped with the boundary conditions u™(—1) = w™(1) = 0 and the transmission
conditions:

—z)Pu(07) = 2w
{( )P (07) #(07), (5.5)

w™(0) = v™(0) = is,u™(0) — f(0).

In what follows, we shall prove that || X™||3y = o(1), which contradicts the fact
that | X"||% = 1. Consequently, (5.2) must hold. Then by Lemma 5.1, the desired
polynomial stability for system (1.1)—(1.2) follows.

In the proof, it is important to note that due to the degeneracy of the system
operator A near the interface, the traditional frequency multiplier method used in
[19, 20] is not fully applicable here. To address the effects of this degeneracy, we will
employ direct estimates for Bessel functions provided in [37], combined with local
analysis, to complete the proof. The proof is divided into three main steps.

Step 1. We show

1 1
/ $2—a|wn|2dx — |sn‘—2—7(a»ﬂ)0(1) and / ‘w"|2daj = |sn|_1_7(a’6)0(1). (56)
0 0

We begin with some preliminary observations.
Observation I ||z2 w?||12(0,1) = |sn|*7(a2ﬁ) o(1). Indeed, by the dissipativeness of

A, and the fact that | X"|s = 1, we have

Re(isn — A)X", X")y = ~Re(AX", X")30 = 3wl }20, = [sal 7P o(1).

7(@@ 0(1)
. _a(a,B)

Observation II. |w™(0)] = [s,|” " 2
vation I, we have

1
_a a 1 a _a(a,p)
W)= | [ e Satuzas] < |/ oo letulluzon = a5 0l1),

Thus, Observation II holds.
Observation III. lim (zw?)(x) = 0 for any n > 1. Let €, := lim (zw?)(x). If
z—0t z—0t

Hence, [lz2 w}||r2(0,1) = |sn|™

o(1). In fact, since w™(1) = 0 and by Obser-

there exists some ng > 1 such that €,, # 0, then we can find some § > 0 such that
|zSwlo(z)] > Llen,|-271F%, Va € (0,6), which implies

= Hx%wZOHi?(o,n = [Re(AX™, X")3| < oo

This is a contradiction. Therefore, Observation III holds.

Now, taking the inner product in L?(0,1) of the third equation in (5.4) with
2272w" and integrating by parts, we obtain

1 1 1 1
isn/ 2w de = [m%uﬁﬁ]éf (2fa)/ mwgmdxf/ m2|w;|2dx+/ > W W dg5.7)
0 0 0 0

By Observation I1, 111, the boundary term vanishes. Then taking the imaginary part
of (5.7) yields

1 1 1
/ Sp® | w"Pdr = —(2 — a)Im/ rwiw™dr + Im/ 2R whd.
0 0 0
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Thus,

1 1 1

/ spa " w"|Pdz <(2 — oz)’ / xw:Wda:’ + ’ / xz_ahnmdx’

0 0 0
1 11 1
<(2-a) [/ sglxa|w;|2dw] : [/ snxzfa\w"|2dx] ?
0 0
1 et 1
+ [/ s;1|h"|2d1:] [/ snﬂcQ_a\w"|2d1’]
0 0

(3—a) ! 2y, m|2 Y a2 ! 13 n2
< 1 snx” Mw"|Tde+(2—a) | s, z%|wy|"dx+ [ s, |B"| de.
0 0 0

By Observation I and the third equation in (5.4), we conclude that

1
/ 22w 2z = |Sn|7277(0«ﬁ)0(1)_ (5.8)
0

Next, we prove the second estimate in (5.6). By direct calculation, we get

1 1
/ lw" |2dx = —2Re/ rwyw™dz. (5.9)
0 0

Thus, using (5.8), (5.9) and Observation I, we obtain

1 1 1 1 1
/ |w”|2dx < 2[/ Qfa‘wg‘zdx} 2 [/ $2—a|wn|2dx} 2 _ |Sn|—1—’y(a,5)0(1).
0 0 0

