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ABSTRACT. This paper is concerned with an initial-boundary value problem
on bounded domains for a one dimensional quasilinear hyperbolic model of
blood flow with viscous damping. It is shown that L°° entropy weak solu-
tions exist globally in time when the initial data are large, rough and contains
vacuum states. Furthermore, based on entropy principle and the theory of
divergence measure field, it is shown that any L°° entropy weak solution con-
verges to a constant equilibrium state exponentially fast as time goes to infinity.
The physiological relevance of the theoretical results obtained in this paper is
demonstrated.

1. Introduction. In 2007, approximately 620,000 patients died from cardiovas-
cular diseases, the top killer in the US. Major concern has been hovering around
among researchers and clinicians alike to develop models and methods for the pre-
vention and treatment of cardiovascular diseases. A very important first step in the
research of cardiovascular diseases is to obtain qualitative and quantitative descrip-
tions of the human vascular system. To understand the fundamental mechanisms of
this complex physiological system, mathematical modeling of the human vascular
system was initiated in the 1950’s. Among the commonly used models, the hyper-
bolic PDE model in [1, 4] has attracted considerable attention in recent years. It
is well known that such a model is capable of capturing many complicated physio-
logical phenomena associated with the human vascular system. In particular, this
model has been demonstrated to be useful in fast real-time computations when
quick answers are needed in the cases when the geometry of the patient’s vessel
can be approximated by a straight, narrow compliant wall channel. The majority
of mathematical research conducted on this model has been focusing on numeri-
cal simulations and few rigorous analytical results are available [4, 18, 19]. In the
current paper, we develop a rigorous analytical framework which will further our
understanding of the quantitative and qualitative behavior of the solutions to the
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model and extract more crucial information of the underlying processes. It is urgent
to explore the structure and morphology of blood vessels and the dynamics of the
blood flow in order to develop new therapeutic strategies that target diagnosis and
prevention of cardiovascular diseases such as stroke and heart failure.

Consider the quasilinear hyperbolic PDE model simulating blood flow through
cylindrical sections of the cardiovascular system or through the network of blood
vessel [4]

Ai+m, =0, z€R, t>0,
2
i () A= 5

which describes conservation of mass and balance of axial momentum in terms of
the cross-sectional area A(z,t) and the flow rate m(x,t) = A(z,t)u(x,t), where u
denotes the averaged axial velocity v, (z,,t) across the cross-section of the vessel
of radius R(z,t):

(1)

1 R(z,t)
W /0 27"’Uw (.’II, T, t)d’l"

In system (1), p > 0 denotes fluid density which is assumed to be a constant
throughout this paper. « is the ratio of the averaged axial momentum and the
momentum of the averaged flow

1 R
= 2rv2d
(8] 2u2/0 rvx T

and it easy to derive that a > 1. p > 0 is proportional to the viscosity of the fluid

u(x,t) =

2

M:ozfl

where v is the viscosity of the fluid. Fluid pressure is denoted by p(A). It is through
this term that modeling of vessel wall mechanics comes into play (c.f. [4]). We will

be assuming
AN
o =Gl ()" 1)

where the constants A, > 0 is the reference cross-sectional area, Gy describes the
stiffness of the vessel wall and 8 > 0 captures the linearity/nonlinearity of the
stress-strain response. When 8 = 1, one gets the well-known Law of Laplace. The
case § = 2 captures well the nonlinear pressure-radius relationship observed in
experiments [29]. In this paper, we will consider the general case § > 0.

The model (1) was derived from the three dimensional Navier-Stokes equations
of a viscous, incompressible, Newtonian fluid flow in a cylindrical tube by assuming
axially symmetric flow in a cylindrical tube with elastic walls and with small aspect
ratio (c.f. [1, 2, 3, 4, 6, 12, 13, 27]). For a detailed analysis of the conditions under
which system (1) is a good approximation of the full, three dimensional model, we
refer the readers to [5].

One of the most attracting features of (1) is its ability to describe the propagation
of wave-like solutions, such as pulse generated by heart which is one of the most
important physiological phenomena of the human vascular system. A huge body
of literature is contributed to numerical simulations of this characteristic feature of
the model [2, 3, 4, 5, 6, 12, 13, 27, 29].

Comparing to numerical simulations, breakthrough on analytical studies of the
model has been impeded. Only mild progress has been made in this direction. In a
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recent work, Cani¢ and Kim [4] showed that, for o = 1, when initial data are small
and smooth, smooth solutions exist globally in time subject to a pulsatile boundary
condition. The most recent findings in this area generalized this result by rigorously
studying the critical thresholds and the influence of the viscous damping on the
solutions to the Cauchy problem of the model with « is close to 1 in [18] with the new
findings: (1) For p > 0 the class of data that gives rise to smooth solutions is richer
than that for the case u = 0; and (2) For the physiologically relevant data that give
rise to shock formation, shock formation is delayed in time for the case when u > 0.
Our own studies (c.f. [19]) contributed to this contemporary body of knowledge by
showing that when initial data are small and smooth, then smooth solutions to an
initial-boundary value problem of the model exist globally in time, and converge to
constant equilibrium states, determined by the initial data, exponentially as time
goes to infinity, in the biologically relevant regime o > 1. Although the work cited
here provides some analytical results that target wellposedness and breakdown of
smooth solutions of the model, detailed quantitative behavior of weak solutions to
the model is completely unknown in the field.
In conservative form, system (1) reads

A +my, =0,
mt+a(m72)m+P(A)m =—nZ. ®
The pressure P(A) is determined by
P(A) = BAY (3)
where
PO:L and ’y:§+1>1.
(B+2)pA7"? 2

System (2) is hyperbolic with two characteristic speeds

m m2 m m2
)\1:0{A—\/C¥(Oé—1)142+PI<A), )\2:04A+\/Oé(0é—1)142+Pl(A),

and the corresponding right eigenvectors
7?1 = (1, )\1)T, 772 = (1,)\2)T.

