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THE FLOW APPROACH FOR WAVES IN NETWORKS

BERND KLOSS

(Communicated by K. Veselic)

Abstract. We present a “non-standard method” to treat wave equations on networks, leading to
a transport process on the doubled directed graph. From the node conditions, we derive a flow
governed by a certain adjacency matrix which, in particular, builds the bridge to the theory of
difference operators. This approach provides the fundament for a powerful method to examine
(boundary-)controllability and to prove stability results for damped and delay-damped networks
of wave equations.

1. Introduction

Wave equations on networks appear in models of multiple-link flexible structures
such as bridges, robot arms, solar panels, etc.. On the other hand, their study combines
many different mathematical disciplines such as functional analysis, graph theory, num-
ber theory and control theory. J. von Below together with F. Ali Mehmeti and S. Nicaise
have been pioneers in studying these processes (see, e.g., [3], [31], [32], [33], [34],
[35], [36], [4]). Further references are publications by J. Lagnese, G. Leugering and
E. Schmidt (see [23], [19], [20], [21], [24], [29)).

In this paper we want to contribute to this research and are inspired by an approach
by B. Dorn, K.-J. Engel, M. Kramar-Fijavvz, R. Nagel and E. Sikolya. In a series of
papers ([18], [25], [10], [9], [8] [11], [12]) they propose a semigroup approach to flows
in (in)finite networks. More precisely, they consider the transport of material along the
edges of a directed graph described by the linear transport equation

yi(t,x)=c¢;j y’j(t7x), xe[0,1], r=0. (1.1)

Here, the function y;(z,-) describes the distribution of material on the j-th edge
at time 7, ¢; > 0 is the speed of propagation on the j-th edge and the time and spatial
derivatives are denoted by the symbols “-” and “ ' ”, respectively. To describe the flow
behavior in the vertices the authors introduced a (weighted) adjacency matrix B for the
underlying graph. The entry B;; describes the proportion of the total incoming material
flowing from the j-th into the i-th edge. Then the (vector of) inflows y(7,0) at time
t is distributed to the outgoing edges according to the weights and the structure of the
graph coded in the matrix B, i.e., the outflows are determined by

y(r,1) =By(z,0), 1 >0. (1.2)
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108 B. KLOSS

The abstract operator corresponding to (1.1) with boundary conditions (1.2) is a
difference operator

A := diag (q%)m . D(A):={geW"P([0,1],C™)]| g(1)=Bg(0)},

Jj=1

as studied by the author in [16]. Essential properties for the generated Cg-semigroup
such as type, spectrum and asymptotics can be characterized in terms of the matrix B.
In this paper we show how the wave equation on a network can be interpreted as a flow
and consequently be modeled by means of a difference operator. To do so, we present
an “unconventional” reduction method to treat waves as flows in networks.

1.1. The reduction from waves to flows

To illustrate our approach, let us consider a star-shaped configuration of three vi-
brating strings of length one as depicted in Figure 1(a). We model this by a directed
graph consisting of the three edges e, e,, e3 and four vertices vy,...,v4, where the
star center v| is the common vertex of all three edges. Moreover, the orientation of
the edges is chosen such that the head of e; is in vy for j=1,2,3 (compare Section
2.1). If we parameterize the edges by the interval [0, 1] such that position zero is in the
star center and rescale all physical constants to one, the vibrations of the strings can be
described by a system of wave equations

Zi(t,x) =2} (1,x), x€[0,1],2>0, j=1,2,3, (1.3)

supplemented by an initial displacement and initial velocity of the strings
x€[0,1], j=1,2,3. (1.4)

Here z;(t,x) denotes the vertical displacement of the j-th string at position x and
time 7. The usual approach to treat such second order systems is to reduce them to a
first order system with vertical displacement (z;,...,z3) and velocity (21, ...,23) as state
variables, see e.g. [1], [2], [23], [38]. We will use a different reduction. The form of
the energy of this system, consisting of the kinetic and potential part on each edge, i.e.,

3 1
E(r) = % Zl/o (}z,-(z,s)|2+ |z’j(t7s)}2> ds, (1.5)

indicates that the variables velocity (z;) and deformation (Z;) should be used for the
modeling (see also [22]). This is also a reasonable state formulation for a string since
its characterizing property is its shape rather than the vertical position where this shape
is attained. From the identity
. 2 2
|Zj(t,s)} + ’Z}(t,s)}

5 (1) + 09+ [ai9) 0. 9))
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we are then led to the state variables (see also [14], [27], [28])

| = =

[Z'j (t,x) +Z} (t,x)] ,

[Z'j (r,1 —x)—zlj (1,1 —x)] ,

yj'(tvx)
j=1,2,3. (1.6)

y./+3(tvx) =

Formally, if z = (z1,22,23) satisfies the wave system (1.3), then the function y =
(y1,---,v6) satisfies a transport system

yj(t,x) zy;(t,x), x€[0,1],7>0, j=1,...,6, (1.7)
with initial data
1
y05) =3 W+ W],
: xel0,1], j=1,2,3.  (1.8)
yi+3(0,0) = S (1 —x) = (&) (1-¥)],

