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ABSTRACT.

We consider first order hyperbolic systems on an interval with dynamic boundary
conditions. The well-posedness for linear systems is established by using a
variational method. The linear theory is used to analyze the local-in-time
well-posedness for nonlinear systems. The results are applied to a model
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1. INTRODUCTION

The paper summarizes recent new results on first order hyperbolic systems on a
bounded interval with dynamic boundary conditions that have the following form

(w(t,x) + A(u(t, 2))ug(t,2) = f(u(t,z)), t>0, 0<xz<1,
Bou(t,0) = by(t, h(t)), t>0,
Byu(t,0) = by(t, h(t)), t>0, 1)
h'(t) = H(t, h(t),u(t,0),u(t,1)), t>0, '
u(0,x) = ug(x), 0<z<l,

| 1(0) = ho.

This system occurs when the dynamics at the boundary interact with the waves in
the interior. Examples are models for the blood flow in the cardiovascular system, as
in [7, 19] and the references therein. If H does not depend on h then (1.1) includes
system of balance laws with nonlocal boundary conditions. The dimensions of the
constant boundary matrices By and B are p x n and (n — p) X n, respectively, with
0 < p < n an integer to be specified below. For the functions A : U — R™*",
f:U—-R", by RxH >R, b :RxH = R"Pand H:RxH xR>™ = R
where U C R" and H C R? are open and convex, we assume that they are infinitely
differentiable. We are interested in the well-posedness of the system (1.1) in a
Sobolev space H™ for an integer m > 3 under suitable assumptions, using functional
analytic Hilbert space methods. This differs from the methods and results in [10]
or [7] which are concerned with spaces of continuous functions.

With regards to the PDE part, we assume the following standard hypotheses for
hyperbolic systems, see |2, 13].

Friedrichs Symmetrizability. There exists a symmetric positive-definite matrix-
valued function S € € U;R™™™), called the Friedrichs symmetrizer, that is
bounded as well as its derivatives, S(w)A(w) is symmetric for all w € U, and there
exists o > 0 such that S(w) > al, for all w € U.

Diagonalizability. For each w € U, A(w) is diagonalizable with p positive eigen-
values and n — p negative eigenvalues. In particular, A(w) is invertible and has n
independent eigenvectors.

Uniform Kreiss-Lopatinskit Condition. There exists C' > 0 such that for all w € U,
there holds ||V < C||ByV| for all V' € E*(A(w)) and |[W] < C|B;W]|| for all
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W e E*(A(w)). Here, E“(A) and E*(A) denote the unstable and stable subspaces
of a matrix A, respectively.

We note that due to the diagonalizability, the system is non-characteristic. For
initial-boundary value problems associated with hyperbolic equations, care should
be taken in imposing the boundary conditions in order for the problem not to be
underdetermined or overdetermined. For diagonal systems, the number of boundary
conditions should be equal to the number of incoming characteristics and the states
corresponding to these should be imposed. For systems that are not diagonal, the
Uniform Kreiss-Lopatinskii Condition stated above provides the appropriate form
of the boundary conditions. In the case of half-space, the UKL condition implies
the decay at infinity x — +oo for solutions of linear hyperbolic systems of the form
eMU(x) where X has a positive real part, refer to [4].

The well-posedness of (1.1) is established by linearizing the system and using an
iterative scheme. There are several ways to perform the linearization. A successful
approach is to freeze the states u and h appearing in A, f and H, while retaining
the coupling on the boundary conditions. In line with this, we will discuss a linear
version of (1.2), namely,

w(t, ) + A(v(t, x))u,
Bou(t,0) = go(t) + Qo
Biu(t, 1) = gi(t) + Q1
W(t) = H(t)h(t) + Go
w(0, ) = uo(z),

h(0) = ho,

/—\

t, x) R( )u(tv :IZ') = f(tv :L'),
t)h(t),
t)h(t),
Hu(t,0) + G1(t)u(t,1) + S(t),

(1.2)

—~

\

for 0 <t < T and 0 < x < 1 and appropriate matrices A, R, Q;, G; and H. The
coefficient v is assumed to be at least Lipschitz. The goal is to prove the existence
and uniqueness of weak solutions of (1.2) in L?((0,7T) x (0,1)). Writing the system in
variational form, so as to apply Friedrichs method, a problem occurs in eliminating
the traces uj,—o and uj,—; in the differential equation for h due to possible limited
regularity of Gy and GG;. In fact, we only consider the case where they are bounded.
This will be done by considering test functions in a certain graph space.