Furthermore, (2) is strictly hyperbolic at the point away from vacuum where the
two characteristics coincide. This simple looking system involves three interacting
mechanisms: nonlinear convection, lower-order dissipation of damping, and reso-
nance due to vacuum. By vacuum in current context we mean A = 0. Because of
the hyperbolicity and nonlinearity of (2), it has been shown in [4, 18] that smooth so-
lutions will break down due to shock formation if the initial data are large or rough.
It is also known that, in the case for & = 1 which reduces (2) to a gas dynamics
type system, if the initial data contain vacuum states, smooth solutions will break
down even before shock formation due to resonance caused by the vacuum (see e.g.
[22, 23, 24]). In addition, although the viscous damping helps prevent development
of singularity when the initial data are small, it destroys the self-similarity of the
system, which is crucial for constructing large solutions. Therefore, when the ini-
tial data are large, rough and contain vacuum, the interaction of these mechanisms
makes the problem physically interesting and mathematically challenging.
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In this paper, we consider (2) on bounded domains with zero flow rate m = 0 on
the boundary. Without loss of generality, we consider the system on interval [0, 1]
supplemented by the initial and boundary conditions

{ (m, A)(z,0) = (mo, Ao)(z) € L=([0,1]), Ao(z) =0,

m(0,t) = m(1,£) =0, t>0. (4)

We will study the global existence and large-time asymptotic behavior of large
entropy weak solutions (see Definition 2.1) to the initial-boundary value problem
(2)—(4). A real-world physiological scenario that corresponds to the entropy weak
solutions with zero flow rate on the boundary of the domain is the blood flow in an
ischemic area, where blood supply is inadequate due to blockage of the blood vessels
causing irregularity in the shape of the blood vessels and the dynamics of the blood
flow. It is also worthy of mentioning that the blockage of blood flow in patients is
often needed in many surgical procedures. For example, in order to perform certain
types of trauma surgery in the injured area of patients, surgical tubing is applied
to stop bleeding. Therefore, the initial-boundary value problem (2)—(4) describes
the blood flow within the blocked area.

We will first study the case « = 1 and p > 0. In this case, (2) can be reduced to a
gas dynamics type system with a damping term where A appears in the denomina-
tor. This damping term prevents us from using the arguments in [28] to construct
global weak solutions to (2) if the initial data contain vacuum states. Indeed, in [28],
the authors constructed global entropy weak solutions to the damped compressible
Euler equations in bounded domains based on the Godunov (fractional step) scheme
and the compensated compactness theory. One of the crucial steps in [28] is to ana-
lyze the Riemann invariants associated with the non-homogeneous system in order
to derive the desired uniform L° bound of the approximate solutions constructed
via the Godunov scheme. However, with A standing in the denominator in the
second equation of (2) and the possible appearance of vacuum states, the modified
Riemann invariants of (2) have an obvious disadvantage that forces the size of the
discrete time step to be zero. This is an unsurpassable obstacle if one persists to use
the Godunov scheme to construct approximate solutions for (2). We also remark
that, the dissipation term —u”¢ was excluded from the general scenario considered
in [10], where the Godunov scheme was used to construct global entropy weak solu-
tions to the compressible Euler equations. Therefore, we turn to other methods to
tackle this problem. Among several approaches used to construct large solutions in
hyperbolic conservation/balance laws, we use the method of vanishing viscosity and
the theory of compensated compactness to prove the global existence of entropy
weak solutions to (2)—(4). Such a program has been successfully implemented in
numerous problems in the literature to study the global existence of entropy weak
solutions containing vacuum. We refer the readers to [8, 10, 11, 20, 21] for the gas
dynamics equations, and to [14] for general wave equations.

We then study the long-time behavior of the large entropy weak solutions to
(2)—(4). Based on the entropy principle, we will show that the solutions converge
to a constant state, determined by the initial data, exponentially as time goes to
infinity due to the viscous damping and boundary effects. Since the solutions do
not have any differentiability, the proof starts with the introduction of an anti-
derivative through mass conservation law in order to gain differentiability. Then,
accurate estimation of the so-called entropy inequality, application of the theory of
divergence-measure fields [7], and Poincaré’s inequality will be implemented to the
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energy inequalities to generate a desired estimate leading to the exponential decay
of the solution. An elementary lemma which is due to the convexity of the pressure
P(A) defined in (3) plays an important role in the control of singularity near vac-
uum. The appearance of A in the denominator brings considerable difficulties into
the analysis which distinguishes the problem from the case for fractional damping
and requires more elaboration. It should be pointed out that the long time behav-
ior holds for large rough solutions. Hence, regardless of the wild behavior of the
solution during intermediate time, it will eventually calm down and become stable.
This is one of the remarkable advantages of our results.

The second part of the present paper is contributed to the study of the case
a > 1 and p > 0, which corresponds to the more physical case. Due to the change
of the intrinsic system structure, the arguments used in the case a = 1 will fail
when « > 1. For large rough solutions to (2), the intrinsic structural change caused
by the value of « is drastic. The main reason is that the explicit expressions of
the so-called Riemann invariants corresponding to the hyperbolic conservation laws
(i.e., (2) with p = 0) are unknown when & > 1. The Riemann invariants play crucial
roles in the construction of large solutions to (2) and are fundamentally important
in the development of the compensated compactness frameworks in [10, 11, 20,
21]. This structural change indeed brings tremendous difficulty in the analysis
of the global existence of entropy weak solutions to (2). Therefore, we will not
investigate the existence of entropy weak solutions when « > 1 which is beyond
the scope of the present paper. However, we will see in Section 3 that, by re-
calculating the entropy-entropy flux pairs and properly modifying of the definition
of an entropy weak solution, and by assuming the existence of such a solution, the
constant state determined by the initial data is still a global attractor for such a
solution. Therefore, our result presents a general framework for long-time behavior
of entropy weak solutions to (2) with & > 1 and g > 0, which may be used in other
problems.