Conversely, if y = (yq,...,y¢) satisfies (1.7) with initial data (1.8), we obtain

1
zj(t,x) ::/0 [vi(s,%) +yjt3(s,1—x)] ds—i—z?(x), j=1,273

fulfilling the wave equation (1.3). So, via the above substitution, solutions of the wave
equation correspond to solutions of the transport equation and vice versa. In particular,
the substitution transforms the wave process on a single edge into a transport process
on two edges. The connections between these edges will become clear through the
boundary conditions.

(a) From the wave process... (b) ...to the transport process

Figure 1:

1.2. The boundary conditions

We start from the original star-shaped graph and add boundary conditions to de-
scribe the behavior of the wave process in the vertices. In the star center we require
Kirchhoft’s law

Z(1,0)=0,1>0, (1.9)

e

1

J
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meaning that the common force is zero, and the “continuity” conditions
2j(t,0) =2;41(2,0), t >0, j=1,2, (1.10)

meaning that the original difference in displacement of the strings will be kept fixed in
time. In the outer vertices v, v3 we choose Neumann and in vertex v4 Dirichlet-type
boundary conditions, i.e.,

/. = > =
{z,(al) 0, 120, j=12, (LD

z3(t,1) =0, 1>0.

Now the task is to reformulate these conditions, using substitution (1.6), i.e., for
the resulting edges in Figure 1(b). In what follows we will call a directed edge e;
incoming edge in a vertex v; if its head is in v;, and an outgoing edge of v; if its tail is
in Vi.
First, the Kirchhoff condition transforms to

3 3
Doviralt,1) =Y y(t,0), >0, (1.12)
j=1 j=1

which is a Kirchhoff law for the resulting transport process. More precisely, the con-
dition means that there should be a vertex connecting the tails of e4, es, eg with the
heads of e, e, e3 and that the total incoming flow through the edges e;, e, e3 must
be equal to the total outgoing flow into the edges e4, €5, €. This is indicated in Figure
2(a).

(a) Kirchhoff law for the transport process (b) Continuity BC for the transport process
Figure 2:

If we proceed in this manner, the continuity condition (1.10) yields

yj+3(t71) +yj(t70) :yl+4(t71) +yj+1(t70)7 ]: L1,2. (1.13)

This condition is depicted in Figure 2(b) and means that the blue flow must equal
the green and the red flow in vertex v;. Finally, the Neumann and Dirichlet boundary
conditions transform to

yi(t,1) = yjy3(t,0), >0, j=1,2,
y3(t,1) = —ye(2,0), >0,
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for the transport process, i.e., there should be a vertex connecting the tail of e; and
the head of e;,3 for j =1,2,3. Furthermore, the outgoing flow into edge ¢; equals
the incoming flow through edge ¢;,3 for j = 1,2 and the outgoing flow into edge e3
equals the negative of the incoming flow through edge eg. This is indicated for vertex
vy in Figure 3(a).

(a) Flow through vertex va (b) Flow through vertex v

Figure 3: The flow relations

The key observation is now that (1.12) and (1.13) can be combined to determine
the outgoing flow of each individual edge e4, es and eg in terms of the incoming flows
in vertex vi. If we express the resulting conditions in matrix form, we obtain

yl(tal) 0 0 0j1 yl(tao)
yZ(tal) 0 0 0] 1 y2(ta0)
y3(t7l) _ 0 0 0 —1 y3(t70)
wiet) | = | =13 25 23000 | | (o)
ys(eo1) 23173 2/300 0 | | ¥5(1.0)
yole.1) 23 2/3-1/300 0 ) \%(1.0)

=B

For example, the fourth row in the matrix condition means that in v; the outgoing

flow into edge e4 equals (—1/3) of the incoming flow through edge e; and 2/3 of the
incoming flow through edges e, and e; (see Figure 3(b)).
Consequently, we can interpret the above wave system as a flow on the doubled graph
governed by the matrix B, which is in fact a weighted adjacency matrix of the (doubled)
line graph (compare Section 2.1). In particular, it can be examined using difference
operators.