In Section 2, we will define weak solutions of the linear system (1.2) and sketch
the proof of well-posedness and trace regularity. The nonlinear system (1.1) will be
the focus of Section 3. We apply the results to a model describing the flow of a fluid
in an elastic tube and outline the proof of global existence and stability.

2. LINEAR HYPERBOLIC PDE-ODE SYSTEMS

For the linear system (1.2) we assume that v € Wh(Qr)", R € L>(Qr)™*",
Qo € L0, TP Q; € L=(0,T)" P> H ¢ [>0,T)> S € L*0,T) and
Gy, Gy € L*(0, )%™ where Qr = (0,T) x (0,1) is the time-space domain.

The two main ingredients in writing the linear system into a variational form is the
choice of test functions and an appropriate decomposition of the flux matrix in terms
of the boundary matrices. For the latter, we note that there exist N, € R*—»)xn,
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Ny € RP", Co, M, € €U RP*1) and Cy, My € €°°(U; RP™) such that
A(w) = M, (w)" B, + C,(w)'N,, for all (w,y) €U x {0,1}.

This is due to the hypothesis that By and B; have full ranks, see [4]. In fact,
Ny is chosen so that (f,g) is invertible with inverse (Yy Dy) where Yy € R™? and
Dy € R™("=P) and one can take My = (AY)? and Cy = (AD,)”.

Let L =0, + A(v)d, + R and F(Qr) = {u € L*(Qr)" : Lu € L*(Q7)"}. Define
A=uv, + ATy, where v = (v, V) is the unit outward normal to dQ7. The linear
map u — /IquT from H'(Qr)" into L?*(0Qr)" can be extended uniquely into a
bounded linear operator from the graph space E(Qr) into H ’%(8QT), see [1, 9].
Consider the subspace £(Qr) of E(Qr) defined as the closure of H'(Q7)" with
respect to the norm

HUHE’(QT) = ||UH%2(QT)” + HLUH%Q(QT)” + HW@QT”%Q(@QT)"‘

It follows immediately from the definition that ujgq, € L*(Q7)" for every u € E(Qr).
The spaces E*(Qr) and £*(Qr) are defined analogously where L is replaced by the
formal adjoint L* = —9, — AT, + RT of L.

Given f € L*(Qr)", go € L*(0,T), g1 € L*(0,T)" P, S € L*(0,7)% uy €
L?*(0,1)™ and hg € R?, a pair of functions (u,h) € L*(Qr)™ x L*(0,T)% is called a
weak solution of the system (1.2) if the variational equation

// (t,x)- L*¢ tx)dxdt—/ouo() ©(0, ) dx + ho - 11(0)

/ (1) - (1) + HOn(t) + Q) M (Dp(t, 1) — Qolt) Mo(t)(t,0))
-/ / Flt.2) - olt,2) da dt - / 91(8) - (M (1) (8, 1) + (G (DY) (1))
[ o) O01pt8,0) = Gofomyena ~ [ ) te)a 2.1)

where H = (H + G1Y1Q1 + GoYoQo)T, holds for all ¢ € £*(Qr) and for all
n € HY0,7)* such that o(T,) = 0, n(T) = 0, Cipp—1 = —(Gi1D1)"n and
Co@la—o = (GoDy)™n. This variational form is obtained by multiplying the dif-
ferential equations by the appropriate test functions and then integrating by parts.

Since Gy and G are in L™, the functions (GyD;)Tn and (GoDy)*n may be only
in L? even for n € H'(0,T)% In order for the compatibility conditions Cypj,—1 =
—(G1D1)" 'y and Cypje—o = (GoDy)" 1 to be meaningful, we take the space £*(Qr) to
be the space for the first component instead of the space H'(Q7)™ used in hyperbolic
systems.

The existence of a weak solution is obtained from the following result in [15]
generalizing the one given in [8]. Its proof is based on the Hahn-Banach and Riesz
representation theorems.

