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LINEAR HYPERBOLIC SYSTEMS ON NETWORKS:
WELL-POSEDNESS AND QUALITATIVE PROPERTIES*

MARJETA KRAMAR F1iAvZ!?, DELIO MUGNOLO? AND SERGE NICAISE®**

Abstract. We study hyperbolic systems of one-dimensional partial differential equations under gen-
eral, possibly non-local boundary conditions. A large class of evolution equations, either on individual
1-dimensional intervals or on general networks, can be reformulated in our rather flexible formalism,
which generalizes the classical technique of first-order reduction. We study forward and backward well-
posedness; furthermore, we provide necessary and sufficient conditions on both the boundary conditions
and the coefficients arising in the first-order reduction for a given subset of the relevant ambient space
to be invariant under the flow that governs the system. Several examples are studied.
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1. INTRODUCTION

This paper is devoted to the study of systems of partial differential equations in 1-dimensional setting,
more precisely, on collections of intervals: not only internal couplings are allowed, but also interactions at the
endpoints of the intervals. It is then natural to interpret these systems as networks, and in fact, we will dwell
on this viewpoint throughout the paper.

Partially motivated by investigations in quantum chemistry since the 1950s, differential operators of second
order on networks have been often considered in the mathematical literature since the pioneering investigations
by Lumer [50] and Faddeev and Pavlov [59]: in these early examples, either heat or Schrédinger equations were
of interest. This has paved the way to a manifold of investigations, see e.g. the historical overview in [54].

The equations we are going to study in this paper will, however, be rather hyperbolic; more precisely, the
hyperbolic systems of partial differential equations of our interest are of the form

i = Mu' + Nu,
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where, here and below, we denote everywhere by 7 and u’ the partial derivative of a function u with respect to
the time variable ¢ and to the space variable x, respectively.

Each of these equations models a physical system: we consider several of these systems and allow them
to interact at their boundaries, thus producing a collection of hyperbolic systems on a network. Hyperbolic
evolution equations of different kinds taking place on the edges of a network have been frequently considered
in the literature, we refer to [20, 22, 45, 54, 55] for an overview. Let us emphasize that we shall only consider
linear systems: for a survey on some recent developments of the theory for nonlinear hyperbolic systems and
many practical applications see e.g. [13].

On each edge of the network we allow for possibly different dynamics (say, Dirac-like, wave-like, beam-like,
etc.), thus it would be more precise to write

e = Meul, + Nee, ecE, (1.1)

where E is the edge set of the considered network. In particular, in the easiest cases M, may be a diagonal
matrix of coefficients of a transport-like equations, but M, may well have off-diagonal entries, or even have a
symplectic structure: additionally, we allow all these M,’s to have different size, which of course has to be taken
into account by the boundary conditions.

We are not going to assume the matrices M, to be either positive or negative semidefinite — in fact, not
even Hermitian; therefore, it is at a first glance not clear at which endpoints the boundary conditions should be
imposed at all. Indeed, the choice of appropriate transmission conditions in the vertices of the network is the
biggest difficulty one has to overcome.

While Ali Mehmeti began the study of wave equations on networks already in [1], it was to the best of our
knowledge only at the end of the 1990s that first order differential operators on networks began to be studied.
In [16], Carlson defined on a network the momentum operator — i.e., the operator defined edgewise as z% -
and gave a sufficient condition — in terms of the boundary conditions satisfied by functions in its domain — for

self-adjointness, hence for generation of a unitary group governing a system of equations
= +u (1.2)

with couplings in the boundary (i.e., in the nodes of the networks). Similar ideas were revived in [23, 30], where
different sufficient conditions of combinatorial or algebraic nature were proposed. A characteristic equation and
the long-time behavior of the semigroup governing (1.1) as well as further spectral and extension theoretical
properties were discussed in [36, 37], respectively, in dependence of the boundary conditions. While all the
above mentioned authors — as well as the present manuscript — apply Hilbert space techniques, a semigroup
approach to study simple transport equations in Banach spaces (like the space of L!-functions along the edges
of a network) was presented in [22, 42, 52], see also ([7], Sect. 18) and the references given there.

All these above mentioned papers treat essentially the same parametrization of boundary conditions, namely

for a suitable matrix T' (possibly consisting of diagonal blocks that correspond to the network’s vertices), where
u(0) and u(¢) denote the vectors of boundary values of u at the initial and terminal endpoints of all intervals,
respectively.