In this paper we develop the above approach for a general network of wave equa-
tions incorporating a possible damping in the vertices. In a subsequent paper it will
be shown that this approach allows to examine (boundary-) controllability and to prove
stability results for damped and delay-damped networks of wave equations. In partic-
ular, results of A. Borichev, Y. Tomilov ([6]), K.-J. Engel et al. ([12]) and the author
([16]) can be applied to treat these problems.
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2. The flow approach to waves on networks

2.1. Some notions from graph theory

We consider a finite network of vibrating strings. In order to model the network
structure and to formulate the boundary conditions it is convenient to use some graph-
theoretical notions. As a standard reference we refer to the monographs [5] or [7].
More precisely, the network is modeled by a directed (simple, i.e., no loops and mul-
tiple edges) graph G=G(V,E) consisting of the set of vertices V := {v;| i=1,...,n}
and the set of edges E := {e;| j=1,...,m}. In contrast to the usual notation, head
and tail of an edge will also be denoted by €;(0) and e;(1), respectively. Moreover,
we define

L(vi):={je{l,....m}| ej(1)=v; or e;(0)=v;}

to be the index set of adjacent edges to a vertex v; and the degree of a vertex is
deg(v;) == |T(v;)].

We do not allow loose vertices in the graph, i.e., deg(v;) > 1 forall i=1,...,n.
Moreover, the set of vertices is divided into inner vertices Vi,, i.e., vertices with
deg(v;) > | and outer vertices V oy, i.e., vertices with deg(v;) = 1. In order to allow
different boundary conditions in the outer vertices, we divide them into two disjoint
sets V2 and VN | representing vertices with Dirichlet- or Neumann-type boundary
conditions. Similar as in [15], we define some graph matrices representing the relations
between vertices and edges.

DEFINITION 2.1. The outgoing and incoming incidence matrices ®~ := ((])lj Ynxm

and @1 := ( ;})nxm are defined, respectively, by

laej(l):Vh laej(o):Vi’
= vi € VisUVNL,  and (])I-Jjr = Vi € ViUVN
0, else, 0, else.

Moreover, a matrix A € M,,x,,(C) satisfying q)i; =0< A;; =0 will be called a
weighted outgoing incidence matrix and it will be denoted by ®, . Weighted incoming
incidence matrices ®, are defined analogously.

We also need an adjacency matrix of the graph representing the relations between edges
separately.

DEFINITION 2.2. A matrix B € My, (C) is called a weighted (transposed) ad-
Jjacency matrix (of the line graph) if it fulfills

(B)ij # 0= 3 avertex v; with Ci(l) =V = ej(O).

An examples of such a matrix is, e.g., B = (d)g))T dT (see [30]).

One of our main tools is the so-called doubled graph Gq associated to our graph
G. This graph results from the original one as follows.
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(i) Double every edge e; between two vertices v; and v of the original graph and
index the new edge by €.

(ii) Reverse the orientation of e;,,, by exchanging its head and its tail and connect
the vertices v; and vy also via €j1p,.

The new graph Gg = G4(V,Eq) consists of the set of edges Eq := {e;| j=1,...,2m}
and the same set of vertices as the original graph. Its incidence matrices are

DT = (P, [D7), DT = (PF[D;),
o, = ((¢5)o|(q’$)0), Q)$ = ((QJ?B)()KQ)J))O)’

where the subscript “o” indicates that the matrix is associated to the original graph G
and the “ | ”-notation is used for 1 x 2 block matrices.

2.2. The basic model

The (static) graph G introduced above is now used to model the network of vi-
brating strings. These strings are free to vibrate transversally to the plane with respect
to the restoring forces due to tension. The length of the j-th string is /; and so we
parameterize the edges of the graph by the intervals [0,/;] such that position zero is at
the head of each edge, i.e., in e;(0). If we assume the physical parameters mass den-
sity and Young’s modulus to be independent of the spatial variable and rescaled to one,
the vibrations of the strings can be described by a system of (one-dimensional) wave
equations

Zi(t,x) =2j(t,x), x€[0,l], t=0, j=1,....m, 2.1

supplemented by an initial displacement and velocity of the strings
2j(0,x) = 20(x),
{f( ) =50 x€0,5], j=1,...,m. (2.2)

Here, the elements z; are (complex-valued) functions defined on Ry x [0,/;] and
zj(t,x) is the vertical displacement of the j-th string at position x € [0,/;] and time
t>0.

Additionally, we describe the interaction between the strings by supplementing
the system with boundary conditions. As already indicated in the introduction, these
will be formulated in terms of the energy variables appearing in (1.5), i.e., as linear
combinations of velocity and deformation at the boundaries of the strings. We first
impose the “continuity” conditions

zj(t,vi) =z(t,vi), vi€Vin, jleT(vi), t20, (2.3)

meaning that the velocities of the strings in a common vertex are equal. Especially, if
the displacement of two adjacent edges in a common vertex is initially equal, it will
remain equal in time (i.e., the strings are “tied” together in that vertex). Note that we
used the suggestive notation z;(z,v;) if €;(0) = v; or e;(1) = v; for the values of the
function z;(¢,-) in 0 or ;.
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In the outer vertices V2 we assign Dirichlet type boundary conditions, but to us
it seems to be more natural to require the velocity in the vertices V2 to be zero rather
than the actual vertical position (compare also, e.g., [37]), i.e.,

2i(t,vi) =0, v;e VD jET(v), t=0.