Theorem 2.1. Let X and Z be Hilbert spaces, Y be a subspace of X and A:Y —
X, 0:Y = Z,®:Y — Z be linear operators. Suppose that W = ker(®) and A(W)
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are nontrivial. If there exist v > 0 and C' > 0 such that
YNwllx + [Tw7 < COyHAwlk + |owlZ),  for allw €,
then the variational equation
<U'7 Aw)X = (F7 w)X + (Gv W)Za fOT all w € I/V7 (22)

for a given (F,G) € X X Z has a solution w € X. In addition, the solution is unique
if and only if A(W) is dense in X.

Introducing the weighted-in-time spaces X = e " L?(Q7)" x e L2(0,T)¢, Y =
EX(Qr) x HY0,T)4 and Z = e " L?(0,T)"P x e " L*(0,T)? x L?(0,1)" x R4, it is
not hard to see that (2.1) can be written in the form (2.2). Therefore the first step
in establishing well-posedness is to derive a priori estimates. For the ODE part, we
have the following Poincaré-type inequality in [15]. Given H € L*°(0,7)%*¢ there
are constants C' > 0 and vy > 1, both depending only on the L>*-norm of H, such
that

1
n(0)* + e nlz20mye < C (;IW + Hn[La )0 + €M|?7(T)|2> (2.3)

holds for every n € H*(0,7)? and v > .

On the other hand, for the PDE part, due to the assumptions stated in the
introduction, there exist C' > 0 and 79 > 1, both depending only on the W*-norm
of v, the range of v and the L*-norm of R, such that

”wlt:OH%Q(O,l)" + 7H€ww||%2(QT)n + ||6Ww|x:0||%2(0,T)" + He%wm:l”%?(of)"

1 *
< c(eM||wt:T||iz(O,1)n + 2 Ll (2.4)

+ HGWCO(U)UJIFO||%2(0,T)nfp +[le”Cy (U)w|$=1||%2(O,T)P)

holds for all w € £*(Qr) and v > 5. When w € H'(Q7)", the proof of this a priori
estimate can be found in 2, 5, 11]. The fact that it also holds in the space £*(Qr)
is new and is established by a density argument.

Combining the a priori estimates (2.3) and (2.4) with an absorption argument,
Theorem 2.1 implies the following result. The interior-point trace regularity can be
shown by using standard multiplier techniques. For the proof, we refer to [15].

Theorem 2.2. The system (1.2) has a unique weak solution (u,h) € L*(Qr)" X
L*(0,T)%.  Furthermore, (u,h) € [C([0,T], L*(0,1)") N E(Qr)] x HY(0,T)* and
Ujp—e € L*(0,T)" for every & € [0,1]. The weak solution satisfies the estimate

6727THuH%([O,T},LQ(O,l)”) + ’YHeﬂtUHi%QT)n + Heﬂt“\won%?(o,T)n

+ He_vtullené(o,ir)n + 7‘|6_7th”2L2(o,T)d < C(HUOH%Q(OJ)” + | hol?

1, _ _ _ 1,
+ ;He ’th”%P(QT)" + [le %90”%2(0,”: + lle ’YtquH%Q(O,T)”—P + ;H@ 7t5||i2(o,T)d)

for all v > ~y for some C' >0 and 9 > 1.
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For the constant coefficient case, it can be shown that the weak solution introduced
above is equivalent to the one given by semigroup theory. However, proving that
the associated differential operator generates a strongly continuous semigroup is a

difficult task (see [15]).

3. NONLINEAR SYSTEMS AND APPLICATION

For the nonlinear system (1.1), the main result is the local-in-time well-posedness
and a blow-up criterion in finite time. The proof is technically long and for this

reason we only outline the main ideas and refer to [13] for the details. In the
following, we use the notation CH™(Qr) = [/, C/([0, T], H™7(0,1)").

Theorem 3.1. Let m > 3 be an integer and (ug,ho) € H™(0,1)" x H satisfy
appropriate compatibility conditions. Suppose that the range of ug lies in Ky C U,
ho € Gi C H, where Ky and G; are compact and convex, and ||ug| gmon» < M.
Then there exists T > 0 depending only on (K1, Gy, M) such that (1.1) has a unique
solution (u,h) € CH™(Qr) x H™(0,T)* with traces g, ujz—1 € H™(0,T)".