Bolte and Harrison studied in [9] the Dirac equation on networks. The 1D Dirac equation consists of a system
of two coupled first order (both in time and space) equations, much like (1.1); the matrix M, is Hermitian, which
allows for simple integration by parts and, in turn, for the emergence of a convenient symplectic structure. Both
internal and boundary couplings had to be considered, and the relevant coupling matrix is indefinite. They thus
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adopted the parametrization

Au(0) + Bu(¢) =0
for the boundary conditions, for suitable matrices A, B: mimicking ideas from [39], they were able to characterize
those A, B that lead to self-adjoint extensions. Self-adjointness of more general first-order differential operator
matrices has been studied in [65].

In this paper, we opt for yet another parametrization of the boundary conditions, inspired by a classical
Sturm—Liouville formalism borrowed by Kuchment to discuss self-adjoint extensions of Laplacians on networks
in [43] (see also [56] for the “telegrapher’s equation” on networks with similar boundary conditions). More
precisely, we impose boundary conditions of the form

u(0)
(114(4)) ey
for a subspace Y of the space of boundary values; and find sufficient conditions on Y that, in dependence on M
and an auxiliary matrix @), guarantee that the abstract Cauchy problem associated with (1.1) is governed by a
(possibly unitary, under stronger assumptions) group, or a (possibly contractive, under stronger assumptions)
semigroup.

The auxiliary matrix @ — often called a Friedrichs symmetrizer in the literature, see Defintion 2.1 of [8] —
will play a fundamental role in our approach. Roughly speaking, its role is not to diagonalize M, but only to
make it Hermitian; this is done by suitably modifying the inner product of the L2-space over the network by
means of (), which therefore has in turn to be positive definite; especially for this reason, our whole theory is
essentially relying upon the Hilbert space structure. Our approach allows us in particular to prove generation
of unitary Cyp-groups and contractive Cyp-semigroups (and, by perturbation, of general Cy-(semi)groups). This
has a long tradition that goes back to Lax and Phillips [47], who already propose the idea of transforming
boundary conditions into the requirement that at each boundary point v the boundary values belong to a given
subspace Y. Indeed, while our well-posedness results are not surprising once the correct boundary conditions
are found, the actually tricky task — as long as M is not diagonalizable, the standard assumption among others
in [6, 8, 24, 35, 64] — is to actually find the right dimension of the space Y,. In this paper, we pursue this task
by a fair amount of linear algebra that eventually allows us to parametrize the boundary conditions leading to
contractive (semi)groups. This should be compared with the more involved situation in higher dimension, see
e.g. [63], which allows for less explicit representation of the boundary conditions. Our setting is thus arguably
more general than the approaches to hyperbolic systems on networks that have recently emerged, including
port-Hamiltonian systems [34, 67, 69] and hyperbolic systems that can be transformed into characteristic forms
via Riemann coordinates [6], both based on diagonalization arguments.

A relevant by-product of our approach is the possibility to characterize in terms of @, M, N positivity and
further qualitative properties of the solutions of the initial value problem associated with (1.1). In this context,
we regard as particularly relevant Proposition 4.11 and Lemma 4.13, which roughly speaking state that the
semigroup governing (1.1) can only be positive if M is diagonal, up to technical assumptions (including that @
is diagonal too; this is not quite restrictive, as e.g. all of the examples we will discuss in Sect. 5 will satisfy it);
this negative result essentially prevents most evolution equations of non-transport type arising in applications
from being governed by a positive semigroup.

The obtained results also form a basis for studies of different stability and control problems related to the
presented hyperbolic systems. In Remark 4.4 we give some immediate indications for these studies but leave
further problems for possible future considerations.

Let us sketch the structure of our paper. In Section 2 we present our general assumptions and discuss their
role by showing that a broad class of examples fits into our scheme. In Sections 3 and 4 we then show that
our description of boundary condition allows for easy description of realizations that generate (semi)groups. We
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also find necessary and sufficient conditions for qualitative properties of these semigroups, including reality and
positivity.

We conclude this paper by reviewing in Section 5 several applications of our method; among other we discuss
forward and backward well-posedness of different equations modeling wave phenomena on networks, including
1D Saint—Venant, Maxwell, and Dirac equations. We study different regimes for the Saint-Venant equation and
discuss transmission conditions in the vertices that imply forward, but not backward well-posedness of the Dirac
equation. We also study in detail an interesting model of mathematical physics for heat propagation in supercold
molecules; we extend the results from [62] by providing physically meaningful classes of transmission conditions
implying well-posedness and proving nonpositivity of the semigroup governing this system.

Some technical results, which seem to be folklore, are recalled in the appendices.