This means that the strings are fixed at some (perhaps different) height in these
vertices rather than fixed at position zero.
To write the boundary conditions in a more convenient way we use the above graph
structure matrices and the vector notation

z1(t,x1) X1 m
Z(t,x) := : forx=| : [ €[]0,5], 1:=(l,...,lm)

Zm (taxm) Xm =1

We claim that the Dirichlet and continuity conditions are fulfilled if

T .
Ve>0 3d(t)eC" st <E$+;T> dt) = (ZZ((Z”(Z)))) . (2.4)

This follows since e;(0) = v; € V5, implies, by Definition 2.1 of the matrix (&) T,
that the j-th row contains only zeros. Analogously, if €;(1) = v; € V5, then the j-
th row of the matrix (®~)" contains only zeros. Moreover, the continuity condition
(2.3) also follows, because given a vertex v; € Vi, the matrix (@ |®~)" assigns the
value d; to all coordinates where either z;(z,0) = z;(t,v;) or z;(t,l;) = 2;(¢,v;). The
remaining rows yield no further restrictions.

Finally, we impose a Kirchhoff law in the inner vertices and Neumann boundary
conditions in the set VY. However, we want to incorporate the possibility to damp the
system in each of these vertices. Therefore, we introduce for each vertex v; € Vi, UV,
the damping constant o, € R. A negative value will describe a “gain” of energy, while
a positive value oy, > 0 corresponds to damping the system.

7\ (t,1.) >0
7 (Ll

o

() Zj(z,1;) <0 indicates this form (b) Z;(t,1;) > 0 indicates this form

Figure 4: The damping method.

Let us briefly describe our damping method. Consider a single string modeled by
an edge between two vertices v; and vi, where v; is an outer vertex (see Figure 4).



THE FLOW APPROACH FOR WAVES IN NETWORKS 115

Assume that we are able to observe the deformation of the string at position /; and that
our aim is to bring the string to rest. Observing a negative slope z’,»(t, 1;) < 0 indicates
that the string has a deformation as depicted in Figure 4(a). This should be balanced by
an upwards evolution in that vertex. Conversely, a positive slope z’j (t,1;) > 0 indicates
that the string has a deformation as depicted in Figure 4(b), which should be balanced
by a downwards evolution in that vertex. Therefore a reasonable damping in vertex vy
is
Z/j(t7lj) =—ow,z(t,1;), t=0.
Note that the same idea of damping applied to vertex v; leads to
25(1,0) = a,2(2,0), t=0.

To generalize this damping concept to inner vertices, fix v; € Vi, and choose an adja-
cent edge e;. Without loss of generality we assume that ¢;(0) = v; for all j € I'(v;).
Then we impose the damping condition

2 Z/j'(t70):avi2k(l70)7 t>0.
JET(vi)

To model this condition, for each vertex v; € VinOVgIm one single adjacent edge of
v;, denoted by ey, , is chosen (representing e; above). This information together with
the damping constants is collected in the following matrices.

DEFINITION 2.3. Let ¢, be the damping constant and ey, the associated edge
for v; € ViUVY . Then the damping matrices ¥~ = <1//i7> and ¥+ = <11/J> are
defined by

CON yN
Oy;, Vi € VinUVye Oy;, Vi € VinlUVgyes
_— J = Svis + . Jo Ve
Wij T ej(l) =V, and wij T ej(O) =V,
0, else, 0, else.

Then we can formulate the (damped) Kirchhoff and Neumann boundary conditions as
O (1,0) =D (¢,1) =¥ 2(t,0) + ¥ 2(t,1), t =0. (2.5)

Observe that for oy, =0, (2.5) yields a usual Kirchhoff law or Neumann boundary
condition for vertex v;.

These considerations lead to the following system

Zj(t,x) = 7j(1,x), x€0,j], >0,
V>0 3d(t) € C st (OF|D7)Td(t) = (2(,0),2(¢,0) T,
O (1,0)— D (t,1) = P 2(t,0)+ ¥ 2(t,0), t >0, (2.6)
zj(0,x) = z?(x)7 x€0,15],
zj(0,x) = v?(x)7 x€0,15],

for j=1,...,m. We will examine system (2.6) on existence and uniqueness of classical

solutions defined as follows.
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m
DEFINITION 2.4. A function z: R, — T[] LZ([O,ZJ-],(C) is a classical solution of
Jj=1

(2.6)if

(i) zeC? <R+, il Hz([OJ,-],C)) and
j=1

(i1) z satisfies (2.6).
Moreover, the system is well-posed if there exists a unique classical solution for initial
data (z°»9) € TT H?([0,;],C) x [T H!([0,1;],C) satisfying boundary conditions (2.4)
j=1 j=1
and (2.5).