This completes the proof of (5.6).
Step 2. We show

5
[(z%w;)(0)] = |sn| 2@ o(1). (5.10)
Let us choose the interval I, := [3|s|” a NEN } In this interval, we com-
pute that
(e n
d
min (2w |_[|/xw|x
_ 1
1 1o [ o 1
Sl L et s
l|5 |—m 2 15,70
1 o o
< V2|70 (max |03 ) |25 w2 0.n)
z€l,
1—a o
< Clsn| =D |22 w} | 1201y = Isn] 7P o(1),
where g(a, 8) := (2 o a) Q'y(a,ﬁ)) = 2<2 a) + 2(22(1(1;)‘();%) = 2(2 5 > 0. Thus, we can

always find some sequence {6,}52, C I, such that
(@ wg) (B)] = |sul =9 *Po(1). (5.11)

Now, considering |(z“w)(0)|, we integrate the third equation in (5.4) from 0 to
#,, and consequently obtain

2% 0
(z%w2)(0) = (z%wy)(0n) — isn/o w"dz Jr/o h"dz. (5.12)
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Observe that by the choice of 6, along with the second estimate in (5.6) and Holder
inequality, we get

971,
isn [ el < s 6010 120,1) = 0] Do(), (5.13)
0
and

05
| / W'da| < |02 1B 12 0,0) = [sal 0D Do(). (5.14)
0

Then by recalling g(a, 8) = 2(2575) and substituting (5.11), (5.13) and (5.14) into

(5.12), we finally get |(x®w?)(0)| = |sn|_2<2fiﬁ>o(1), which gives (5.10).
Step 3. We show that

[y (—1,0) = 0(1); [[v"[[22(~1,0) = o(1). (5.15)

From (5.4) and (5.5), u™ satisfies

{ ((~2)Pu), + s2um = —(is, /" +g") in L*(~1,0), (5.16)

isnu”(0) = w"(0) + f(0), (—x) u(07) = a®wy(07).

By (4.6) and (4.7) in the proof of Theorem 2.1-(ii), the general solution for u is given
by

u™(x) = C1, U (z) + C2,U,, (2) + Fy(z), Vo € (—1,0), (5.17)
where
Ut (2) 1= F (3, —2) = (—0) 2" oy (53580 (-2) 27,
Uy () i= @ (s, —2) = (=) 7 J_, %sn(—x)?), (5.18)
Fu(@) i= gy Jo(isn (1) — g () (U @)Uz (7) = Uz (@)U (7)) dr,
with vg = %, and Cq,, Cs, are constants depending on n.

From the analysis in (4.11) and (4.14), we derive

W™(0) = lim (ch: + ConlUy + Fn)

z—0"

. _ . _ 28, \ VB
ot V0= Cor- 5,0 (255) ™

and

(=2)?u2(07) = lim (Cun(~2)" Uy + Con(~2) Uiy + (~2)" Fra )

z—0"
2s ve
= Cip - lim (=2)PU}, = —C1n - (1 = B)ct ( n )
1 in(I)l*( 33) nx 1 ( B)Cuﬁ,o 2_6 )
+v
where Ciys0 = F(iljigi-l) # 0. Thus, recalling vg = % and using the transmission
conditions in (5.16), we obtain
-5 _1=s
Cin (1—,8_)ij . (ﬁ) Sn 2-5 (;caw;)(())
. ’ =0 1
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From (5.10), Observation II, and the estimate |f™(0)] < ||(—
deduce

D)2 2 210y
Cin| = |80 "% 0(1), |Can| = |8n| =7 27 @Fg(1). (5.19)

Following Zerkouk et al. in [37, Lemma 5.3], we have the following estimates for
Uy (2), U, () and Fy(z):

n

PROPOSITION 5.3. Let Ut (x), F,(x) be defined in (5.18). For f € Hj (=1,0)
and g™ € L?(—1,0), the following estimates hold:
() |Sn|§HU+”L2( 1,0) = 0(1)7 |Sn‘§“U"_HL2(—1,O) = 0(1)7
_1 s __
(11) |S”| 2 H U’rj_zHLz( 1,0) = 0(1) ‘Sn‘ 2 H _J" 2 Una?HL2( 1,0) = 0(1)7
(i) [|(~ ZFn:cHLz( Loy SCUM Ny 100 + 19" 122(-1,0))5

for some constant C > 0 independent of n.

For the sake of completeness, we provide the sketch of the proof of this proposition
in Appendix B, and we refer to [37] for more details.