The physiological relevance of the theoretical results obtained in this paper is
demonstrated in the following. It is well-known that the blockage of blood flow in
certain area occurs due to illness such as ischemia or due to necessary blockages in
surgical procedures. At the boundary of the blocked area the blood flow velocity
is zero which corresponds to our zero velocity boundary conditions. A question of
practical importance is: how long does it take the blood flow rate in a blocked area
to decrease to a critical level, below which the patient cannot recover? Our result
on the asymptotic behavior provides qualitative answer which helps understanding
the physiological scenarios and developing new and effective therapeutic strategies
dealing with such problems.

The rest of the paper is organized as follows. We study global existence and
asymptotic behavior of entropy weak solutions to (2)—(4) in Section 2 for the case
a =1,u > 0. The investigation of (2)—(4) for physiologically reasonable values of
a > 1, will be carried out in Section 3. We will conclude the paper by a discussion
in Section 4.

2. L entropy weak solutions (o = 1,u > 0). In this section, we study the
existence and the global existence and asymptotic behavior of the L°° entropy
weak solutions to (2)—(4) with @« = 1 and p > 0 for large, rough initial data
containing vacuum. Allowing the presence of vacuum state in the initial data makes
the problem physically interesting and mathematically challenging.
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Since we are interested in the solutions to (2) for fixed values of Py > 0 and
p > 0, without loss of generality, we take Py = % and pu > 0 throughout this
section. Hence, we consider

At+mm:O,

M+ (m{)x + P(A), = —pty ©)

for z € [0,1], t > 0, with the initial and boundary conditions

m|a::0 = m|z:1 =0, t=>0,
(A,m)(z,0) = (Ao, mo)(x) € L>([0,1]),
0< Ap(x) <M, |mo(x)] < MAo(x), ze€]l0,1], (6)

1
/ Ap(z)dz =A>0
0

for some constant M > 0 and we define ug = mg/Ap, where the last condition is
imposed to avoid the trivial case A = 0.
We now give the definition of weak solutions to (5)—(6).

Definition 2.1. For every T > 0, we define an L™ weak solution to (5)—-(6) to be
a pair of bounded measurable functions @#(z,t) = (A(,t), m(x,t)) satisfying the
following pair of integral identities:

T 1 1
/ / (A + map,) dx dt + Ao |i=pdx = 0,
o Jo 0

/OT /01 <m1/1t + (%2 +P(A))1/)x - #Z;i/f) dx dt + /01 mo|i—odx = 0

for all ¢p € C°°(Ir) satisfying ¢ (z,T) = 0 for 0 < 2 < 1 and ¥(0,t) = ¢(1,t) =0
for t > 0, where It = (0,1) x (0,T’), and ¢ is bounded when A — 0. Moreover, the
initial and boundary conditions in (6) are satisfied in the sense of trace and section
as defined in [14].

An interesting feature of nonlinear hyperbolic conservation/balance laws is that
when weak solution is considered, the uniqueness is usually lost. In order to select
the physically relevant solutions, one often imposes entropy admissible conditions.
We now define the entropy and entropy flux pairs.

Definition 2.2. A pair of mappings 7 : R?2 — R and ¢: R? — R is called an
entropy-entropy flux pair for the hyperbolic system of balance laws v; + f (V) =
G(¥) (v € R?) if it satisfies the following equation

Vq=VnVy.

Let 7(A,m/A) = n(A,m). If 7(0,u) = 0, then 7 is called a weak entropy. Among
all entropies, the most natural entropy is the so-called mechanical energy
m? A7
ne(A,m) = S + py S
which plays a very important role in getting estimates from entropy dissipation. It
is easy to check that 7, is a weak and convex entropy. Using Definition 2.2, we now
give the definition of L* entropy weak solutions to (5)—(6).



ENTROPY WEAK SOLUTIONS TO A BLOOD FLOW MODEL 631

Definition 2.3. The weak solution #(xz,t) = (A(x,t),m(z,t)) defined in Definition
2.1 is said to be entropy admissible if for any convex entropy n and the associated
entropy flux ¢, the following entropy inequality holds

m
Nt + gz + L <0 (7)
in the sense of distribution.

The following two theorems are the main results of this section. The first theorem
gives the global existence of L entropy weak solutions to (5)—(6).

Theorem 2.4. Suppose that the initial data (Ao, mo) € L*°([0,1]) satisfy the con-
ditions

0 S AQ(JU) S M, Ao 5_6 0, ‘mo(l‘” S MA()(I)
for some positive constant M. Then, for v > 1, the initial-boundary value problem
(5)-(6) has a global entropy admissible weak solution (A(x,t), m(x,t)), as defined
in Definitions 2.1-2.3, satisfying the following estimates:

0 < A(z,t) < Cq, |m(x,t)| < C1A(z,t) a.e. in [0,1] X [0,+00)
for a constant C1; > 0 which is independent of time.

Concerning the long-time behavior of the solution obtained in Theorem 2.4, we
have
1
Theorem 2.5. Suppose / Ao(z)dr = A > 0. Let (A,m) be any L™ entropy weak

0
solution to (5)—(6) defined in Definitions 2.1-2.3, satisfying the estimates
0<A(z,t) <Cp <00, |m(z,t)] <CiLA(x,t), a.e. in [0,1] x [0,+00)

for some time-independent constant Cy > 0. Then, there exist constants Ca, § > 0

depending on 7y, A,Cq, and initial data such that

(A=A m)( ) < Che™®  ast — oo.