Finally, we introduce the weighted incidence matrices for this problem.

DEFINITION 2.5. Let o, # —deg(v;) for all v; € ViyUVN . Then the weighted

outgoing and incoming incidence matrices @, := (@;; Jnxm and Df = (w;)nxm are

defined by
T R =v; 2 e (0) =,
deg(vi)+ow;? ej(1) =vi, deg(vi)+ay,’ e;(0) =vi,
W = vi € VisUViy, W) = Vi € Vin UV
0, else, 0, else.

The assumption oy, # —deg(v;) for all v; € Vi, UV will be justified at the end
of Section 2.5. In the next section we will proceed with the modeling of system (2.6).

2.3. The reduction from waves to flows

As motivated in the introduction, we do not follow the standard approach using as
state variables vertical displacement (z;) and velocity (;) to model system (2.6), but
rather choose state variables that reflect the energy of the system.

DEFINITION 2.6. Forevery z; € C! (R, H'([0,1;],C)) (j=1,...,m) we define
the state variables yj, yj+m € C(R4,L*([0,1],C)) by

[ (0,12) + 2 (1, 1x)]

[ (0,2; (1 —x)) = 5 (2, 1; (1 = x)) ],

yj(tax) =
x€0,1],>0.

N = =

ijrm(tax) :

Moreover, for initial data (z?,v?) € H'([0,;],C) x L*([0,1;],C) we define the as-
sociated initial data

W@ = 5 00+ ) 0]
Won) = 5 W0 (1 —2) ~ @ (1501~
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for x € [0,1], j=1,...,m and the speed constants

1
€)= Cjtm = forj=1,...,m.
j

REMARK 2.7. Note that for a function z; € c! (R+7H1([07lj]7(C)) we have
Zj(t?x) :yj<t7%>+yj+m<tal_%>7
Z}(t7x) :yj<t7[x7>_yj+m(t7l_l£j>a

We now rewrite the wave system in terms of the state variables (y;). As indicated
in the introduction, the state variables follow a transport process.

xel0,lj], t=0.

PROPOSITION 2.8. If z; € C*(Ry,H*([0,,],C)) satisfy the wave system (2.1),
then y; € C!(R,H'((0,1],Q)) fulfill the transport system

yi(t,x) = cjy’j(t,x), x€[0,1], =0, 2.7)
for j=1,....2m.
Proof. In the following, we denote the derivation operator by % and %, respec-

tively, in contrast to the notation of derived functions z or z/. A simple calculation
yields

1/d d
yj(t,x) = 5 (Ez'j(t,ljx)-i-gzlj(hljx))

19,
=5 (al—ij(tvljx)—’— Eazl(r,ll}d>

for j =1,...,m, using the underlying wave equation (2.1). For j =m+1,...,2m we
obtain

o) = 3 (G0 =)= Jffe1,1-) )

~ 3 (Fon0-0+ L3 1uen0-2)
_ 2_11, (%z,-(r,lj(l )~ 2501 —x>>>

= Cj+my}+m(t7x)' U
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To model the transport process, we associate to each edge e; in the original graph
two new edges &; and &;,,,. They are parameterized by the interval [0, 1] such that 0
corresponds to the head of the individual edge. We put some “material” on the edges
and assume that it is transported according to (2.7). So with our choice of parametriza-
tion for the edges, the “material” is transported with speed ¢; from the tail of the edge
to its head. The relations between these edges will be incorporated when reformulating
the boundary conditions.

2.4. From waves to flows — reformulation of boundary conditions

In order to show how the transport processes of the above doubled edges are linked
we now reformulate the boundary conditions (2.4) and (2.5) using the state variables

(i)

In what follows we will be concerned with the doubled graph Gy (introduced
in Section 2.1) and all appearing incidence and adjacency matrices are associated to
this graph. Graph matrices corresponding to the original graph G are indicated by a
subscript “0”.

The matrix B € Mp52,(C) defined by

\T 0,, Id,,
- (o) 0 - ()

(©,)] )= (O 1dn
) ((%)J ) =i, o)

and the damping matrices associated to the doubled graph
YT =(¥,[¥;) and W =(¥]¥,)

play an important role in the reformulation of the boundary conditions. Recall that

(CID;)T ®* defines a weighted (transposed) adjacency matrix of the doubled graph Ggy
(see Section 2.1). Then, by Definition 2.2, B is also a weighted (transposed) adja-
cency matrix. This matrix helps to reformulate the boundary conditions by means of a
difference equation.

PROPOSITION 2.9. For z € C! <R+, [T H!([0,! ,-LC)) let y be as in Definition
j=1

2.6 and assume that o, # —deg(v;) for all v; € ViyUVN,. Consider the following
assertions.