From (5.17), we have

(—2)Fu(2) = Cin(=2) U5, (2) + Can(=2) T Us, (@) + (~2)
Using Proposition 5.3-(iii), we obtain
B B
||(—m)2uZHL2(_LO) <[C1nl - H(_QTPUJEHL?(—LO) [Conl - H( x)
+ C(”fn”H}a,O(fl,O) + 119" l2(=1,0))-

@210

Therefore, using the estimate (5.19) and Proposition 5.3-(ii), together with (5.4), we
obtain

n g n
Ju HH%YO(—LO) ~ H(_x)zumHL?(—Lo) = o(1). (5.20)

To estimate |[v™||f2(_1,0), we take the inner product in L?*(—1,0) of the second
equation in (5.4) with v™ and in L?(0,1) of the third equation in (5.4) with w",
respectively. Then, adding them and using integration by parts, together with the
coupling conditions in (5.5), we get

. B B . a
isnl[v" [ F2(—1,0) + (%) Tug, (=2) 2vg) + ispllw™ [ F2(0,1) + 22w} 7201

(g™, 0"} + (A7, ™). (5.21)
Notice from the second equation in (5.4) that (—m)%v;} = isn(—m)gug - (—ac)gf;”

holds in L?(—1,0). Inserting this into (5.21) and then taking the imaginary part, we
derive

v[@

ul, (—a) f1)

8
snllv" 12210y = snll(=2) 2w 721 ) + snllw” T2 0.1y — Zm{(—2)
=Zm(g",v") + Im(h"™, w").

So,
10" 2100 <) R0 gy + N [y + ol K (=) B, (- 12)
+ [snl T (g™ 0]+ Jsal (A", 0™
<" 1)+ ]| (-2) gUZHQLZ( 1.0) +|8n|72||g"\|iz<,10>
S [ A o (G L2 RN [CEO L 3

+[sal IR L2 0,0 ™ ||L2(0,1>~
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Finally, from (5.4), (5.6) and (5.20), we conclude that
[v" 1 z2(~1,0) = o(1). (5.22)
Combining (5.6), (5.20), and (5.22), we obtain the contradiction || X™|x = o(1),
(]

completing the proof of Theorem 2.2—(i).

5.2. Optimality of the decay rate. This section is devoted to proving the
optimality of the decay rate established in Theorem 2.2—(i) based on the distribution
of the spectrum given in Theorem 4.3 and the frequency characteristics of semigroups.
Proof of Theorem 2.2—(ii). First, we define

~* :=sup {’y >0 |EC’ >0, Vt > 1, [|(u, ug, w)||3 < Ct77||(ug, vo, wo)|lD(a) } .

It follows from Theorem 2.2—(i) that v* > % From Lemma 5.1 and the proof

of Theorem 2.2—(i), we know that the resolvent norm of A satisfies
|R(is; A)|| = O(|s]" @), as |s| — +o0, s € R, (5.23)

where v(a, ) is given as in Theorem 4.3.
We prove that there exists a constant C' > 0 independent of s such that

Lo IR A)|

s]=>+o0  |s[7(@B) = C. (5.24)

In fact, by Theorem 4.3, we may find a sequence {\,} C 0,(A) and a constant
o1 € Ry such that

[An| ~ [ZmA,| ~ #mr, n — 00;
0> Re\, > —on @A) Vlarge n € N.

Let X,, be an eigfznfunction corresponding to A,. Set s, := ZmA, € Ry and define
X, := (isp, — A)X,. Thus, for sufficiently large n, we compute

: [[Gisn —A) ' X||
R(isn; A)|| = meen 7y i
1Bt A= s, T
> IGisn — A) X - Xl ot [ 72 > C - sn|" P,
- (| Xl l(isn — A)Xa||  |ReXal = o0 =7

for some constant C' > 0 independent of n. This establishes (5.24).
Finally, combining the upper and lower bounds in (5.23)-(5.24), we deduce that

Y(ev, B) = inf {0 > 0| R(is; A)|| = O(|s|?), as [s| = +oo, s€ R}.