2
) HL2([0,1]

The proof of Theorem 2.4 is in the spirit of [8, 11, 14]. We construct the ap-
proximate solutions of (5)—(6) by the method of vanishing viscosity. The uniform
e-independent upper bound and the e, T-dependent lower bound of the approxi-
mate solutions are established by using the invariant region theory [9, 25] and the
arguments in [8, 11] respectively, which lead to the global existence of smooth ap-
proximations for any fixed diffusion rate ¢ > 0. The compensated compactness
frameworks established in [10, 11, 20, 21] are then applied to the sequence of ap-
proximate solutions to obtain the strong convergence of the approximate solutions
in order to get a global weak entropy solution to (5)—(6). The initial and boundary
conditions are satisfied in the sense of trace and section which are clearly stated in
[14], see also [15, 28, 30], and we will omit the details.

In the proof of Theorem 2.5, an elementary lemma, which is due to the convex-
ity of the pressure P(A) defined in (3), plays an important role in the control of
singularities near a vacuum state. Due to the roughness of the solution, elementary
energy estimates cannot be performed in this situation. Instead, we will start the
proof with defining an anti-derivative through the mass conservation in order to
gain differentiability. The first step of energy estimate will be carried out on the
equation satisfied by the anti-derivative, which is a nonlinear wave equation with
source terms. Then the entropy inequality satisfied by the weak solution will be
implemented in order to deal with nonlinearities in the resulting energy inequality
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obtained from the first step. Although the initial and boundary conditions are sat-
isfied in the weak sense, the theory of divergence measure fields [7] guarantees the
eligibility of the calculations. Finally, Poincaré’s inequality on bounded domains
will be utilized to yield the exponential decay of the solution.

2.1. Global existence.

There are several approaches to construct entropy weak solutions to (5)—(6). Our
proof is based on the approach of viscosity approximation as in [8, 11]. To construct
global L entropy weak solutions to (5), the following program is to be carried out:

e Construct smooth approximate solutions via viscous perturbations of the hy-
perbolic system and obtain a uniform e-independent L°° upper bound and a
(e, T)-dependent lower bound of the sequence of approximate solutions, to get
global smooth solutions to the viscous equations.

e Show that 7;(7) + ¢, (7°) is compact in H,,! and apply the div-curl lemma in
[26] to reduce the Young measure associated with the flux function to Dirac
measure, to conclude that the sequence converges strongly in the L> topology.

The first bullet can be accomplished by applying standard theory on parabolic
equations together with the invariant region theory [9, 25]. When v > 1, the
compensated compactness frameworks established in [10, 11, 20, 21] are sufficient
to conclude the second bullet.

Step 1. Construction of approximate solutions and L bounds. Following the
general procedure of vanishing viscosity in [8, 11, 14], let us consider the artificial
viscous approximation to the original hyperbolic system (5)

A +m; =cA
(me)?
As
where z € [0,1], ¢ > 0 and € > 0, with the initial and boundary conditions:

(8)

mE
m; + ( )z + P(A%), = —HE +ems,

mE|z=0 = M%|y=1 =0,
Afla=0 = AZla=1 = 0; (9)
(A%, m?)(z,0) = (A5, mg)(x)
where the initial data satisfy
Aj =B +e, BieCpr([0,1]), 0< Bj(x) < [[Aollre,

€ €,,€ € oo € (10)
mg = Agug,  ug € Cgo([0,1]),  fug(@)] < fluollz=

and B§ converges to Ay in the weak* topology of L°([0,1]) and u§ converges to
up in the strong topology of L2([0,1]) as € — 0. We remark that, the parabolic
boundary conditions in (9) are compatible with the hyperbolic boundary condition
(4) according to [14], and (4) will be recovered in the limiting process as ¢ —
0. Under this setting, it holds that (Ag, m§) converges to (Ag,mg) in the weak*
topology of L>°([0,1]) as € — 0.

The corresponding Riemann invariants of the hyperbolic system associated with
(8) are

€ €\0 € £\0
E—ZZE (AG) , 28:%—(A0) , where 9:771.

Due to the dissipative structure of (8) and the theory of invariant region by Chueh,
Conley and Smoller [9] and Proposition 4.2 by Marcati and Rubino [25], the set

E={(4%m") | 0<w®—2z° 2f>z5, w' <wj}




ENTROPY WEAK SOLUTIONS TO A BLOOD FLOW MODEL 633

is an invariant region for (8).
From the invariant region ¥, we derive

0 < A%(x,t) < My, |mf(x,t)| < MyA(z,t) (11)

for some constant M; > 0 independent of . Hence, the uniform e-independent L>°
upper bound of the approximate solutions is achieved.

The local smooth solutions of (8)—(9) was obtained in [8]. In order to extend
any local smooth solution of (8)—(9) to a global one, we need to show that A° is
bounded away from zero, i.e.,

A (2,t) > 8(e,T) > 0, Y(x,t) € (0,1) x (0,T) (12)

where T' > 0 is the lifespan of any local smooth solution, and §(e,T) > 0 is a
constant depending on € and T'.
The proof of (12) is in the spirit of [8]. Consider

Af + (A%u®), = eAS, (13)
where u®(z,t) is a known function (local smooth solution to the approximate prob-
lem) satisfying |u®(x,t)| < My, see (11). Multiplying (13) by v’(A®) with v(A4¢) =
1/A¢ we obtain

U — EVpp = (uSV), + V" (A%)(ATUAS — c(AS)?). (14)

Notice that the last term on the RHS of (14) satisfies

V" (A)(ATuAS — e(A5)?) = 2(A%) (AT — e(A7)%) < W) _

Then it holds that
v(uf)?
2e
By the comparison principle, we know that the solution to (14) is dominated by the

solution to the following initial-boundary value problem with homogeneous Neu-
mann boundary conditions

U — EUpr < (u0), +

us 2
9t — €Gue = (U°Gg)s + g(zs) ’

9(,0) = v(A5(2)), (15)

gw‘xzo = gx|x:1 =0.