() zec! <R+, f"[ H2([07lj]7(C)> satisfies (2.4) and (2.5).
j=1

(ii) y € C(Rs,H'([0,1],C*™)) satisfies
(a) Oy(t,0) — D y(t,1) = Py(,0) +¥ y(,1), t >0,

(b)Vt>03d(t) eC" st ((I)*)Td(t) = y(¢,0) + (I%m I(()jm>y(t7 1).
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(i) y € C (R, H'([0,1],C*™)) satisfies

y(t,1) =By(z,0), ¢t >0. (2.8)

Then the implications (i) = (ii) < (iii) hold.

Proof.
“(i)=(ii)”: We denote by IT; : C*" — C™ the projection onto the first m coordi-
nates and by I, the projection onto the coordinates m+ 1,...,2m. If we use Remark

2.7 we obtain

q)er(t?O) _¢7y(t’ 1) = q);r (Hly(t70) _HZy(t7 1)) —d); (Hly(t’ 1) —sz(t,()))
=0 7(,0)-, 7 (¢,1)
=W/ :(t,0)+¥, 2(t,1)
=¥ (M1y(7,0) 4+ Moy (z, 1)) + ¥, (T y(r, 1) +ay(2,0))
=W¥y(t,0) + ¥ y(1,1),

hence (a) holds. Condition (b) follows from the definition of ®* and the identity
z(t,0)\ 0, Idy,
(D) =eors () s,

“(ii)= (ii1)”: To prove this implication we use the diagonal n X n matrices

1, vi € VipUVN,, deg(vi), vi € VinUVN,,

(D)ii = {0, else, (D2)ii == {O, else.

and
deg(vi) + o, Vi € VinUV(I;Iut,
0, else.

(D3)ii := {

They satisfy
1
D, = §(¢_+T_)(¢5)T’
D, = & (1),
D; = Dy +¥" (o).

Using (b) we derive

(@) @y(1,0) = (@) @ (@fd@_ (I‘f;; Ig:)ym))

= (d,) o (@) d(t) - (D) D y(,1).
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Moreover, assumption (a) yields
(@) D y(r,1) = () [®Fy(t,0) — ¥ y(t,0) — ¥ y(r,1)]
= (@) @*y(r,0)— (@) {‘I”y(t,o)
Ty (1?1’:1,, I&:’) ((@*)Td(z) —y(t,O))]
= (@) @ y(1,0)— (@) [‘wy(r,m +¥* (o) al) —y<t7o>)}
— (@) DTy(r,0)— (@) ¥ (@) d(r).
Combining this and using the above identities for the D;, we obtain
(@) @ y(1,0) = % ()" <q>+ (@) +w* (q>+)T) d(r)
(@) (D2 (@) "))

1
2
1
2

This leads to

\T 0, Id
By(t,0) = (@) @"y(t,0)— (Id”; 0’:1>y(t,0)

_ (q)f)Td(,)_ <I(21r:ln I(i;”) <(¢+)Td(t)— (I%’; Ig;")y(t,l))
=y(t,1).

“(iii)=>(i1)": A simple calculation shows that
_ _ _ _ \T 0,, 1d,,
(O +%7)y(t,1) = (@ + )((q;w) o - (Idm o ))y(z,O)

= (& +¥) (Dy) @ — D —¥T)y(1,0)

=2D,

= 2D D - — W)y (z,0)
=+

= (& — W) y(1,0).

To verify condition (b), observe that
0, Id,, A NT s
(1o o )ote300) = (o 5 ) (@) @%5(00)
= (@) @*y(,0)
= (@) ®g¥(1,0),
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and so we can define d(t) ;= ®/y(t,0). O

If we recall Proposition 2.8 and since B is a weighted adjacency matrix of the
doubled graph Gy, condition (2.8) means that the flow out of a vertex into an outgoing
edge is determined by the inflows through the incoming edges. Because of this behav-
ior in the vertices we call the resulting transport process a flow on the doubled graph
governed by the adjacency matrix B.

2.5. Well-posedness for the wave process

‘We now introduce the abstract Cauchy problem corresponding to the transport pro-
cess (2.7) with boundary conditions (2.8). The abstract framework for our examinations
is as follows.

DEFINITION 2.10. Let oy, # —deg(v;) for all v; € ViUV,

out

(i) The state space is the Hilbert space L2([0, 1],C*™), equipped with the inner prod-
uct

2m 1 1
e =3 — | £ ds
j=16770
(ii) The system operator (A,D(A)) is
0 2m
a=ding (¢;5) " D)= {7 €H'QULEM| 1) =BFO).
j=1
The operator (A,D(A)) is a difference operator and it follows from [16, Thm. 2.6]

that it generates a strongly continuous (difference) semigroup denoted by (7'(¢));>0.
However, we can prove even more.

THEOREM 2.11.