Then, using Lemma 5.1 again yields v* < 7(&1’ 5 = %a@g;g) Therefore, we conclude

that v* = %, which confirms the optimality of the decay rate of system (1.1)—

(1.2) established in Theorem 2.2—(i). The proof of Theorem 2.2-(ii) is complete. O

6. Conclusions and open problems. In this work, we investigated the poly-
nomial stability of a degenerate coupled heat-wave system defined on two connected
intervals, where both components simultaneously degenerate at the interface. The in-
terplay between degeneracy exponents « (associated with the parabolic equation) and
B (associated with the hyperbolic equation) critically determines the system’s long-

time dynamics. Through detailed frequency-domain analysis and asymptotic prop-
_C-a)(2-5)
erties of Bessel functions, we established the polynomial decay rate ¢~ 20-+5 for

the jointly degenerate system (1.1)—(1.2) with smooth initial data. A refined spectral
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analysis of the system operator confirms the sharpness of this decay rate, providing
the first rigorous proof of optimal energy decay for such coupled PDE systems.

This result underscores the decisive influence of interface degeneracy structures on
energy dissipation mechanisms. The analytical framework developed herein — inte-
grating frequency-domain techniques, spectral estimates, and Bessel function proper-
ties — offers a versatile approach for analyzing coupled systems with mixed dynamics
and degeneracy.

Despite advances in characterizing optimal decay rates, several open problems
remain:

e Strong Degeneracy: The case o > 1 or § > 1 (Remark 2.5) requires
careful study. Modified interface conditions must be developed to ensure
well-posedness and dissipativity.

e Singular Degeneracy: When o« < 0 or f < 0 in system (1.1), diffusion
or elasticity coefficients diverge at x = 0. This singularity fundamentally al-
ters energy propagation and dissipation, presenting significant mathematical
challenges.

e Multidimensional Extensions: Generalizing the analysis to higher- di-
mensional settings and complex geometries could deepen theoretical under-
standing of degenerate systems’ dynamics. Notably, investigating this prob-
lem through geometric optics offers a promising research direction.

Appendix A. Proof of Lemma 4.1. Observe that Y is a Banach space
equipped with the following norm:

5 1
lully = (22 o) + [0 Fualla ) + (-0 ua)eFa 1) " weY: (A1)

It is evident that ||ull Hy, < lu]ly, which implies that the space Y is continuously

embedded in H[;O(—l, 0).

In what follows, we will demonstrate that this embedding is not only continuous
but also compact. To establish this, it suffices to show that if {u,}5Z; is a bounded
sequence in Y, there exists a subsequence {u,,}32; which converges in H é’o(fl, 0).

Assume that {un}oZ; is a sequence in Y satisfying sup,, ||u,|ly < co. We now
define y,(z) := (—2)’une(z), n > 1. From the definition of Y, we conclude that
{yntoz, € H'(—-1,0) and sup,, ||ynll g1 (—1,0) < co0. By the Sobolev embedding theo-
rem, we see that {y,};2; C C([~1,0]) and sup,, [[ynllc=1,0p) < sup, [Ynllar(=1,0) <
oo. This implies that the sequence {y,(x)}52 is uniformly bounded and equicon-
tinuous on [—1,0]. Hence, by the Arzela-Ascoli theorem, there exists a subsequence
{yn, }32, that converges to a function y € C([-1,0]), i.e.,

yn; —y in C([-1,0]) as j — oo. (A.2)

Next, we set ¢(z) := [, (—s) y(s)ds. It is easy to verify that ¢(z) € Hj o(—1,0).
We then prove that

Un; — % in Hjo(—1,0) as j— oo. (A.3)

Indeed, by direct calculation, we estimate

8
2

B
||u”j - wHH}_}'O(—I,O) = ”(—.T) unjx - (_‘T) 2¢1‘”L2(71’0)

_B 1
”(7@ 2 (Yn; — y)HL2(—1,0) < ﬁ“y"j - yHC([—l,O])' (A4)

Thus, assertion (A.3) follows from (A.2) and (A.4). Therefore, Y is compactly em-
bedded in Héyo(—l, 0) and the proof is complete. O

Appendix B. Proof of Proposition 5.3. We mainly prove Proposition 5.3
through a series of lemmas, which provide estimates for U, (z), U, (z) and F,(z), as
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detailed below.

Uk (e) = (~2) % dy (525 (-2)°F ), Ui (@) = (-2) % Jouy (5250 (-2)°F ),
Fu(@) = gy Jo (- 'Lsnf”(‘r)fg () (U @)U (7) = Un (@)U (7)) dr.

Moreover, let Gt (z) = (o P o [ (~isnf™(r) — g"(7))Ui (1)dr, and hence F,(z) =
U (2)G5 (x) = Uy ()G ().