2. GENERAL SETTING AND MAIN EXAMPLES

Let E be a nonempty finite set, which we will identify with the edges of a network upon associating a length
le with each e € E. To fix the ideas, take e € E and £ > 0. (We restrict for simplicity to the case of a network
consisting of edges of finite length only, although our results can be easily extended to the case of networks
consisting of finitely many leads — semi-bounded intervals — attached to a “core” of finitely many edges of finite
length.) We will consider evolution equations of the form

tie(t, x) = Me(x)ul(t, z) + Ne(z)ue(t,z), t>0, z € (0,4), (2.1)

where u, is a vector-valued function of size ke € Ny := {1,2,...}, and M, and N, are matrix-valued functions
of size ke X ke. We will couple equations (2.1) for different e € E via boundary conditions given later on.

If Mc(z) is Hermitian for all z, then integrating by parts we obtain for all u € @,.¢ H'(0, )"

Le Le
mz/o Meu’e-aedm:—Z/O e Ml dz + 3 [Metre - ]

ecE ecE ecE

ee

¥ (2.2)

which — provided M/ is essentially bounded — allows for an elementary dissipativity analysis of the operator
that governs the abstract Cauchy problem associated with (2.1) in a natural Hilbert space. Also the case of
diagonalizable matrices M, is benign enough, see e.g. Section 7.3 [29]. In the case of general M., however, it is
not easy to control all terms that arise when integrating against test functions and we have to resort to different
ideas.

Assumption 2.1. For each e € E the following holds.

(1) The matrix Me(z) is invertible for each x € [0, £¢] and the mapping [0, fe] 3 x — Me(z) € My, (C) is Lipschitz
continuous, in other words, M, € W1>°(0, £,).
(2) The mapping [0,%e] 3 z + Ne(z) € My, (C) is of class L.
(3) There exists a Lipschitz continuous function [0, £e] 3 2 — Qe(x) € My, (C) such that
(i) Qe(x) and Qe(x)Me(x) are Hermitian for all x € [0, ],
(ii) Qe(+) is uniformly positive definite, i.e., there exists ¢ > 0 such that

Qe(x)€ - € > q||€||? for all £ € C* and z € [0, £,).2
If Mc(x) is Hermitian for all 2, then Assumptions 2.1.(3i) are trivially satisfied by taking Q. to be the ke X ke
identity matrix, although this is not the only possible choice and, in fact, it is sometimes actually possible and
I Throughout this paper @ccgHe denotes the direct sum of the Hilbert spaces He, e € E, i.e., Dece He := {(he)ecE : he € He}.

2 Throughout this paper, CFe is equipped with its Euclidean norm || - || and My, (C) with the induced operator norm, also denoted
by | - ||, since no confusion is possible.
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convenient to take non-diagonal Q.. Assumptions 2.1.(3) holds if and only if the system (2.1) is hyperbolic in
the sense of [6], see Lemma A.1 below. But we prefer this formulation because the matrices Q. will be involved
in the boundary conditions.

The fact that Qe(z)Me(x) is Hermitian for all  greatly simplifies our analysis. At the same time, many
examples from physics, chemistry, biology, etc., fit in this framework.

The most trivial examples are obtained by taking M, as a diagonal matrix with spatially constant entries:
this choice leads to classical (vector-valued) transport problems on networks. For ke = 1 they were considered
in [42] and subsequent papers, cf. the literature quoted in Section 18 of [7].

Example 2.2. The 2 x 2 hyperbolic system

’ (2.3)

)

~—

p+Ld+Gp+Hqg=0 in (0,¢) x (0,400

{ G+Pp'+Kq+Jp=0 in (0,¢) x (0,400

on a real interval (0, ¢) generalizes the first order reduction of the wave equation and offers a general framework

to treat models that appear in several applications. The analysis of this system on networks with different
boundary conditions has been performed in [56].

In electrical engineering [33, 51], p (resp. q) represents the voltage V (resp. the electrical current I) at

l—zt), H=J=0,L= %, P= %, G = g, K= %, where C' > 0 is the capacitance, L > 0 the inductance,
G > 0 the conductance, and R > 0 the resistance: (2.3) is then referred to as “telegrapher’s equation”.