Therefore, to show (12), all we have to do is to prove that
g(x,t) < N(e,T), V (x,t) €0,1] x [0,T] (16)

for some positive constant N(e,T') depending on ¢ and 7.

In view of the initial condition (10), we know that 0 < g(z,0) = v(A§(x)) < 1/e.
From local existence results of (15), we know that there must be a tg € (0,7}, such
that

sup [|g(-, )|l (0,1) < 3/e. (17)
0<t<to
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Following the arguments in Section 4 of [8], we consider the operator £ in G, =
L>([to,to + 7] x [0,1]), with to + 7 < T, given by

}NL(,RE)Q
2e

L(h) :KE(-,t—to)*§(~,to)—|—/t Ke(-,t—s) % (-, s)ds

Ox K (-t — s) % (@h)(-, s)ds

to
where K¢ is the fundamental solution of the heat equation w; = ewg,, that is

1 1

e"dw, ||K|y =1, |[|KE|h = ——

where € denotes the even, periodic (with period 2) extension of a function ¢ : [0,1] —
R satistying &;|z—0 = &z|a=1 = 0, that is

K¢ (z,t) =

(x) =&(x), 0<z <1,
g(_f) = g(.’ﬂ), T € R7

f(z+2n)=£E(x), 2€R, neZ

and € denotes the odd, periodic (with period 2) extension of a function ¢ : [0,1] — R
satisfying &|y,—0 = &|o=1 = 0, that is

€(z) =¢(z), 0<
€(—2) = —€(2), IGR
Ex+2n)=£&(x), T€R, neZ

The operator L is a contraction mapping in G, if

M12 2M1 T
zmax{—, et 1} T
27 Jr €

where M is a constant such that |[u¢| < M;. Now we take

>0 18
0= o (18)
where
2
M:Qmax{%, %, 1}.
2 VT

Consider the problem (15) on [0,t + 79]. Let

G(to) = sup |[lg(-,t)l|L>(0,1)-
0<t<to

Then from (17), we have
(19)

€
We now show that there exists a constant N(tg,79) > G(to) such that, if h € G,
and satisfies

I2(-, )|l L0,y < N(to,70), 0<t<to+ 7o, (20)
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then L£(h) also satisfies the same estimate. Indeed,

M12 T0 2M1 T0
. 0o < — — —
||£’(h)( ﬂt)”L (0,1) = G(tO) + 9 N(t(),TO) c + ﬁ N(t()aTO) c

< G(to) +MN(75077'0)\/ ?

1
= G(to) + §N(t0770)

where we have used (18). Therefore, we conclude that the assertion (20) is true by
choosing

N(to, To) = 3G(f0).
Since L is a contraction mapping in G, the estimate (20) must also hold for its
fixed point. It is easy to see that its fixed point is the solution of equation (15).

Next, observe that the constant M is independent of € and 7. Then, by a
bootstrap argument one can show that

lg(,t)|lLe <3"G(ty), YO<t<T

where n = fTT_OtU] Recalling (19), we then have

3n+1
lgCB)llpe < ——, VO<t<T

which implies that

1 1 €

A° = > >
0 = @ = g = 3

>0, (z,t)€0,1] x [0,7].

Thus by choosing d(e,T) = z5r, (12) is proved.
This, together with (11), gives

0 < A%(z,t) < My, |m°(z,t)| < M1 A%(x,t). (21)

The global existence of smooth solutions to (8)—(9) follows from the above local
existence result and the a priori estimate (21). This completes the first step.

Step 2. Hl_oc1 compactness and strong convergence. In order to obtain global
solutions to (5), it suffices to show the strong convergence of the sequence of ap-
proximate solutions (A%, m®) as e — 0, extracting to a subsequence if necessary.
However, with the uniform L°° estimate of the approximate solutions in hand, one
can only guarantee the convergence in the weak® topology, which is insufficient to
handle the nonlinear terms in (5). One then applies the compensated compactness
frameworks established in [10, 11, 20, 21] for the gas dynamics equations to conclude
that there exist functions (A, m)(x,t) € L*((0,1) x (0,00)) such that

(A%, m®) = (A, m) a.e.in (0,1) x (0,00) as € — 0,
and satisty (c.f. (21))
0 < A(z,t) < My, |m(x,t)| < MiA(z,t), a.e. in (0,1) x (0,00).

One also defines u(z,t) = m(z,t)/A(z,t) a.e.. Tt is straightforward to verify that
(A, m) is a weak solution to the original system (5) and satisfies the entropy inequal-
ity (7) in the sense of distribution. Furthermore, the solution satisfies the initial
and boundary conditions in the sense of trace and section, see [14, 15, 28, 30]. This
completes the proof of Theorem 2.4.
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2.2. Long-time behavior. We now study the long-time behavior of the entropy
weak solution obtained in Theorem 2.4. The following lemma will play an important
role in controlling the singularity of the solution near a vacuum state (c.f. [16, 28]).

Lemma 2.6. Let 0 < A<A<xxand 0 <a< 14_1 < o0. Then there are positive

constants Cs, Cy, Cs depending only on A, a and A such that
(1) C3(A = A)> < P(A) — P(A) - P'(A)(A - A);
(2) Ca(A— A)? < [P(A) - P(A)] (A - A);

(3) P(4) ~ P(A) ~ P'(A)(A - 4) < G5 [P(4) - P(A)] (4 - 4)
where P is defined in (3).

The lemma is easily proved by using the convexity of P and A > a > 0.

We now turn to the proof of Theorem 2.5. The proof follows closely the corre-
sponding one in [28], carried out for a different damping term. We separate the
proof into several steps.

