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Flows in networks with dynamic ramification nodes

ESZTER SIKOLYA

Abstract. Combining functional analytical and graph theoretical methods, we investigate flow processes as in the
papers [15] and [16], but we change the transmission process in the nodes of the network. Instead of conservation
of mass, we assume that the velocity of the outgoing flow mass in the vertices is determined by the total incoming
flow mass and by the outgoing flow in the other vertices.

1. Introduction

In this paper we investigate flows or transport processes in networks, similarly to the
papers [15] and [16] — but we change the transmission process in the nodes. We assume that
the velocity of the outgoing flow mass in the vertices is determined by the total incoming flow
mass. In addition, we take into consideration a control process in each vertex, depending on
the outgoing flow mass in the other vertices. However, for the sake of simplicity, we assume
now that the flow velocities are constant on each edge and there is no absorption/inflow.

We show well-posedness and then describe the asymptotic behavior of the process using
semigroup techniques combined with graph theory. As our main result we obtain, under
natural positivity assumptions, that the system converges to a unique equilibrium (see
Theorem 8.4.). The tools from graph theory can be found in [1], while or semigroup tools
are quoted from [11]. In writing this paper we were inspired by the semigroup approach to
delay equations as presented in [3] and [4].

2. Some graph theory

In this section we summarize some graph theoretical notions that we will use frequently.
We use the terminology of [1], but refer also to [5], [6], [8], [12], or [13].

DEFINITION 2.1. LetV = {vq,...,v,} and E = {ey, ..., e;} be two disjoint (finite)
sets and G a function from E to V x V. The triplet (V, E, G) is called a directed graph. The
elements of V are the vertices of the graph and the elements of E its (directed) edges (or
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arcs). The function G determines the two ordered endpoints of the edges and we say that
the edge e; connects the vertices v; and v, if G(E;) = (v;, vp,). For the sake of simplicity,
a directed graph will only be denoted by G.

DEFINITION 2.2. If the edge e; in a directed graph is associated to the vertex-pair
(vi, vp), v; is called the fail of e; and v, is called the head of e;. The edge e; is called
a loop if its tail coincides with its head.

From now on we assume that G satisfies the following property.

DEFINITION 2.3. A directed graph is called simple if it contains no loops and no
multiple edges (that is, edges connecting the same vertices).

REMARK 2.4. In this paper we often use the notion network meaning a directed graph
on which a dynamical process takes place. Hence we do not only consider the “static”
structure of the graph but also some dynamics on it.

We need some more graph theoretical notions.

DEFINITION 2.5.

1. A (directed) path is a sequence of directed, adjoining edges in G (that is, except the
last edge, the head of every edge is the tail of the following edge).

2. Adirected graph is called strongly connected if for every pair of vertices in the graph
there are directed paths connecting them in both directions.

We now introduce important matrices that can be associated to a directed graph (see
[1, Chapter 3]). Let V = {vy, ..., v,} be the set of the vertices, E = {ey, ..., e;} the set
of the edges of our simple directed graph G. We first begin with matrices describing the
connection between vertices and edges in G.

DEFINITION 2.6. The outgoing incidence matrix &~ = (¢>i; )nxm of G is defined by

_ 1, ifv; isthetail of e;,
¢,‘j = { : ! (H

0, otherwise.
Accordingly, we call the edge e; an outgoing edge for v; if ¢>l.; = 1 holds. Respectively,

we define the incoming incidence matrix ®+ = (qb; Ynxm by

1, ifv; isthe head of e;,
¢ = { ’ g )

0, otherwise,

and call the edge e; an incoming edge for v; if qbfjr. = 1 holds.
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We also need matrices having the same zero pattern as the incidence matrices.

DEFINITION 2.7.

1. The matrix &, = (a)i;)nxm with entries a); > 0 is called the weighted outgoing
incidence matrix of the graph G if

w; =0 ¢ =0,

foralli=1,...,n, j=1,...,m.
2. The weighted incoming incidence matrix d>$ = (a);)nxm is defined with entries
a); > 0 satisfying

+ _ +
;) —0(:>¢U =0.

The name “weighted” indicates that the entries w;; denote the weights according to
which the flow mass is distributed to the outgoing edges in the vertices. Note that contrary
to [15], here we do not assume row stochasticity for ®.

The following class of graph matrices describes the connections between the vertices.

DEFINITION 2.8. The matrix A = (a;p)nxn is called the adjacency matrix of G if

1, if there exists an edge with tail v; and head v,
adip — .
' 710, otherwise.

REMARK 2.9. An easy computation shows that A can be obtained from the incidence
matrices as

A=0 (dN)'.

Furthermore, it is clear that the structure of the graph G is completely described once
knowing either both incidence matrices or the adjacency matrix.

DEFINITION 2.10. We call a positive matrix A,, weighted adjacency matrix of G if it
has the same zero pattern as the adjacency matrix A.