If the maximal time of existence T™ is finite then the range of (u(t), h(t)) leaves
every compact subset of U x H ast T T or

Proof.[Sketch of Proof.] The first step is to determine an invariant set for the
iteration. Given R,T, K > 0 denote by V7% p the set of all elements (v,9) €
CH™(Qr)x H™(0,T)% with the following properties: & vj—o = & uj—o and 9} g(0) =
dh(0) for 1 < j < m where the right hand sides can be written in terms of uy and
ho by formal differentiation of the PDE and ODE, the range of (v, g) lies in Ky x Gy,

[v][wree@ryn + [lgllwro o < K,
and
[ollem(@rym + Nvie=ollmmo, 1y + lVe=tllmomy + |9l amor)e < R
Consider the map 7 : V' p — V' i defined as follows: Given (v, g) € V7' g,
let 7 (v,g) =: (u, g) be the solution of the system

;

u + A)u, = f(v), in (0,7) x (0,1),
Botjo—o = bo(t h(t)), in (0,7),

Blu\x 1= bl(t h(t)), in (O,T),

W(t) = H(t g(t),v(t,0),0(¢,1)), in(0,T),

Ujp—o = Uo, in (0,1),

hit—o = ho.

\
The theory for linear hyperbolic systems with variable coefficients in [2| can be
applied for the existence of a solution for this system. With additional a priori
estimates in terms of the Sobolev norms, it can be shown that there are constants
T,K,R > 0 such that I (v, g) € Vs p whenever (v,g) € V7' g, that is, Vi 5 is
invariant under .7 .

This introduces a sequence of elements (u",h") € Vi p with (u",h") =
T (u*=', h"7Y) for n > 1 where (u’, h°) € V' p is a fixed element. By reducing
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T > 0 if necessary, it can be shown that the map .7 is contractive with respect to
the norm of L*(Qr)" x L(0,T)¢ and therefore the above sequence converges in this
space. The boundedness of the sequence in H™(Qr)" x H™(0,T)¢ and interpolation
theory show that the limit of the sequence described above is the solution of the
nonlinear system. The additional regularity in time and the regularity of the
traces follow from the regularity theory for linear hyperbolic systems with variable
coefficients.

The proof of the blow-up criterion is standard. Indeed, one shows that if the
conditions are not satisfied then it is possible to extend the solution on a larger
time interval. We refer the details to the reference mentioned above. 0

Now we consider the following system modeling the velocity u of a fluid contained
in a horizontal elastic tube of length ¢, vertical cross section A, that at each end is
attached to tanks with horizontal cross section Ar:

(A +uA, + Au, =0, t>0,0<z<d,
ut+m2A_%Ax+uux = —fu, t>0,0<z<d,
Arhy(t) = —A(t, 0)u(t,0), t >0,
Arhy(t) = A(t, Ou(t, 0), t>0, (3.1)
A(t,0) = (ao + bho(1))?, t>0, '
A(t, 0) = (ap + bhe(t))?, t >0,
A(0,z) = A%z), wu(0,z) =u’(x), 0<z <,

( ho(0) =h), he=h).

Here, hy and h, are the level heights of the fluid in the left and right tanks, respec-
tively, while the constants k, ag,as, b > 0 are related to the material properties of
the tube and the physical properties of the fluid. The constant 8 > 0 is the damp-
ing coefficient which is related to the viscosity of the fluid. For more details in this
model and the precise formulas for the parameters we refer to [14]. The system (3.1)
is similar to the one considered in [3, 12, 17] in the context of valveless pumping, but
none of these references addresses well-posedness or stability issues. [19] defines and
requires dissipativity of the boundary conditions which is not satisfied by physically
realistic models as in (3.1). Also, in [19] the use of the Lemmas 2.1 and 2.2 in the
proof of Theorem 2.1 is not entirely correct.