This system also models arterial blood flow [12, 18] for which p is the pressure and ¢ the flow rate at
(z,t), L = %, P=A K= —%%, G = 0, where A > 0 is the vessel cross-sectional area, C' > 0 is the vessel
compliance, v > 0 is the kinematic viscosity coefficient (v ~ 3.2 x 1076 m? /s for blood) and a > 1 is the Coriolis

coefficient or correction coefficient (v = 4/3 for Newtonian fluids, while o = 1.1 for non-Newtonian fluids, like

blood).
Given L, P € C, the Assumptions 2.1. (3) hold for system (2.3) with
0 L G H a b
Y T
if and only if 3
a,d€R, b=¢ a>0, ad>|bJ>, aL=dP, bP,bLER, LP#0. (2.5)

Example 2.3. The momentum operator z% [17, 30] does not satisfy Assumptions 2.1. More generally, if M,
is skew-Hermitian, then Assumptions 2.1 imply that there exists a Hermitian, positive definite matrix Q. that
anti-commutes with M. But then Tr )., the trace of the matrix )., satisfies

Tr Qe = Tr(M; 'QcM.) = — TrQ.,

hence Tr Qe = 0 which is in contradiction with positive definiteness of Q..

Example 2.4. The linearized Saint-Venant equation gives rise to a case where N, # 0, see equation (1.27) of
[6]. Indeed, it corresponds to the 2 x 2 system

(2.6)

h = —VW —Hu —V'h—H'u in (0,¢) x (0, +00),
i = VU —gh' + Cp b — (V' 420, % 0 in (0,0) x (0,+00),

3 For a complex number z, Z denotes its complex conjugate.
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where h is the water depth and u the water velocity, and corresponds to the linearization around a steady state
(H,V) of the Saint-Venant model, that in particular satisfies

H#0,(HV) =0and gH — V2 #£0. (2.7)

Here, g is the constant of gravity and C is a (positive) constant friction coefficient.
Note that Assumptions 2.1 holds for system (2.6) with

v (VY o (1) e

whenever H and V are of class H' and H > 0, which holds as soon as we consider a non trivial and smooth
enough steady state (H,V), see (2.7).
Finally N, is clearly given by

-V’ —H'
Ne = 2 . 2.
(cfrp —<V/+2cf¥,>) (2.9)

3. PARAMETRIZATION OF THE REALIZATIONS: THE ISOMETRIC CASE

The catchiest application of our general theory arises whenever we discuss hyperbolic equations (or even
systems thereof) on networks (also known as metric graphs in the literature); in this case, it is natural to
interpret E as a set of intervals, each with length /.; and boundary conditions in the endpoints 0, f, turn into
transmission conditions in the ramification nodes. Indeed, for each edge e, ke boundary conditions are required.
In general, they are expressed in Riemann (characteristic) coordinates, see for instance [6]. This means that
system (2.1) is transformed into an equivalent system with a diagonal matrix M, with kt (resp. ko) positive
(resp. negative) eigenvalues with k' + k' = ke and k" (resp. k. ) boundary conditions are imposed at 0 (resp.
le), which allows to fix the incoming information. Here, we prefer to write them in the original unknowns.
Furthermore it is a priori not clear how these conditions should be adapted to the case of a network, so we
will conversely try to parametrize all those transmission conditions in the network’s vertices that lead to an
evolution governed by a semigroup (of isometries).

In particular, we are going to look for dissipativity, hence m-dissipativity of the operator +.4 whose restriction
to the edge e is given by

(Au)e := Meul, + Neue (3.1)

in a natural Hilbert space, see (2.1).
To begin with, let us impose the following assumption.

Assumption 3.1. Let G be a finite network (or metric graph) with underlying (discrete) graph G, i.e., G =
(V,E) is a finite, directed graph with node set V and edge set E and each e € E is identified with an interval
(0, £) whereby the parametrization of the interval agrees with the orientation of the edge.

We are going to study the problem (2.1) in the vector space

L*(G) == D L*(0, Le)".

ecE
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Clearly, L2(G) becomes a Hilbert space once equipped with the inner product

Le
(w,0) =Y /O Qe(@)ue(x) - Te(x)dz,  u,v e L3(G), (3.2)

ecE

(where, here and below, z - 2, means the Euclidean inner product in C* between z and z1), which is equivalent
to the canonical one. The associated norm will be denoted by || - ||, because no confusion is possible with the
Euclidean and matrix norms introduced before.

Of course, if M, is diagonal, then Assumptions 2.1.(3i) is satisfied e.g. whenever Qc(x) is the identity for all
x; however, Example 2.2 shows that Q.M. may be Hermitian even when M, is not. It thus turns out that such
an alternative inner product is tailor-made for the class of hyperbolic systems we are considering. The main
reason for restricting to the Hilbert space setting is that checking dissipativity in LP-spaces is less immediate.

3.1. Transmission conditions in the vertices

In order to tackle the problem of determining the correct transmission conditions on A, let us first introduce
the maximal domain

Diax = @D {u € L*(0,£e)" : Meu/ € L*(0, £e)*}. (3.3)
ecE

We want to explicitly state the following, whose easy proof we leave to the reader. Recall that invertibility of
Me(x) is assumed for all z € [0, £e].