Let G be a network admitting a weighted adjacency matrix Ay, = (b;p)nxn. Then
the entry b;, can be regarded as the weight of the edge connecting V; and V,. Hence,
it is natural to associate the weighted incidence matrices of the graph with the weighted
adjacency matrix.

We now quote a result (e.g., see [1, Theorem 3.2]) being important for the subsequent
theory.
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PROPOSITION 2.11. A directed graph is strongly connected if and only if its adjacency
matrix is irreducible.

As usual, a positive matrix D is called irreducible if there is no permutation of the
canonical basis such that in this basis the matrix has the form

D= (Dl’ Lo ) :
D1 D22
Hence, this property only depends on the zero pattern of the positive matrix. Therefore in the

above Proposition 2.11 we can substitute the adjacency matrix by any weighted adjacency
matrix.

3. Flows with dynamic ramification nodes

We now consider a flow process on our simple graph G having vertices vy, ..., v, and
directed edges (arcs) ey, ..., e,. The arcs are parameterized by the interval [0, 1], in the
opposite direction of the flow. Therefore we use the notation e; (1) for the tail and e;(0)
for the head of e;.

The distribution of the material along anedge e attime ¢ > 0 is described by the function
[0,1] > s — uj(t,s). The positive numbers c; are the velocities of the flow on each
arc e;. Hence, on the edges we choose the following transport equations (with adequate
initial conditions):

%uj(t,s) = cj;—suj(t,s), s€(0,1),r>0,
uj0,5) = f{(s), s € O, 1),

where f) € L'(0, 1) for j =1,...,m.
We now add boundary conditions in the vertices determining the distribution of the

outgoing flow. Using the notation u(t, s) = (u1(t,s), ..., un(t,s)), we require in a first
step that

u(t, 1) eran(d,)", 1 >0, 3)
where @, = (a)i;)n «m 18 the weighted outgoing incidence matrix defined in

Definition 2.7.1. The entries w;; are given by the proportions according to which the flow
mass is distributed to the outgoing edges in the vertices. An easy computation shows that
(3) expresses that the values of u(z, -) at the point 1 on the arcs with the same tail are related
by the corresponding weights, see [15, (7)].

In the next step we introduce the boundary condition

3
5P = dFu(t,0)
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meaning that the (sum of the) outgoing flow velocities — and not the total outgoing flow
mass, as in [15, (3)] — is equal to the incoming flow mass in each vertex v;. We assume
that different edges have different effects on the outgoing velocities. This is expressed by
taking a weighted sum of the incoming flow mass on the right-hand side, using the weighted
incoming incidence matrix CIDf; = (a)j})nxm defined in Definition 2.7.2.

In the final step we add a boundary control in the vertices. For this purpose we choose
a control space W and a linear control operator C : W — C". Then our boundary control
problem becomes

9
ECD_M(I, 1) =@} u(t,0)+ Cw(), t > 0.

Then we assume that the control function w(+) is given by a feedback from the values of
the outgoing flow in the vertices. More precisely, we take w(t) := D® u(z, 1) with the
linear feedback operator D : C" — W.
All these assumptions lead to the following system.
Dujt,s) =cjLujt,s), se©1),t>0,
uj(0,8) = f)(s), s €0, 1),
(DE) {u(t, 1) € ran(®,) 7, t > 0,
%Cb’u(t, 1)=& u(,0)+Bd u(, 1), t >0, (BC)
& u,1)=x"eC",
where we take B := CD € M,,(C).
We consider the boundary condition (BC) as a delay equation for the process in the tails
of the edges, that is for ®~u(z, 1).

This perspective allows the use of a modification of the semigroup techniques from [4]
in order to solve the system (DE) and to discuss qualitative properties of the solutions.

4. Well-posedness of the problem

We convert (DE) into an abstract Cauchy problem using a space of functions on the
edges, i.e.,

X = (L'[0, 1)™ = L' ([0, 1], C™). 4)
In addition, we choose the (boundary) space of the values in the vertices

X :=C", (5)
asin [15]. As in [15, Section 2], we introduce a “boundary operator” L : X — 93X by

L:=d" ®4,

1,1 m (6)
D(L) := W" ([0, 1], C™),
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and the “delay operator”
M:=o! ®3

1,1 m (7)
D(M) := W' ([0,1],C™),

in analogy to [15, (8)]. Though we call M the “delay operator” as in [4], it does not act on
the “history function” (depending on time), but on the spatial distribution along the edges.
However, since the flow has finite velocity on every edge, the incoming flow is always
delayed with respect to the outgoing flow.

If we now define the operator

d

Clys 0
Ay = , ®)
0 cm%
D(Ay) == {f € W"'0, 1™ : f(1) € ran(®;) "}, ©)

then the problem (DE) can be written as an abstract Cauchy problem for the operator

(A, 0
A._(M B), (10)
D(A) := {(f:) € D(Ay,) xC": Lf = x}

on the space
X=X x0X.
Indeed, (DE) is equivalent to
U@ =Au), 1=0,

0
A uo= (1)

made precise by the following result proved in [4, Corollary 3.5] and [4, Proposition 3.9].