Step 1. Definition of an anti-derivative and reformulation. Since (A, m) is
conjectured to converge to (A,0), we set

w=A-A

which satisfy
wy +my =0,

m? - m (22)
e (A>ﬁ [P(4) = P(A)], +ug =0
where z € [0,1], ¢ >0, and

1
/ w(z, t)dx = 0.
0

Define anti-derivative

which implies that

yr=—w=A—A, 1y =m. (23)
Since
1 1 -
/ Az, t)dx :/ Ap(z)de = A
0 0
we have
y(0) = y(1) =0.
Therefore the second equation of (22) turns into
yi i Yt
vt (%) 4 [P(A) = P, + % =0, (24

We shall work on (24) in what follows.
Step 2. Preliminary estimates. Taking L? inner product of (24) with y, we have

- ( / 1 ytyda:) -/ e+ / [P(4) - PLA)) (A - Ao

1.2 1

Yi Yyt
= = ydr — dx.
/0 Yodx — [t ; T
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Since by the definition of entropy weak solutions, Definitions 2.1-2.3, A,u = m/A,
m =1y, € L*°[0,1] and y, = A — A, we have

Z(/Olytydx>+/ol [P(A) — P(A)] (A—A)dxz/ ytjdﬂc— i yjtdx (25)

Since 0 < A < (1, the first term on the RHS of (25) is estimated in the following

tLA b, AA
/ytAdJ: /yt e dx</ A01 vt Sdz. (26)
0

The second term on the RHS of (25) is estimated by Cauchy-Schwartz inequality

as 1
0 C(4 0

where C} is given in Lemma 2.6.
Combining (25)—(27), we then have

o ([ e + / [P(A) - PO (4 - A)de

g/01<,401+c> It dx +—/

By splitting the second term on the LHS of (28) into two parts and using Lemma
2.6 (2), we have

Cy
2 0
1 — —
< [ [P~ PA)] (A~ Ao
0

Since y(0) = y(1) = 0 and y, = A — A, by Poincaré’s inequality, we have

04/ 2d<—/AA (30)

Plugging (30) into (29), we have

6;4/0 y2d‘”+%/o [P(A) — P(A)] (A - A)da

(28)

(A A)2dz + % /0 [P(A) — P(A)] (A — A)da

1 (31)
< [ [P - PA)] (4= A
which, together with (28), gives
d ! cy [t 1 [t _ _
— ytydx + = | y¥dz+ = [P(A) — P(A)] (A — A)dx

1
Yt
< Ll
_/0 (AC1+C>A2d

Step 3. Estimates derived from entropy dissipation. In order to deal with the
nonlinearity on the RHS of (32), we now use the entropy inequality (7), rather than
the usual energy method. Let

m?  P(A) m3 A Im

= o mArm 33
Te=oat T Tt T (33)
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be the mechanical energy and the related flux. We define

e = e — ﬁP’(A)(A . ﬁp@'

Thus, by the definition of entropy weak solutions, (7., q.) satisfies the entropy
inequality (7) in the sense of distribution. Then it holds

2

1 - - m
Nt + ﬁ[P/(A)(A — A)]t + e,z + ,Uzﬁ <0

in the sense of distribution.
Since A is a constant, we get

P'(A) - m?2
- — <0.
7_1(A A)t+qe,x+uA2_0

n*,t +

By the conservation of mass and theory of divergence-measure fields [7], we have

d 1 1m2
adl N —dx <0,
dt(/ondx)Jru/O yE z <0

ie.,

d ([ Lyt
— mdw) + /A/ “=dzr <0. (34)

Choosing

v—1 T HQ -1
K= 2C ACi+ —+1
maX{ 1, CB 5 ( 1+ C4 + ) 1% }

and adding (32) to (34) x K, we have

d 1 04 ! 2
a X “a
p (/0 (Kn +yyt)dx> + 1 /0 y dx

1

+2/01 [P(A) — P(A)] (A_A)dx+/01 (Ku—ilcl—gg

(35)

2
Yi

Step 4. FEzxponential decay estimates. Our next goal is to compare the terms
inside the temporal derivative with [|y.||?, and ||A — A[|2,, and with the diffusion
terms in order to show the exponential decay of the solution.

Clearly, by using the definition of 7., Lemma 2.6 (1), (23), and the upper bound
of A, we have

! VYK KC-
/ (K. + yye)da > / (yf oy + — (A - A)Q) dz.
0 0

201 ’}/—1
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By the definition of the constant K and the Poincaré’s inequality, we have
/01 <2‘glyf + Yy + j(—CSl (A— A)Z) dx
:/01 <4KClyt2 + %yf +yy: + 2({;—?31)(/1— A)? + 30y — 1)(A— A)Q) dx
= [ (et g+ g, g+ g g A7)

1
K 1 1 KC. .
> 2, 1 9 19 3 N2
,/0 <401yt+2yt Yyt 5y +2(7_1)(A A))d:v

1
_ K 4, 1 2, KCs e
—/0 <4clyt+2(yt+y) +2(7_1)(A A)7 ) da.