Lemma 3.2. It holds

Dmax - @Hl(oa‘ee)kea (34)
ecE

and therefore Dyay is densely and compactly embedded in L*(G).

We stress that compactness of the embedding can actually fail if 0 is an eigenvalue of M(-) at the endpoints
of (0, fe): to see this, take over — with obvious changes — the proof of Lemma 4.2 of [44].

Let us see why we have chosen to define an alternative inner product on L?(G). Under our standing assumption
Qe(z)Me(x) is for all z a Hermitian matrix, so it can be diagonalized — although these matrices need not
commute, so they will in general not be simultaneously diagonalizable. If however there exists a diagonal matrix
D, such that

De = Qe(z)Me(z)  for all x, (3.5)

then the semigroup generated by Mef—r on L2(G) with respect to the inner product in (3.2) agrees with the
semigroup generated by Qe(~)Me(o)% = De% on L2(G) with respect to the canonical inner product: the latter
one is simply the shift semigroup, up to taking into account the boundary conditions, ¢f. Proposition 3.3 of [21]
or Proposition 18.7 of [7] for a special case where D, = I. So, the complete operator A will generate a semigroup
(etA)tZO that can be semi-explicitly written down by means of the Dyson—Phillips Series, since the perturbation
QeNe is bounded, see Proposition 3.1.2, page 77 of [60] or Theorem 1.10 [28]; and also by means of Trotter’s
Product Formula, see Exercise II1.5.11 of [28].

Even when (3.5) does not hold we are still in a commendable situation: indeed,

Le
(Au,v) = Z/ Qe (Meul, + Neue) - Ve dz for all u,v € Dpax. (3.6)
ecE 0
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Due to our standing assumptions, Q.M. and hence its space derivative are hermitian: integrating by parts we
hence find

Le Le Le
E / QeMeu; T dx = — E / Ue - (QeMeve)/ dz + E [QeMeue - e .
0 0

ecE ecE ecE
Le Le —_
= — Z/ Ue - QeMevl dx — Z/ Ue * (QeMe) ve dx: (3.7)
ecE 0 eckE 0
+ Z [QeMeue . @e] 0
ecE

Now, for u = v (3.7) can be equivalently written as

Le Le Le
2%2 o QeMeug ‘Uedr = — ZA (QeMe)/ Ue - Ue dT + Z [QeMeue - e 0 ; (3.8)

ecE ecE ecE

both addends on the right hand side are real, in view of our standing assumptions on Qe, Me.
For all v € V, let us denote by E,, the set of all edges incident in v. We introduce for each v € V the trace
operator 7 : @.cg H(0, le)* — Ckv defined by

W) = (ue())ecg,»  VEV,
where k, := ZeeEv ke, and the k, x k, block-diagonal matrix T, with k. x ke diagonal blocks
T, := diag (Qe(V)Me(Vtve)eer, . VEV, (3.9)
where we recall that the |V| x |E| incidence matriz T = (1ye) of the graph G is defined by

—1 if v is initial endpoint of e,
tve := < +1 if v is terminal endpoint of e, (3.10)
0  otherwise.

With these notation, we see that the identity (3.8) is equivalent to

Le Le
2%2/ QeMeU; ‘e dr = — Z/ (QeMe)l Ue * Ue AT
0 0

ecE eckE (3.11)
+ Z Tow (u) : 'y\,(ﬂ).

vev

Taking the real part of (3.6) and using the last identity we find

Le
R(Au,u) = %Z/ QeNeue - Ue do
0

°<k (3.12)

1 e / 1
2 Z/o (QeMe) Ue - Ue Az + 5 ZTV%(U) "Yv(fb).

ecE vev
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The boundary terms vanish if so does ,(u) for all v € V; however, upon introducing the quadratic form

QV(g) =TE- g) f € Ckvv (313)

it is more generally sufficient to impose that 7, (u) belongs to a totally isotropic subspace Y, associated with g,
i.e., to a vector space Y, such that the restriction of ¢, to Y, vanishes identically, see Definition C.1. (Observe
that ¢,(£) € R, due to our standing assumptions on Qe, M..) This means that it suffices to assume that

w(u) €Y, forallveV. (3.14)

Remark 3.3. Introducing

Ke
w(fa g) = Z/ QeMeu; : 'Ue d],‘, f7g S Dminy
0

ecE

defines a skew-symmetric form in the sense of Definition 2.2 in [65], where Dpin := @ g HE(0, )%, All skew-
adjoint extensions of A|p, . can be then parametrized by Theorem 3.6 of [65]. We are however rather interested
in the general case of possibly variable coefficients and therefore prefer to pursue an approach based on the
classical Lumer—Phillips Theorem.