THEOREM 4.1. The system (DE) admits a solution u with

1. the mapping [0, +00) > t > u(t, -) is in C1([0, +00), X), and
2. u(t,) € Wh([0, 11, C™) forallt > 0

if and only if (ACP) admits a continuously differentiable solution U : Ry — X. In this
case

_ u(t,-)
U = <d>_u(t, 1)>'
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By standard semigroup theory (see [11, Section II.6]) it follows that (ACP) is
well-posed if and only if (A, D(.A)) generates a strongly continuous semigroup on X'. For
the well-posedness of (DE) we therefore show that the above operator (10) is a generator.

In the spirit of Greiner’s approach to abstract boundary value problems (see also in [7],
[15], [18], [19]), we first introduce the so-called Dirichlet operator

D, = (L |ker(A—Aw))_l

from 9 X to ker (A — Ay,). To obtain its concrete form we have to define the following new
weighted outgoing incidence matrix @ of the graph G (see Definition 2.7.1).

DEFINITION 4.2. Let ®,, = (a)i;)nX m be the weighted outgoing incidence matrix of
G used in (DE) and in the domain of Ay, see (9). Define by w; the ith row sum of this
matrix fori = 1,...n. Let 5151; = (FUU_.),,X,H be the weighted outgoing incidence matrix
with entries

w;;
w,;,=—,fori=1,...,n,j=1,...,m.
Wi

REMARK 4.3. Clearly, CT); is row stochastic, and therefore

o (@) =1, an
where 1 denotes the n x n identity matrix. Also

ran(dD;)T = ran(%;)T

holds, hence in (9) the condition f(1) € ran(@;)T can be substituted with f(1) €
ran(CD;)T.

Turning back to the Dirichlet operator D, by a similar argumentation as in [15,
Lemma 3.1]) we obtain that

Dy = e ()T,
that is

(D3 x)(s) = e(s) - (D) T x), x € X, s € [0, 1],
A

exp (—(s — l)) 0
C1

. A
0 exp <C—(s — l))

with

€(s) =
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‘We now consider the restriction of A, to ker L, i.e.,

Ap = Ay lker LND(Ay)> (12)
D(Ag) :=1{f € D(Ay) : Lf =0} = {f e W"1([0,1],C™) : f(1) = 0}. (13)

This operator (Ao, D(Ap)) generates the nilpotent left shift semigroup (7p(#));>0 on X
defined by

(14)

. . o
(TO(f)f)j(s):{(J)cJ(s‘*‘Cjt)v s+cjt <1,

otherwise,

see [15, (13)]. We then know that the resolvent of A exists for every A € C and can be
computed as

1
(R (A, Ag) f) (s) = / & (s—t+1D)C f(r)dr, s €0,1], f € X, (15)
with
Cl 0
C = ,
0 Cm

see [15, (14)].
In the next lemma we give a decomposition of A — A that turns out to be very useful.

In the following we denote by 1 the n x n identity matrix and by Ix the identity operator
on X.

LEMMA 4.4. For every A € C one has

— Ix 0 A— Ay 0 Ix —D,
)‘_A_<—MR<A,AO>1>< 0 A_B_A)(o 1) (16)

with Ay 1= MD, = ®$6A(0)(€);)T an n X n matrix.

Proof. Let us denote the operator on the right-hand side of (16) by B and write
Ix —D,
S = .

Then the condition (f) € D(B) is equivalent to the fact that S <f> € D(Ap) xC"*, which
x x

means that f — D, x € ker LND(Ay). Thisis againequivalentto Lf = xand f € D (Ay),
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f

X X

B f . Ix 0 A—Ag 0 f— Dyx
x)  \ =MR(, Ap) 1 0 A—B-A, X
_ Ix 0\ ((A—Ao)(f — Dix)
— \—=MR(, Ap) 1 (A—B—Aj)x

=( (k= A0)(f — D) )

SO to <f> € D(A), hence the two domains coincide. Let ( ) € D(A). Then

—M(f — Dyx) + (A — B — Aj)x
_ A —Aw)f _ f
B (—Mf+(k—B)x =G-4 x)’
where in the last equality we used D, x € ker (A — Ay,). Now the proof is complete. [

Using the above decomposition, we obtain the desired well-posedness for (ACP), hence
for (DE).

THEOREM 4.5. The operator (A, D(A)) defined in (10) generates a strongly continu-
ous semigroup (7 (t));>0 on the space X = X x 0X. Hence, the system (DE) is well-posed.