Therefore, we have

KOs .
oA A ) dz.  (36)

1 YKo, 1 )
/ (Knw + yye)dx > / —vyi + 5y +y)*+
0 0 401 2

On the other hand, Lemma 2.6 (3) implies

' K _ _ _
—— [P(A) = P(A) - P(A)(A - 4)] du
o 7
<O [P(A) — P(A)] (A— A)dz.
v—1Jo

Moreover, since

1 2
OK , 1, C2,
< = —_— d
—/0 <2A2yt+2y NEYEL A

1 2
o Cl(K+C1) Yz 1 2
—/0 ( 5 12 + 7Y dz,

we have
/01 (Kns + yy) d
<C ( /O yRdo + / C[P(A) - P (A - A)do + /0 1 j‘fzdx) -
. . 37
g%‘; (24 /O yidx + % /O [P(A) — P(A)] (A — A)dx
—|—/01 (Ku—flC’l — g) ﬁdm)
where

[\V]

v—1 2

Gy 1 = u?
C7—m1n{4, ok (Ku ACq C’4>}



640 TONG LI AND KUN ZHAO

Let Cs = C7/Cs. We then get from (37) that

1 C 1 ) 1 1 B
08/0 (Kn. + yye) da §<44/0 ylda + 5/0 [P(A) — P(A)] (A — A)da

1 2 2
T 1% Yi
Ku—Ac, — 1) %
Jr/o ( = A0 04) A2d$>

which, together with (35), implies that

d 1 1
%/ (Kn« + yye) dx + Cs/ (K« + yy) doe < 0.
0 0

Hence, we have
1
/ (K1« + yy) dv < Cg exp{—Cst}.
0

By virtue of (36), we finally get
1
/ (m® + (A — A)?) dz < Cip exp{—Cst}.
0
This completes the proof of Theorem 2.5.

3. The case o > 1 and p > 0. This section is dedicated to the study of the
case > 1 and pu > 0. Physically speaking, this case is more realistic compared
with (5). From the mathematical point of view, this case is significantly different
from (5) due to the following reasons. When « > 1, the Riemann invariants change
expressions (in fact, the explicit expressions of the Riemann invariants are still
unknown), which brings tremendous difficulties in the analysis of global existence
of entropy weak solutions. Moreover, the functions (7., ¢.) given in (33) are no
longer an entropy-entropy flux pair for (5) when « > 1. Hence, one has to seek new
entropy-entropy flux pairs in order to study the long-time behavior of L> entropy
weak solutions.
We consider the following initial-boundary value problem:

At + m:l: = O7
m? m (38)
meta(0) 4 P, = -
where z € [0,1], ¢t >0 and
m|I:O = m‘m:l =05
(A7m)(m,0) = (Ao,mo)(x) € LOO([O, 1])’
0 < Nog < Ag(x) < Ny, |mo(z)| < NiAg(z), (39)

1
/ Ap(z)dr = A, >0
0

where @ > 1 and p > 0. Notice that we require Ag(x) to be bounded away from
zero in this case.

When « > 1, the framework given in Section 2 is no longer valid for (38). First,
it has been demonstrated in [18] that if o > 1 is close to 1, then the associated
Riemann invariants of (38) take the form
u

Wa>1 = Wa=1+ O(a - 1)A’

Za>1 = Za=1 + O(a — 1)

| e
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where wo—1 and z,-1 are the Riemann invariants associated with (5). We remark
that the explicit expressions of we—1 and z,—1 play crucial roles in the invariant
region theory and the compensated compactness frameworks established in [9] and
[10, 11, 20, 21] respectively. The arguments therein depend strongly on the analysis
of the structure of the region enclosed by the curves determined by w,—; and
Za=1 in the phase plane. When the expressions of the Riemann invariants change,
especially, when the explicit expressions of the Riemann invariants are unknown, we
are uncertain whether the invariant region theory and the compensated compactness
frameworks still work or not. The slight difference in (38) indeed brings tremendous
difficulty in the analysis of L*° entropy weak solutions. Therefore, we will not
investigate the existence of entropy weak solutions of the system (38) in the present
paper. Our goal is to establish a general framework of long-time behavior of such
solutions assuming their existence.

Second, since the functions given in (33) are no longer an entropy-entropy flux
pair for (38), we construct the entropy-entropy flux pairs for (38)

o 2 y—di+1 5 A
i) @y = (™ A == 40

where 1 = 1,2 and
4o — 141602 — 16+ 1 4a—1— 1602 — 16a +1
= >1, do =
2 2
@

dy

< 1. (41)
Furthermore, by direct calculation one can show that 7¢™ is a convex entropy uni-
versally, while the convexity of nél) depends on the range of the solution. We
remark that, when a = 1, (779, q£2)) reduces to the usual mechanical energy and
its associated flux, i.e., (33).

We shall use the new entropy-entropy flux pairs to redefine the entropy weak
solutions to (38). Since 77£2) is a convex entropy, it is natural to define the L*
entropy weak solutions to (38)—(39) in a similar fashion as in Definitions 2.1-2.3 as

follows.

Definition 3.1. A pair of bounded measurable functions ¥(x,t) = (A(x, t), m(z,t))
satisfying

0< A < A(I’,t) < AQ, |m(:c,t)| < AQA(I‘,t), 0< AL <A, (42)

is said to be an L entropy weak solution to (38)—(39) if the two equations in (38)
are satisfied in the sense of distribution and the initial and boundary conditions
are satisfied in the sense of trace and section. Moreover, the following entropy
inequality holds
2 m
ned + a2+ 0 <0

in the sense of distribution, where 7]22) is given in (40).

Before stating our result, we need to redevelop Lemma 2.6 for the new entropy
néQ). For this purpose, let
Av—d2+1

(v—dg)(y —d2+ 1)

R(A) =

Then we have
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Lemma 3.2. Let 0 < A < A < o and 0 < b < A, < oo. There are positive
constants Dy, Dy depending only on A, b, v, do and A, such that

(1) R(A) - R(A.) - R'(A)(A— A.) < Dy[P(4) — P(A)](A— AL),
(2) DafA — A < R(A) — R(A,) — RI(A)(A— A,)

where P(A) = A7 /~.