With regards to the local-in-time existence and blow-up criterion, the result of
Theorem 3.1 is applicable to (3.1). The next question is the existence of global
solutions. The answer is affirmative provided that g > 0 and the initial data are
smooth and close to the constant steady state (Ae,0, hoe, hee). This steady state
is unique as long as the total volume of the fluid in the tube and in the tanks is
constant. The proof of the global existence is based on the energy estimates obtained
from appropriate entropy-entropy flux pairs for the hyperbolic system. Define the
energy functional N by

Ni(t) = sup ([lu(s)lz + [ A3 (s) = Adll3e + [ho(s) — hoel* + he(s) — heel”)

s€[0,¢]
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t
+/O ()l + kI (AD)a ()71 ds
for k=0,1,2.

Theorem 3.2. Suppose that 5 > 0. There exists dg > 0 such that if No(0) <
do then (3.1) has a unique global solution such that A,u € C([0,00), H*(0,£)) N
CL([0,00), HY(0,)), ho, he € C?[0,00) and Ny(t) < CNy(0) for allt > 0. Moreover,
we have the asymptotic stability in H' x H' x R?

I ([[A#) = Acllar 0.0 + )| 10.0 + 1ho(t) = hoe| + [7e(t) = hee]) = 0
and the exponential stability in L? x L* x R?
IA®) = Acllzz0.0 + w220, + [Ro(t) = hoe| + [he(t) = hee| < C(1+t")e™"
for some constants C' > 1, 0 >0, k € {0,1} and for all t > 0.

Proof. We only give the main ideas and refer to [16] for the complete proofs. For
the global existence, the main goal is to prove the existence of a constant § > 0 such
that No(T') < § implies Ny(T') < C(0)N5(0) for some C(5) > 0 independent of T
Lower order estimates can be obtained by utilizing the following newfound relative
entropy and its corresponding relative entropy flux

(A, u) = %AuQ + gf@?(A% CAZ) - 2PAZ(A— A,
qo(A,u) = %Au3 + 2112(/1% - Aé)uA.

On the other hand, higher order estimates can be obtained by introducing suitable
entropy-entropy flux pairs for the diagonalized system similar to [19], but appropri-
ately reassimilated. Once this a priori estimate is proved, a standard continuation
argument shows that the local solution can be extended into a global one.

The asymptotic stability in H' x H! x R? is a consequence of the uniform bound-
edness of the energy functional N, with respect to time. The exponential stability
with respect to X := L? x L? x R? is obtained by linearizing the system around the
steady state. This gives us a linear evolution equation

B _Aevz
. . (% . —CYB:E—B’U
2(t) = AZ(t), Al | = —An) |-
ge ‘:;U(g)

with A a linear operator on X with domain D(A) = {(B, v, go, g¢) € H'(0,0)* x R? :
B(0) = vgo, B(f) = vg¢} and the constants are given explicitly by

I€2

VA,
The state for this equation is Z = (A, u, hg, hy) — (Ae, 0, hoe, hee), the deviation from
the equilibrium.

The linear operator A generates a strongly continuous group (e™);>9 on X and
by the methods of nonharmonic Fourier analysis we have

e Zollx < C(1+ £5)e™"]| Zo|l x

o= v = 2b(ag + bhoe) = 2b(ap + bhy).
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for every Zy € ker(A)*t, where 0 = —sup{Re A : A € 0(A)}, o(A) is the spectrum
of A and k is either 0 or 1 depending on the value of 3, see [14] for the precise
formulas.

Notice that this stability is only possible once the kernel of A is factored out. The
elements of ker(.A4) are also steady states of the nonlinear system (3.1), however, they
correspond to a different volume of the fluid. There is no reason for Z(t) to be in
the domain of A. In fact, the compatibility conditions on the boundary stated in
the domain of A are, in general, not satisfied. For this reason, we consider the new
state variable Y = Z — (¢,0,0,0) where

- C12(ho(t) — hoe)? + S b2 (he(t) — hee)?.

t.x) =
o, ) :
One can see that Y (t) € D(A) for all t > 0 and the non-homogeneous system

Y(t) = AY (t) + F(Y (1))

holds for some source term F'.

The final step is to decompose Y = Y] + Y5 in such a way that Y;(t) € ker(A)*
and Y5(t) € ker(A) for every ¢t > 0. For Y} we apply the exponential stability of the
semigroup generated by A and for Y5 we prove that its norm in X is small provided
that N(0) is small. The exponential stability of the nonlinear system can now be
obtained from these together with interpolation estimates and the Gronwall-type
Lemma in [6]. O
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