Proof. We proceed as in [4, Theorem 3.23]. Since B is bounded, using the bounded
perturbation theorem (see [11, Theorem III.1.3]) for the sum

Aw 0) , (00
= o) low)

there is no loss in assuming that B = 0. Taking A = 0 in the decomposition (16) yields

A— Ix 0 Ag O Ix —Dg
“\-mat 1)\ o0 A J 0 1

with

Ix —Dy
0 1

being an invertible operator with inverse

Ix Dy
0o 1 /)

By similarity, it is enough to prove that the operator
_ Ix —Dg Ix Dy
= ()T
_ Ix —Dg Ix 0 Ao O
~\ o 1 -MA;' 1)\ 0 Ag

with domain D(C) = D(Ag) x 39X is a generator.
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To proceed we compute
Ix —Dy Ix 0\ _ (Ix+ DoMA;' —Do
0 1 )\-maA' 1) — —MA," 1
= 1+47D,

where

D DoMA;" —Dy .
-MA;' 0

Using now that M = @) ® §p : whl ([0, 1], (Cm) — 0X is a bounded operator, we
obtain that MA(; L. X = 9Xis bounded, hence D is a bounded operator on X'. So we have

C=(Z+D) (%0 £0>. 17)

The matrix
Ag O
0 A
with domain D(C) = D(Ap) x X generates the strongly continuous semigroup

T 0
S@) = ( Oo(t) orAo ) ,t>0.

We now use a multiplicative version of the Desch-Schappacher Perturbation Theorem
(see [11, Theorem III.3.1] and [11, Corollary III.3.4]) as stated in [4, Theorem 1.38] for the

operator C in (17). For this purpose we take (?) e L? ([0, 1], X) and compute
2
1
_ Si(r)
/05(1 r)D(fz(r)>dr
_/‘ To(l—r) 0O DoMA;' —Do\ (fi(r) i
— ) 0 el=40 J\ —mA;" 0 f>(r)
_/‘ To(1=r) 0\ (DoMAG fi(r) = Dofa()) ;.
~Jo 0 ellmh —MAG' fi1(r)

1
f To(1 — r)Do[MA, ' f1(r) — f2(r)]dr
=70 | : (18)

- fo e AOMAG! fi(r)dr
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If we can show that the vector so obtained belongs to D(C), we have that C —hence A —is
a generator by [4, Theorem 1.38]. Using the boundedness of MA I X - 9X we have

g:=MAy' fi — f € L” ([0, 1],0X).
From (14) the jth coordinate of the first component in (18) can be computed as

1 1 A (l—r
|:/0 To(1 —r)Dog(V)dr] ¢) =5,;/ et (7Tt ))gi(r)dr

—1
. —+1
J j +

with 51_] # 0 uniquely defined by j. From this

1
|:f To(1 — r)Dog(r)dr:| e D(Ayp).
0

I/ j=1,..m
Clearly it follows that

1
f S(1 — r)D(fl(r)>dr € D(Ap) x 90X = D(C),
0 f2(r)

hence the proof is complete. O

5. Spectral properties

In order to describe qualitative properties of the solutions of (DE) — hence of the semi-
group (7 (¢)),;>o — we now study the spectrum of (A, D(A)) and determine its resolvent.
First we state a lemma using the operator Ag introduced in (12). For the proof see [14,
Lemma 1.2].

LEMMA 5.1. Forevery X € p (Ag) = C we have

D(Ay) =ker (A — Ay) & D(Ay). (19)

Furthermore, the corresponding projections are D) L|pa,) onto ker (A — Ay), and
R(\, Ag) (A — Ay) onto D(Ap).

Using this we can characterize the spectrum of A by a condition in 3 X. Here the weighted
(transposed) adjacency matrix obtained in Lemma 4.4 (see Definition 2.10),

A =MD, = ©}e, (0) (D),
with entries
b e~
Anip =1 “ii¢ " @pj ifvi =e;(0) andv, =e;(1), 20)
E otherwise

plays an important role.
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PROPOSITION 5.2. For A € C the following characteristic equation holds:
reo(A) <= recaB+A)).

Moreover, for any A € p(A) the resolvent R(X, A) is given by

2y

R\, A) = ( [DyRO,B+A)M + Ix]R(A, Ag) D, RO, B+ A)) )

R(A, B+ A )MR(A, Ao) RO, B+A;)
Proof. We follow [4, Proposition 3.19]. To compute the resolvent in A, we have to find

for (i) € X aunique <£> € D(A) such that

f . )Lf—Awf — 8
(x —A)(x) = (—Mf—l— (r —B)X> B <y) .

Using Lemma 5.1 and (A — Ay) f = g we obtain that
f =DyLf + R(%, Ag)g = Drx + R(%, Ao)g, (23)
since Lf = x. Plugging this into the second coordinate of (22) yields
(A =B —A))x =MR(%, Ap)g + ¥,
where A, = MD; = ®le; (O)(ED;)T. Furthermore, if R (A, B + A,) exists, it follows that
x=RA,B+A)MRM,Ap)g+R(X,B+A))y. 24)
Using this and (23) we obtain
f=DiwR (A, B+A))MR(, Ag)g + DiR (A, B+ A;)y + R(A, Ap)g. (25)
Equalities (22), (24) and (25) now imply (21) and
rep(A = repB+A)),
which is the desired characteristic equation. O

From this form of the resolvent we obtain the following property.