We primarily provide the proof sketches for the following lemmas. For more
detailed computational steps, we refer readers to Appendix B in [37].

LEMMA B.1. Set 6§, := ﬁsn and zp(z) = Qn(—x)y. The following relation-
ships hold:
_ (2 — B )%

— 1
O 03|z 1.0) = (-2 T (on @) L2(-1,0)  \ 2 [+ 20, 2] £2(0,6,)’
_ 1-8 2—-0B\1 _qy 1
Uz HL2(—1,0> B H _x) 7 T (n(@) )’ L2(-10) ( 2 )28"1‘ 22 J-u5(2) 12(0,6,)’
W —3L -1y1 _ )
(i) s * ][22 Jug (Z)‘ 20,0, " ’ ) 2215 (2) L2(0,65) ow);

1 L
(ii) sp HU:”L?(—LO)’ s HUH—HL2(71,O) =0(1).

Sketch of proof. Firstly, it is easy to check that the equalities in (i) follow from
direct computations. And for (ii), on the one hand, we have the recurrence formula
zJ,(z) + vJ,(2) = zJ,_1(2); on the other hand, assuming that oo # § are complex
numbers and Re v > —1, J,(z) satisfies the integral formulas (see [23]):

(a? _52)/ zJy (az)Jy (Bz)dx = Z[JV (az) {J,, B2)} — J, 52) {Ju az)}]
202 /Oza:|Jy(ax)|2dx: (za{‘h(az)n +(a 2 —v )(Jy(az)) . (B.1)

Thus, by recurrence formula and (B.1)s, we compute that

which combined with the asymptotic representations (3.4) of .J, yields (ii). And then
(iil) immediately follows from (i) and (ii). O
LEMMA B.2. For such 0, = ﬁsn and zp(z) = 9n|x|#, we have

2 1
= 50272, 60) = 2000300, (0n) sy, (60) + 6272, 11 (00)],

23 Jug (z)‘

L2(0,0n)

||(ﬂ)2UnI||L2( 1,00S(1=5) H(%}c ZJVB ENE )‘ SiH(%)%JVﬁ#»I(Z’ﬂ(w)) 2

L2(— 10) L2(—1,0)’
1-8 2
||( T 2UnIHL2( 1,0) = 2H(—J:) 2 J17u5(2n(ac)) L2(71,0)§
i~ _1 1 1 -1y 1
@ o it @) = G o R0, = 00

-1 B
(iti) sn 2 ||(_x)2U”JlrﬂE||L2(—1,O)7 Sn H(_“C 2Unz“L2( 1,0) = =0(1).

Sketch of proof. Recall from (3.13) and (3.14) that (i) holds. Then using integration

by parts and the recurrence formula zJ),(z) —vJ,(z) = —zJ,11(2), together with the
Cauchy-Schwarz inequality, gives

=GRl

|03, Gn @) oo S

L2(—1,0)

<c (2,0 +]

22 Jupn Z)‘ L2(0, ‘9"))

which along with Lemma B.1-(ii) and (3.4) leads to (ii). It then follows from (i) and
(ii) that (iii) holds. O
LEMMA B.3. For any f" € Hj ((~1,0), g" € L*(—~1,0), we have
0
. . nyrr+
(i) H/xozsnf Ul dtH o
’ /z isnf"Un d HL‘X’( 1,0 <C|Sn|_§‘|fn”H o(=1,0)}
(i) 1G5 oo~ 1,095 G e (—1,0) < Clsnl ™2 (nf"HHl 1oy llg™lz2(—1.0) )3

(iii) ||(—x §FTLI||L2(_170) < C(”]mHHé,O(_Lo) + g™ ||L2(71,0))~

_1
< Clsnl 2||anH1 0(—1,0)°
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Sketch of proof. The estimate (i) can be established through integration by parts,
in conjunction with the Cauchy-Schwarz inequality and the differential recurrence

formula: —2'="J,(2) = £ (2'7"J,_1(2)). Subsequently, (ii) and (iii) can be directly
derived from (i), Lemma B.1-(iii), and Lemma B.2-(iii). O

Finally, observing from Lemma B.1-(iii), Lemma B.2-(iii), and Lemma B.3-(iii),
we have completed the proof of Proposition 5.3.

Acknowledgment. The authors are grateful to the editors and anonymous
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