() If oy, # —deg(v;) forall v; € ViyUVY,,, the operator (A,D(A)) is the generator
of a Cy-semigroup on L*([0,1],C>™).

(ii) If ow; =0 for all v; € VinUVoNut, i.e., if the wave equation is not damped in the
vertices, (A,D(A)) generates a unitary group on L*([0,1],C>™).

(iii) If av, =0 for all v; € ViyUVY,, then (A,D(A)) generates a contraction semi-
group on L2([0,1],C?™).

Proof.  Assertion (i) follows from [16, Thm. 2.6]. To show statement (iii) we
use [16, Thm. 2.6(i)], i.e., we only have to show ||B||; = 1/r(BTB) < 1. Therefore, it



122 B. KLOSS

suffices to determine the spectrum of B B. To that purpose, we introduce the diagonal
n X n matrices

2 N 4deg(vy)
(Dy)ir = { g V€ Vo Vow ] et rar Vi € VinOVou
0, else, 0, else,

and the (weighted) incoming incidence matrix ®;, = ((I);;)nxzm defined by

—day; —
et ray? &1(0) =Vin
;5 = vi € ViUVN

0, else.

out?

These matrices satisfy
o) =D07,
T
D, =@, (D) ,
& — Dyt — 207

Calculating yields

#5900 (11 o) [0 o (1 5]
— (1) Dyt — (@) Df — (@) DT +1dy,
— (D,0") @t — (@) D" — (D) Dt +1dy,
= (Dy®t —20) B +1dy,,
= (q>g) T 4 1dy,,.

Recall now that the product (®)"®* of incidence matrices always defines a
weighted (transposed) adjacency matrix of a line graph. Consequently, the matrix
(®F) @ defines a weighted (transposed) adjacency matrix of a line graph G4 with
@, = @ . This graph consists of the same vertex set as Gq with the same incoming
edges in a vertex. However, all these incoming edges are also outgoing edges in the
same vertex, i.e., all edges are loops. Hence, G4 divides the graph Gy in n subgraphs,
where each subgraph contains a vertex with its incoming edges in G4 realized as loops.
An example is depicted in Figure 5.

Since (@) @7 is a weighted adjacency matrix of the line graph of G4, by Defi-
nition 2.2, (®)T®* +1d,,, is also a (weighted) adjacency matrix of the same graph.

Let us now determine the entries of this matrix. Fix an index i € {1,...,2m}.
Then the edge e; is an incoming edge in a vertex of Gq, say vi¢. Assume first that
vi € VD .. Since ®@* has only one non-zero entry in the i-th column (namely the k-th
entry), we can use the definition of @ to compute the diagonal entry of the i-th row
. —4day,

= ——5+1
(deg(vi) + 0y )

(B'B)i =g - ¢ +
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(& 65
%&% QZ
) "’3 ke mes

(a) A graph G4 with adjacency matrix B. (b) Corresponding graph G4 with
adjacency matrix B'B.

Figure 5: The transformation of a graph Gy to G4

For every other incoming edge €; of vertex v; in Gy the matrix ®™ has a (unique)
non-zero entry in the j-th column (namely the k-th entry) and so the i-th row of (B'B)
has an additional entry

TRy — 3t bt — —4oy,
(B B)ij = @y; - &; (deg(ve) + ot )2

All other entries in the i-th row are zero. If e; is an incoming edge in a vertex v; €
VD the only non-zero entry is (B'B); = 1 because the i-th column of ®* contains
only zeros in that case.

Since the graph G4 is divided in n independent subgraphs, we can order the
columns and rows in the matrix B'B block-wise with respect to the vertices. More
precisely, using elementary row and column permutations we can transform the matrix
into the block form

B0 .0

BB~ | 0 ,
L0
0..0 B,

where By, is the deg(vy) x deg(vy) matrix

don, )deg<vk>

B=—-——7-—-—"F—— 1d .
¢ ( (deg(vi) + o, ) - Cdeg(w)

i,j=1

Here, we set ay, := 0 for v; € VD . Since the eigenvalues of these blocks are
known, this representation yields

4deg(v;)ow;

{1~ Gaeior
1 4deg(vi)ow;

{ T (deg(vi) ;)

vi € V} U1}, if 3 v; st deg(vi) =2,
c(B'B) =

Vi € V} , else.
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Since oy, > 0 by assumption, all eigenvalues of (B"B) have modulus smaller
than one and so B is contractive and (iii) follows.

For statement (ii), by [16, Thm. 2.6(iii)] it suffices to show that B is unitary if
oy, = 0 for all v; € VinUVN . However, this follows immediately from the explicit
formof B'B. O

Finally, we consider these results in the context of system (2.6) and show how its

classical solutions and well-posedness can be obtained via our flow approach.

THEOREM 2.12. If o, # —deg(v;) for all v; € ViyUVY,,, system (2.6) is well-
posed.