REMARK 5.3. The resolvent R(%, A) is compact for A € p(A).

Proof. Tt is enough to prove that the entries of the operator matrix (21) are compact
operators. In the second row this is clear since the entries have range in C". In the first row,
the second entry also has finite dimensional range contained in the span of finitely many
exponential functions. The first entry is the sum of an operator with finite dimensional
range and the resolvent of an operator having domain contained in W1 1([0, 1], C™) —
hence being compact by [11, 11.4.30 (4)]. O
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COROLLARY 5.4. The operator (A, D(A)) has only point spectrum.

COROLLARY 5.5. Since B and A, are finite matrices, we can reformulate the above
characteristic equation as

A€ Po(A) =0 (A) & det(h —B —A;) = 0. (26)

6. Asymptotic behavior

In order to describe asymptotic behavior of the solutions of (DE), we first prove
a regularity property of the solution semigroup. We show that this semigroup is even-

f

tually differentiable, that is, the orbits 7 — T(t)(
X

f

X

) are differentiable for ¢ large enough

) € X (see [11, Definition 11.4.13]). For this purpose we first show how the
f

X

for every (

first coordinate of ’T(t)( ) can be obtained from the second one.

LEMMA 6.1. Denoting by w1 and m», resp., the projections from X to X and to 90X,
resp., we have

T _in (PN i — e
[mm)gﬂ o | @) mTa— 1 )(x)],, ifl-tcj<r=1,
j fi(r +tep), fOo=r<l-tc
for j=1,...,m, and almost all r.
Proof. If (f) € D(A), then T(t)(ﬁ) defines a classical solution for (AC P), and,

by Theorem 4.1, the function mT(t)(j:) is a solution for (DE) with L7 (¢) <£> =

7T (t)<£>. It is easy to check that the given formula for mT(z)(i) satisfies these

requirements. Heuristically, this means that [ 7 () (f )] j(r) is the distribution of flow
X
mass on the edges e; at point 7. If 1 —tc; < r < 1, thatis t > %, this flow mass
J

is equal to the flow mass that has been at the tail of e; at time ¢ — 1c;r This is exactly
o J .
the expression in the first part of the above formula, where we have used the condition

w17 (1) <f —

)(1) S ran(&D;)T. If0<r <1—tcj thatist < ]C—_r, the flow mass at point r
X j

is equal to the initial flow mass at » + tc;.
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If <f> ¢ D(A), we can choose a sequence (){") C D(A) with (){") — (ﬁ) as
neN n

X n

n — +o00. From this follows for every j = 1, ..., m that

[m'ﬂﬁ(f"ﬂ = Lfulj ll0.1=tcy= Lf1j l10.1=1c;) asn — +oo.

Xn) |,
J '0,1=tc;)

We have

lim T(t)(f”> = T(t)<f>, 27)

n—00 Xn X

hence, by the continuity of mq,

e(?)]

Since the convergence in (27) is uniform for ¢ in compact intervals and since 7, is continuous,

=[f1j lo,1-tc)) -
[0,1—t¢))

we obtain

@t (=) ()], = (@ (- 57) ()
L Cj Xn j Cj X j

uniformly for » € [1 — tc;, 1]. This implies that

_mT(z‘) Jr — (5;)Tn27 t—l_' !
L X/ i —ie; 1) Cj */d;

uniformly, hence in L'-normon [1 — ¢ j» 1]. However, by (27) this limit is equal to

o ()],

and this completes the proof. O

[1—tcj,1]

’

[lfl‘Cj,l]

We can now prove the differentiability of the semigroup.

THEOREM 6.2. The semigroup (T (t)),>( generated by (A, D(A)) is differentiable for
1

f>2CWlthC:chj.

Proof. We have to prove the differentiability of the orbits t +— 7 (¢) (f ) fort > 2c

X

and ever f € X. For this purpose fix a vector f € X. We will show that both
y N purp N
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coordinates of 7 (¢) <£ ) are differentiable for t > 2¢. The formula

’T(t)(f) = (f) +A/t T(s)(f)ds (28)
X X 0 x

holds for any C-semigroup, see [11, LemmaII.1.9]. Using the form (10) of A and applying
77 to both sides of (28) we obtain

! t
”mf)(f) =x+B f mT(r) <f )dr +M / mT(r)(f )dr.
X 0 X 0 N

Denoting

o(r) = nﬁ(r)(f )

this becomes
t t f
v(t) =x + B/ v(r)dr + M/ w7 (r) (x)dr.
0 0

Ift > ¢, thenforevery j =1,...,mands € [0, 1] the relation 1 —tc; < s <1 holds.
Using Lemma 6.1, we obtain

t _—
v(c)+B/’v(r)dr+M/ ([(&3;)Tv <r— lc- )i| ) dr
c c j j

j=1l,....m

v(c) +B/t v(r)dr + @ /l <[(E>;)Tv (r - CL)} ) dr.
c c J j =1

yeesT

v(t)

This formula and the continuity of Ry > ¢ = v(f) € 0X imply that the map (¢, +00) >
t — v(t) is even continuously differentiable. Hence, the statement holds for 7,7 (¢) (i)

For the first coordinate we apply Lemma 6.1 again and obtain

w(t) = mT(t)(j;) = ([(5;)71) (t - IC_. >] ) fort > c.
J I/ j=1,..m

.....