Proof. Consider

_ 2y - _
I'(4) S0 —dy i 1) [P(A) = P(A)](A - A.)
— [R(A) — R(A,) — R'(A,)(A - A,)].
Clearly, I'(A) is continuous for A > 0. Since

Ay—datl
ro=————>0,
() ’Y—d2+1

there exists h € (0, A) such that
1
rA) > 51“(0) >0, for Ael0,h)]

For A > A > h > 0, we see that
P/(R)(A - A.)? < [P(A) - P(A)](A— A,)

and
7
RQ(h)(A—A*) s d2 <’y§d2+1,
R(A) - R(A*) - R/(A*)<A - A*) < R//(A)
g (A=A y>dy+ 1.

Choosing

D, — max{ v R'(h)  R'(A) }

A,’ 2P'(h)’ 2P'(h)
we thus have

The second inequality can be found in [16]. This completes the proof of Lemma
3.2. O

We then have the following main results of this section.

Theorem 3.3. Let (A,m) be any L*> entropy weak solution of the initial-boundary
value problem (38)—(39) defined in Definition 3.1. Then, there exist constants
D3, § > 0 depending on v, Ay, A1, Aa, o, ut, and initial data such that

(4 - A, m)("t)HiZ([O,l]) < Dge™™". (43)

Proof. The proof is in the spirit of the proof of Theorem 2.5. We only give a sketch
here.
Following the arguments in the first step of the proof of Theorem 2.5, we arrive

at
m2 t
Yot + a(T)I + [P(4) - P(A)], + 1 =0, (44)
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Taking L? inner product of (44) with y, we have
g

d/olytydx—/olyfdwr/ol [P(A) — P(AL)](A — AL)dz

1 2 1
m
—a /0 A dedr | e

which gives, by the definition of y,

d [ 1 1
— ytyd:r + (a— 1) yide + [P(A) — P(A.)](A— AL)dx

dt
_ / 1 / yyf
0 0

Since A < AQ, for the first term on the RHS of (45), we have
1 1 d
A, A A%
/ v / el
0 0 ) ) (46)
d Yi
S OéA*A22 o A1+d2 dr.

Since dy < 1 and 0 < A; < A, we have

do—1
‘_M o g | /1 yytAzzdx‘
0o A 0 A#
dy—1 1
<t | [ Aas (a7)
0 A2
2 Ad2—1 1 2 1
peAY Yi Cy 2
< 3 | Al_i_dzdx—kz/oyda:

where C} is given in Lemma 2.6.
Combining (45)—(47), we then have

d I 1 1
— | ywydx + (a—1) 2dx + [P(A) — P(A.)](A— AL)dz
oo [ e |

2 A da—1
dy | WA
S(QA*AQ + C'14 )/0 A1+dzd +7/

Following the arguments in (29)—(32), we then have

d 1 C 1 1
—/ yrydx + i/ yide + (o — 1)/ yidx
dt Jo 4 0

0

2Ada—1 1 2
&y, WA Y
<(ad.Ag + o )/O Sy d.

1
w =l - R - R A

Let

Then, similar to (34), we have

d 1 1 yQ
* t
% O?’]dﬂ?"‘/ok A1+d2d$§0.
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By combining (49) and (50) and following the arguments in the proof of Theorem
2.5, one can deduce (43). We omit the details here. This completes the proof of
Theorem 3.3. O

Remark When the solution contains vacuum states, the situation becomes so-
phisticated. The framework of long-time behavior will be destroyed by the energy
estimate (47) since dy < 1 and A cannot be controlled when A — 0. On the
other hand, we calculate

di(1—dy)

5 m2A72d172+A772d171.

det(D*p{") =
It is easy to see that when d; > 1, det(DQnél)) may change sign if one still considers
the usual range of such kind of solutions given by 0 < A(xz,t) < C and |m(z,t)| <
CA(z,t). Therefore, nél) may not be utilized to define such solutions. However, it
is interesting to observe that if one considers such a solution satisfying

2 y+1
0< Alw,t) < Aa, mla,t)] < ——L2 4%, ay
di(dy — 1)

then it is straightforward to check that nél) is convex within the above range.
Moreover, Lemma 3.2 is still valid for nél) if one requires v > d;. And Theorem 3.3
still holds in this situation.

4. Discussion. Inspired by the relationship between the damped compressible Eu-
ler equations and the porous medium equation (c.f. [16, 17, 28]), we expect that
the solution A(z,t) to (1) will be captured by a porous medium-type equation and
m = Awu should obey the classical Darcy’s Law for large time. The porous medium-
type equation and Darcy’s Law in our case take the form

A= Q(A)yy, €[0,1], >0,
m=-Q(A),, z€[0,1], t>0,
A(z,0) = Ag(x), z€[0,1],
Qzlz=0 = Qulz=1 =0, t>0

where the function Q(A) is determined through the relation: Q'(A) = AP'(A). In
the case of bounded domains, using the arguments in [28, 31], one can show that
A converges to a constant, which is its average over the domain, exponentially as
time goes to infinity, and m goes to zero exponentially in time. The proof is based
on either a dynamical system approach (w-limit) or the energy method. Therefore,
solutions to (1) and (52) converge to each other exponentially in time as time goes
to infinity provided that the two systems carry the same initial mass.

It is interesting to study the Cauchy problem and the half-line problem of (1)
and to investigate the propagation and stability of its asymptotic profiles, such as
diffusion waves. Since the diffusion waves have explicit expressions in terms of the
spatial and temporal variables, once the convergence of general solutions of the
model to these profiles is investigated and explored in detail, it is expected that
the knowledge will help to understand the evolution of general solutions of the
model and to capture the detailed morphological behavior of blood vessels and the
dynamical aspect of the blood flow, which in turn will contribute to the detection
of physiological problems in real-world applications. Motivated by the studies in
gas dynamics (c.f. [16, 17]), we expect that the solution to (1) shall be captured by

(52)
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the nonlinear diffusion wave generated by the porous medium equation when time
goes to infinity. We leave the investigation for the future.
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