Example 3.4. For the system (2.3) with the choice of Q. from (2.4) in which we take a = P, b=¢=0,d = L,
the matrix QeM. is given by

0 PL
QeMe—_<LP 0 >

and therefore, with ue = (pe, ge) ", the expression QeMeue - . takes the form
QeMeue U = —2 §R(]DLQEZ_)(%)-

One may e.g. consider the vertex transmission conditions (see [56], p. 56)

— p is continuous across the vertices and ) g ge(V)tve = 0 for all v € V; or
— ¢ is continuous across the vertices and ) g pe(V)ive = 0 for all v € V.

They both fit to our framework. Indeed, if for simplicity we write v, (u) = ((Pe(v))eck, s (¢e(v))ece,) ", then in the
first case it suffices to take

Y, = span{1g,} @ span{sg,}*,
where 1g, := (1,...,1) € CI®l and tg, is the vector in CIB/l whose e-th entry equals ¢y, the appropriate nonzero
entry of the incidence matrix defined in (3.10). Observe that (3.14) now yields that the values pe(v) coincide for

all e € E, while the vectors (¢e(v))ece, and tg, are orthogonal. To cover the second set of transmission conditions
we on the contrary let

Y, = span{LEV}J‘ @ span{1g,}.

Before proving our first well-posedness result, we reformulate the condition (3.14) for constant vector fields
te. Namely, if we assume that ue = K, € Cke for all edges e, (3.14) is equivalent to

(Ke)ecr, €Y, forallveV. (3.15)
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Denoting I, := {1,2,...,dim Y;*} and fixing a basis {w("?};c; of Y;- € C*, (3.15) is equivalent to
(Ke)eeg, w9 =0 foralli€ I,,v e V. (3.16)

To write this in a global way, we first let k := >___¢ k.. Now recall that each w9 is an element of C*, hence

ecE
it can be identified with the vector (Wév’z))eeEv. We denote by w(¥?) € CF its extension to the whole set of edges,
namely,

(v,%) ;
(Vi) we /., if e € Ey, 3.17
We o { 0 else. (8:17)

With this notation we see that (3.16), hence also (3.14) in this case, is equivalent to,
(Ke)eee - W) =0 for all i € I,,v € V. (3.18)

In the same way each coordinate of an element of Y,, Y;- C C* corresponds to some e € E, and as above we
can extend these spaces to C¥ by putting a 0 to the coordinate corresponding to e whenever e ¢ E,. Denote

these extensions by Y,, and Y-, respectively.

Lemma 3.5. The set {W(V’i)}i€1v7vev is a basis of C* if and only if

dmY ¥ =k=) dimY,. (3.19)
vev vev

Proof. By construction, {w("¥},c; is a basis of ZI Therefore, {w(“")},c1 vev is a basis of C* if and only if

S - @ -

vev veVv

which is further equivalent to the dimensions condition

dim Y ¥t = dim V! =k (3.20)
veVv veVv
Now, observe that dim Y = dim Y;* = k, — dimY,. Moreover, by the hand-shaking lemma, > ovev kv = 2k,
hence
Y dimY, =2k~ dimY,.
vev veVv
Plugging this into (3.20) yields (3.19). O

Remark 3.6. The equivalent assertions in Lemma 3.5 mean that the number of boundary conditions in (3.14)
(that is equivalent to (3.18) in the special case) is exactly equal to k and that these boundary conditions are
linearly independent. Furthermore, as the support of the vector w(“¥) corresponds to the set of the edges incident

to v, the vectors W% and W) and hence also the subspaces Y, and Y+

v/

are linearly independent if v and
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v/ are not adjacent. However, the first equality in (3.19) is equivalent to the mutual linear independence of all
Y-, that is,

YAnY Y= {0} forallveV. (3.21)
v/ #v

We are finally in the position to formulate a well-posedness result in terms of the transmission conditions
in (3.14).

Theorem 3.7. For allv € V, let'Y, be a totally isotropic subspace associated with the quadratic form q, defined
by (3.13) and assume that (3.19) holds. Then both +A, defined as (3.1) on the domain

D(A) :={u € Dpax : Ww(u) €Y, for allv eV}, (3.22)

are quasi-m-dissipative operators. In particular, both + A generate a strongly continuous semigroup and hence
a strongly continuous group in L2(G). The operator A has compact resolvent, hence pure point spectrum.