Observe that for every s € [0, 1], the function (2¢, +00) > ¢ — w(¢)(s) is continuously
differentiable. We denote its derivative by

d
w(t)(s) := Ew(r)(s).
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We have to show that the vector-valued function (2¢, +00) 3 1 +— w(t) € (L'[0, 1)) is
differentiable. Let t € (2¢, +00) be fixed and take a sequence £, | 0. Then

{w(t + h")(;) — OO ys)| = 0 forevery s € [0, 1], (29)
Clearly,
w(r)(s) = <[(€>;)Tﬁ (: - l_sﬂ ) , (30)
Cj il i=t,m

S

and this function is continuous in ¢ (and in s) because t — lc; > t —c¢ > c. Thus, for every

s € [0, 1] there exist 0 < ¥, j(s) < Ay, j = 1.....m, such that
w(t + hy)(s) — w()(s) .
[ ™ L = [w(r + ﬁn,j(s))(s)]j.

Rewriting (29), we obtain
[[w(t + D, j($))(s)]; — [w(t)(s)]; | — O forevery s € [0, 1],

j =1,...,m. To apply the Lebesgue dominated convergence theorem observe that by
(30),

Il (r + 9, j ())($)]; — W@ ()]l =2 sup ]I[(a;)Ti’(r)]jl for every s € [0, 1],

relt—c,t+1

if n is large enough. We therefore obtain that

t+h,) —w(t d
‘ [w( + Z) wl®) — d—w(t)] — 0,
" ! JlLto,1
j =1,..., m, and this is what we wanted to prove. O

We even obtain that the operators of the semigroup are compact for large 7.

THEOREM 6.3. The semigroup (T (t)),>( is eventually norm continuous and eventually
compact.

Proof. Since R (A, A) is compact by Remark 5.3 and ¢t + 7 (¢) is norm continuous for
t>2c= 2#}01 by the above theorem, we obtain from [11, Lemma I1.4.28] that 7 (¢) is
compact for 1 > 2c. O

As afirst consequence of the above result we observe that the Spectral Mapping Theorem
from [11, Theorem IV.3.10] holds, hence the spectral bound and the growth bound of the
semigroup coincide (for the definitions see [11, Definition I.1.12] and [11, Definition .5.6]).
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PROPOSITION 6.4. For the semigroup (T (t));>( we have
o (TM)\ {0} =", 1 =0,

and
s(A) = wo(T).

In particular, the semigroup is uniformly exponentially stable (wy(7) < 0) if and only if
the following implication holds:

Ax —Bx — Ayx = 0 for some 0 # x € C" = ReA < 0.

Proof. The first equalities follow by the eventually norm continuity of the semigroup,
see [11, Theorem IV.3.10] and [11, Corollary IV.3.11]. The second statement follows
from the characteristic equation (26) and the fact that the spectrum of the generator of an
eventually norm continuous semigroup is bounded on halfplanes {A : ReA > b} (cf. [11,
Theorem I1.4.18]). O

The eventually compactness of the semigroup implies the following spectral decompo-
sition.

PROPOSITION 6.5. For the spectrum of A the decomposition

oc(A) =Ty UXcUZXg
into closed subsets holds with

Yy = c(A)N{AeC:Rer >0},
Yc = o(A) NiR,
Ys = o(A)N{reC:Rer <O0}.

Here, Xy and X are finite. Furthermore, all spectral points are eigenvalues with finite
dimensional spectral projections.

Proof. The statement is (i) and (ii) of [11, Corollary V.3.2]. O

Using the spectral mapping theorem from Proposition 6.4 this yields a corresponding
decomposition of the spectrum of 7 (¢).

COROLLARY 6.6. For the spectrum of the semigroup operators the decomposition
o(T®) =oyt) Uoc(r) Uos(t)

holds with
loy(O)] > 1, los@)] <1, loc(®)| =1

forallt > 0. Here, oy (t) and oc(t) are finite.
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Finally, this spectral decomposition implies a decomposition of the semigroup with the
following asymptotic properties.