More precisely, let (0 zj, j) € H%([0,/; 11,C) x H'([0,1;],C) satisfy boundary condi-

tions (2.4) and (2.5) and let yo be the associated initial data. Then there exists a unique
classical solution to the wave system and is given by

t
_ 0 x 0 X 0
2j(t,x) = /0 ([T(s)y ], (E) +[76] 11 (1 - E)) ds+22(x)  (2.9)
forxe 0], t>0and j=1,....m
Proof. To show that z; given by (2.9) is a classical solution for the wave system,
observe that by Proposition 2.9(i)=(iii), the function y° belongs to D(A). Conse-
quently,
Ry 3t y(t,) :=T(t))
is the unique classical solution to the transport equation (2.7) with boundary conditions
(2.8) and initial condition y° (see [13, Chap. II, Prop. 6.2]). Then we differentiate z f
twice with respect to time and obtain

5560) = 5 53 (1) #30m (11 )

1 / /
=2 (5 (8) (1 -1))

where we used that y; and y;,,, satisfy the transport equation (2.7). Differentiating z;
with respect to the spatial variable gives

st = 5 [ 5 b () (1) s )
= 2 [ 5 (o8) (- )t @0
= 5l () e (1 -5)
-(3(E)n 1-8)) @10

=5 0 g) P (v1-1)).

J

~
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and so z; satisfies the wave equation for all j = 1,...,m. Moreover, these calculations
show that

Z/j(trx) =JYj (%%) —Yjt+m <t71 - %)a
Zj(l,x) =yj (t’lij> +yj+m <t,1 — %) .

Since y(z,-) € D(A), condition (2.8) holds for all 7 > 0. Using the equalities (2.10)
we obtain that z satisfies the boundary conditions (2.4), (2.5) for the wave equation.
Since z also satisfies the initial conditions (2.2), it is a classical solution for the wave
system.

(2.10)

For the uniqueness suppose that w is another classical solution of the wave system.
By Proposition 2.8 the variables

[y (2, 1jx) +w'(2,1x)]

[y (1,15 (1 = x)) = wiy (1,1;(1 = x))],

yitx) =
xe€[0,1],:>0

y;'erm(t?x) =

| = =

satisfy the transport equation (2.7) and by Proposition 2.9
v (t,1) =By"(z,0) forallz >0.

Consequently, y" is also a classical solution of the transport system and must coincide
with 7 +— y(z,-) = T(¢)y". But then, by definition of y* and by equations (2.10), we
have

w =7 and w=z,

and so w = 7 follows, since both solutions have the same initial data (z°,»°). O

At the end of this section we want to justify our assumption o, # —deg(v;) for
v; € VinUVN . Consider the following example of a single string with Neumann bound-

ary conditions in vertex v and a damping with damping constant oy, = —1 in vertex
V.
72 —
- Dmp % Y
(a) String damped in vertex v, (b) Damping in the flow setting
Figure 6:

In our setting this system is described by

i(t,x) = 7'(t,x), x€[0,1], >0,
Z(t,0) = 0, t>0,
Z(t,1) = z(t,1), t>0.
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We reformulate this system in terms of the state variables (y j)§: | from Defini-

tion 2.6 and the corresponding transport process. The Neumann boundary condition
becomes

yz([,l) :yl(t70>7 t>o7

while the damping condition transforms to

y2(2,0) =0, t>0.

In matrix form we obtain

(50) Cair) = (o7) Gad)
- _—

=K =:L

and the operator corresponding to this transport process is

2
a=ding(5) D)= [ HO.1LC Kelt) =Le(0)}.
dx =1

Assume that there is some material on edge e;. Then it is transported with speed

one to vertex v; where it simply flows through. Afterwards it is transported on edge e;
towards vertex v, where the boundary conditions tells us that nothing flows in. This is
a very strange physical behavior and in fact, it can be shown that the operator (A, D(A))
does not generate a Cq-semigroup (e.g., by [17, Chap. III, Thm. 1.10]).

3. Outlook

In a subsequent paper we will use the presented approach to treat control and

stability questions for wave equations on networks.

@

(i)

(iii)

We will show that the energy of a wave system corresponds directly to the norm
of the corresponding difference semigroup. Using recent results by A. Borishev,
Y. Tomilov and the author ([6], [16]), this allows to characterize exponential and
polynomial stability.

We combine an idea of S. Nicaise and J. Valein ([26]) with our approach and
show how delay-damped networks of wave equations can be modeled by means
of a difference operator. Moreover, we prove stability results for delay-damped
star-shaped networks.

We show how our approach can be combined with abstract boundary control sys-
tems as studied in [12]. More precisely, a node-controlled wave equation trans-
forms into a node-controlled flow on the doubled graph. Furthermore the theory
of difference operators can be used to find the maximal reachable deformations of
the wave network.
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