Proof. Under Assumptions 2.1.(2), u — Nu is a bounded perturbation of A. By the Bounded Perturbation
Theorem (cf. [28], Thm. I11.1.3), we may without loss of generality in this proof assume that N = 0. Under
this assumption and in view of (3.12) and the definition of D(A), we see that

Le
R (£ Au, u) = %Z /0 (QeM.) e - tie dz (3.23)

ecE

for all w € D(A). By the assumptions made on the matrices Q., M., we deduce that there exists a positive
constant C such that

Le
R (Au,u) | < % (maX sup | (QeMe)’ (fv)||2> Z/O lue ()5 dz < C]lul?, (3.24)

ecE
z€(0,0e) ecE

for all w € D(A) which means that +.4 with domain D(.A) are both quasi-dissipative. By the Lumer—Phillips
Theorem, it remains to check their maximality. To this aim, for any f € L%(G), we first look for a solution
u € D(A) of

Me(z)ul(z) = fe(x) for z € (0,/) and all e € E. (3.25)

Such a solution is given by
ue(z) = Ke + / M (y)fe(y) dy, for all z € [0, £], for all e € E, (3.26)
0

with K € CFe. It then remains to fix the vectors K, in order to enforce the condition u. € D(A). Since (3.14) is
in our situation a ke X ke linear system in (K. )ecg, the existence of this vector is equivalent to its uniqueness. By
the previous considerations, this means that it suffices to show that system (3.18) has the sole solution K = 0,
which holds due to our assumption (3.19) in Lemma 3.5. This shows that the operator 4 is an isomorphism
from D(A) into L?(G) and proves that +.4 is maximal.

To conclude, we observe that Lemma 3.2 directly implies that A has compact resolvent, since D(A) is
continuously embedded in Dy ax. O
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Example 3.8. Imposing Dirichlet conditions on all endpoints is a possibility allowed for by our formalism,
taking

() € {(0,...,0)"} = Y, vev.

However, our dimension condition rules it out, as in this case dim Y, = 0 for all v, hence (3.19) is not satisfied.

By the Lumer—Phillips Theorem and (3.11), the semigroup generated by A is isometric if and only if
mZ/ <Qe . Qe e)) Gedz =0  for all u € D(A). (3.27)
ecE

As the next result shows, this condition is easy to characterize using Lemma B.3.

Corollary 3.9. Under the assumptions of Theorem 3.7,

QeNe + (QeNe)* = (QeMe)/ (328)

if and only if the system (2.1) on G with transmission conditions (3.14) is governed by a unitary group on L2(G);
in particular, the energy

Z/ Qeul(t) - x, teR, (3.29)

is conserved.

Proof. Under the assumptions of Theorem 3.7, the identity (3.12) guarantees that
R(Au,u) =0  for all u € D(A)
if and only if (3.27) holds. But simple calculations show that (3.27) is equivalent to
Z/ (QuNe + (QuN.)* — (QuM) ) te - fledz =0 for all u € D(A). (3.30)
ecE

This obviously shows that (3.28) is a sufficient condition for the unitarity property of the semigroup generated
by A. For the necessity, let us observe that QeNe 4+ (QcNe)* — (QeMe)’ is hermitian. Since the test functions
vanishing at each endpoint satisfy all boundary conditions, @, g D(0, £ )" is included in D(A) and we deduce
that (3.30) implies that

ecE

Le
/ (QeNe + (QeNe)* — (QeMe)) te - e dz = 0 for all u. € D(O,ée)ke and all e € E.
0
By Lemma B.3 we conclude that (3.28) holds. Finally, because

d
&0 =R (Au(), u(t))

holds along classical solutions u of (2.1), the second assertion is valid as well. O
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Note that condition (3.28) is satisfied in the special case when Q.M. is spatially constant and Q.N, has zero
or purely imaginary entries.

We will see, however, that the condition (3.19) is not satisfied in some relevant applications (in Sect. 5.5, for
example). Therefore, let us present an alternative approach to prove well-posedness based on the dissipativity
of A and its adjoint A* that is used in Appendix A of [6] for diagonal systems. The first step is to characterize
the adjoint operator.