PROPOSITION 6.7. There exist closed subspaces Xs, Xy and Xc which are invariant
under the semigroup such that X = Xs ® Xy ® X¢, dim X¢ < oo, dim Xy < oo, and

o the semigroup Ts(t) = T (t) | x; is uniformly exponentially stable,

o the semigroup Ty (t) = T (t) | x, is invertible and the semigroup (lel (1)) is uniformly
exponentially stable,

o the semigroup Ic(t) = T (t) | x, is a polynomially bounded group, hence has growth
bound 0 in both time directions.

Proof. Using [11, Corollary V.3.2(iii)] we obtain the statement. O

7. Positivity

By the physical interpretation we expect that the semigroup describing the flow in the
network is positive. Indeed, this is the case if the feedback matrix B satisfies a natural
property. We first cite from [11, Theorem VI.1.8] the basic characterization for operators
generating positive semigroups on Banach lattices (for the general theory see [17]).

PROPOSITION 7.1. Let (B, D(B)) be the generator of a strongly continuous semigroup
on a Banach lattice Y.

(1) The semigroup is positive if and only if the resolvent R (A, B) is a positive operator
onY forall ) large enough.

(i) IfY is finite dimensional, the semigroup is positive if and only if the matrix B is real
and positive off-diagonal.

Based on the above criteria we can characterize the positivity of our semigroup.

THEOREM 7.2. If B € M,,(C) is real and positive off-diagonal, then the semigroup
(T (1)):>0 generated by (A, D(A)) is positive.

Proof. By Proposition 7.1 we have to show that R (X, A) is positive for A large enough.
For this purpose we have to prove that the entries of the operator matrix (see (21))

R\, A) = ( [DyROA,B+A)M + Ix]R(A, Ag) D, RO, B+ A)) )

R(\, B+ A )MR(x, Ao) RO, B+A))

are all positive for large L. As can be seen from (15), the resolvent R (X, Aop) is positive for
real A. Since @} is a positive matrix, also MR (1, Ao) is positive for real 1, see (7).
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Under the above assumptions, B generates a positive (matrix)semigroup, hence R (A, B)
is positive for A large enough. Using the equality

A—B—A, =01—-AR(,B)(A—B)
and the Neumann series
o0
R(B+A)=R(B)Y (AR B)",
n=0

we obtain from A, > 0 that R (A, B 4+ A,) is also positive for large A. Combining all these
facts with the positivity of D, = GA(CD;)T, we have that all the entries of (21) are positive
for large A. O

Combining the positivity and the eventually norm continuity of the semigroup (7 (¢)),>0,
we obtain that the generator A has a dominant eigenvalue (see [11, Theorem VI.1.10]). More
precisely, the following holds.

PROPOSITION 7.3. If B be is real and positive off-diagonal, then there exists ¢ > 0
such that

o(A) ={s(ADIU{reo (A :Rer <s(A) —¢}.

In order to determine the dominant eigenvalue s (A) we first state an important property of
the spectral bound function

s(A) =5 B+ Ay),

which can be found in [4, Proposition 6.14].

LEMMA 7.4. Let B be real and positive off-diagonal. Then the spectral bound function
R 2 A+ s()) is decreasing and continuous.

PROPOSITION 7.5. Let B € M,,(C) be real and positive off-diagonal. Then s(A) is
the unique real solution of the characteristic equation

A=s(), (€2))
and for the spectral bound s (A) the following equivalences hold:

s(L) § A= s(A) § A
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Proof. From the assumption follows that B, hence (A, D(A)) generate positive semi-
groups, see Theorem 7.2. Clearly o (B) # (4, hence —oo < s(B) < s(A) for all A € R by
the positivity of A;, see [11, Corollary VI.1.11(ii)]. By the above Lemma 7.4 the equation
(31) has a unique solution Ag. Since each B 4+ A, generates a positive semigroup, we can
again use [11, Theorem VI.1.10] and obtain A9 = s (Ag) € (B 4+ A;,)), hence Ao € o (A)
by (26). However, for all u© > Ao, using Lemma 7.4, we have

n>ro=s(ro) =5 (W,

hence u ¢ (B +A,) and so i € p(A) by (26). Therefore 1o = s (A). The estimates on
s (A) follow from these considerations. O

From Proposition 6.4 and 7.5 we obtain a simple necessary and sufficient condition for
the uniform exponential stability of the semigroup.

COROLLARY 7.6. If B € M,,(C) is real and positive off-diagonal, then the semigroup
(T ()0 is uniformly exponentially stable if and only if the spectral bound
s(B+Ap) <0.

Interpretation

The above characterization of uniform exponential stability depends on the spectral
bound of B + Ag. Here Ay is a (weighted) adjacency matrix of our graph, see (20). The
matrix B can be interpreted as a (weighted) adjacency matrix of an “imaginary” graph,
whose vertices belong to the original graph but the edges do not. Its (directed) edges
are those along which we control the outgoing flow velocities, depending on the outgoing
flow mass in the vertices. This control happens immediately. Hence we can say that on
these “imaginary edges” the information passes with infinite velocity. Observe that from
Proposition 7.5 follows that

A

s (A) 0= sB+Ay <0,
s (A) 0= sB+A)>0
s(A) = 0= sB+A) =0,

v

that is only the joint structure of the original graph and the “imaginary graph” determines the
asymptotic behavior of the system. That means, we can change “real” edges to “imaginary”
edges and vice versa without changing the stability of the system. In other words:

“Stability is independent of the velocity of transportation.”
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8. Balanced exponential growth

In this section we always assume that B € M,,(C) is real and positive off-diagonal,
hence the semigroup (7 (¢));>¢ is positive by Theorem 7.2. We now investigate in which
sense (7 (1))s>0 converges to an equilibrium. For this purpose the concept of irreducibility
is essential and we refer to [17, Chapter C-II1.3] for a thorough treatment. We shall use the
following characterization.

DEFINITION 8.1. A positive semigroup on L! (2, n), n a o-finite measure, with gen-
erator B is irreducible if for all A > s(B) the resolvent R(A, B) maps positive nonzero
functions to strictly positive functions.

In our case irreducibility can be characterized easily.

PROPOSITION 8.2. If the matrix B + Ay is irreducible, then the semigroup (T (t))i>0
is irreducible on X .

Proof. From Proposition 7.5 follows that & > s(A) holds if and only if A > s(B + A,).
Since the zero patterns of B + A and B + A, coincide for every A € C, the assumption
implies that B 4+ A, is irreducible for every A € R. Using [21, Proposition 1.6.2] we
obtain that for A > s(A) the matrix R(A, B + A;) is strictly positive. Take now a vector

LY([0,1],C™ x C" 5 <£) i 0, and investigate R(%, .A) (f> using

X
RO A) = [DR(A, B+ A)M + Ix]1 R(A, Ao) DyR(2, B+ A))
7 U R(L B+ A)MR(, Ap) R(A, B+ A;)

from (21). In the second coordinate we obtain
R, B+ A)MR(X, Ag) f + R(A, B+ Ay)x,

where the second term is strictly positive by the above consideration. From the form (15)
of R(A, Ag) follows that the function R(X, Ag) f is strictly positive except on the largest
interval (1 — ¢, 1] for which f |(1—¢,11= 0. Applying M = ® ® §) to it we obtain a vector
y of positive numbers, hence R(A, B + A, )y yields a strictly positive vector. For the first
coordinate we have

D; R(A, B+ A)Mf + R(., Ag) f + D R(A, B + Aj)x.

As before, R(A, B + A;)Mf and R(1, B + A))x are strictly positive vectors of numbers.
Using the strict positivity of exponential functions and the positivity of (E);)T, we obtain
that D, = e,\(CT);)T is strictly positive, hence the first and third terms are vectors of
(everywhere) strictly positive functions. The second term is again positive, hence the sum
yields a strictly positive vector of L'[0, 1]-functions. O
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By Proposition 2.11 the irreducibility of B4+ A can be related to the strong connectedness
of a graph. If the graph G is already strongly connected, then Ay is irreducible, hence for
any positive off-diagonal B, the matrix B+ A remains irreducible and the assumption in the
above theorem is satisfied. If G is not strongly connected, we can describe the irreducibility
of B+ A in the following way. Let us assume that B has positive entries b;, > 0 for index
pairs (ip) such that adding edges to G pointing from v, to v; we obtain a strongly connected
graph. In this case B + A is the (weighted) adjacency matrix of this strongly connected
graph hence it becomes irreducible, and we again have the above result. The condition on
the entries of B means that the outgoing flow is controlled along “imaginary” edges making
the graph strongly connected. Hence, here again the joint structure of the “real” and the
“imaginary” graph determines irreducibility.

COROLLARY 8.3. Assume that after adding edges to G from v, to v;, where the cor-
responding entry of B = (bip)nxn is different from 0, the graph G becomes strongly
connected. Then the semigroup (T (t));>0 is irreducible on X .

The following result on the asymptotics of the semigroup now follows from the general
theory of positive semigroups (see [17, Chapter C-IV] and [11, Section V.3]) as can be
found in [2, Section 3.5].

THEOREM 8.4. Under the conditions of Corollary 8.3 there exists a one-dimensional
projection P = pu ® y for strictly positive y € X and u € X' such that
lim e T @) —P| =0.

t—>—+00

Ifs (A) =0 (e.g. B = —5(Ag) - 1), then (T (t)),>( converges to the projection P.

Proof. By Proposition 7.3 we know that the spectral bound s (A) is a dominant eigen-
value of A. By the irreducibility and [17, Proposition C-1I1.3.5], s (A) is a first-order pole
of the resolvent and the corresponding residue has the form P = © ® y, where u and y are
strictly positive eigenvectors of A’ and A, respectively. By [11, Corollary V.3.3] we now
have the desired result. O

The property above is called balanced exponential growth (or asynchronous exponential
growth) and plays an important role in applications, e.g., to population equations (see [10]
and [20]).
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