Lemma 3.10. The adjoint of the operator A defined in (3.1)—(3.22) is given by

D(A*) = {v € Dpax : W) € T,YE for allv € V},

! 1 ! 1 (3.31)
(A*)e = —Meve — Q¢ (QeMe) ve + Q¢ N Qeve, eck
Proof. The identity (3.7) is equivalent to
Le Le Le -
Z/ QeMeu!, - Tedz = — Z/ Ue - QeMvl dz — Z/ Ue - (QeM.) ve dz
ecE 0 ecE 0 ecE 0 (3_32)
+ Z TV'YV(U) ' ’Yv(@)'
vev
Since
Le
(Au,v) = Z/ Qe (Meul, + Neue) - Ve dz for all w,v € Dpax,
ece 70
we get
£ :
(Au,v) = Z/ Ue * (—QeMev(’E — (QeMe) ve + N:Qeve) dx
ecE 0 (3.33)
+ ZT\,%(U) - (D) for all u,v € Dyax.
veV
Now, v € L%(G) belongs to D(A*) if and only if there exists g € L?(G) such that
(Au,v) = (u, g) for all u € D(A)
and in this case A*v = g.
First, by taking u such that ue € D(0, £) in this identity we find
- QeMe’Ué - (QeMe)/ Ve + N:Qeve = Qege (334)

in the distributional sense. Since, under our Assumptions 2.1.(1), QM. is invertible (with a bounded inverse),
we find that ve € H'(0, ), hence v belongs to Dyax.
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Now we can apply the identity (3.33) and get

u g Z/ Ue * QeM 7) - (Qe e) Ve + N;Qeve) dx
ecE (3.35)

+ ) Tn(u) - w(@)  forallu € D(A)
veVv

and, by (3.34), we find

ZTV% (@) =0 for all u € D(A).
vev

Since the trace operator 4y : Dmax — C* is surjective, so is its restriction from D(A) to Y,. Hence we get
y-Tyw() =0 for all y € Y,
and therefore
Ty(v) € V' (3.36)

(Here, YvL denotes the orthogonal complement of Y, in C* for the Euclidean inner product.) Since T, is
invertible, (3.36) is equivalent to

w(v) € Tv_lel.

This concludes the proof. O

Theorem 3.11. For allv € V, let both Y, and T, 'Y, be totally isotropic subspaces associated with the quadratic
form q, defined by (3.13). Then both £ A, defined on the domain

D(A) :={u € Dyax : Ww(u) €Y, for allveV},

are quasi-m-dissipative operators. In particular, both + A generate a strongly continuous semigroup and hence
a strongly continuous group in L%(G). If, additionally, (3.28) holds, then the group is unitary.

Proof. We already know that A is densely defined. By the first part of the proof of Theorem 3.7 (that does not
depend on condition (3.19)), we see that both +.4 are quasi-dissipative. It is easy to verify that A is closed,
see, e.g., the proof of (A.24) in [6]. In view of Corollary 11.3.17 in [28], it thus suffices to show that +.A4* is
quasi-dissipative, too. Observe that (3.11), which is known to hold for all u € Dpayx, implies that

Fu,u) %Z/ — (QeMe) ue—i—N:Qeue).ﬂedﬂc

°cE (3.37)
+ Z / Qe e ue Ue AT — = Z Tv"Yv ’Yv( )
e€E veV

for all u € D(A*). Hence quasi-dissipativity of both +.A* holds if

@(€) =0, forall £ € T, 'Y, (3.38)



LINEAR HYPERBOLIC SYSTEMS ON NETWORKS 15

i.e., if T,"1Y;- is a totally isotropic subspace associated with the quadratic form . O

In the remainder of this section, we are going to comment on the possibility of an alternative way of formu-
lating transmission conditions. This is especially relevant in applications to models of theoretical physics when
the stress is on unitary well-posedness, see e.g. Section 5.5, rather than accurate description of the network
structure.

3.2. Global boundary conditions

It is natural to choose transmission conditions that reflect the connectivity of the network, that is the reason
of the local boundary condition (3.14). However, nonlocal boundary conditions can be imposed as well by

re-writing the term ) ., Ty (u) - % (@) in a global way as

where

T

:
) = (u(0),u(®)) = ((1e(0)) e » (e £e))oce)

and the 2k x 2k matrix T is given by

— | diag (Qe(O)Me(O))eE 0
T := ( 0 E diag (Qe(£e>M6(£e))eeE> ) (3-39)

without any reference to the structure of the network. With this notation,

R (Au,u) = %Z/Oe <(QeNe - ;(QeMe)/> U - ae) dz + %T’y(u) ~y(w),

e€E
and this suggests to replace (3.14) by
v(u) €Y, (3.40)
i.e., to consider A with domain
D(A) :={u € Dpax : y(u) €Y},
where Y € C?* is a subspace of the null isotropic cone associated with the quadratic form
TE- €, forall € € C?. (3.41)
This corresponds to glue all vertices together, thus forming a so-called flower graph, and to impose general
transmission conditions in the only vertex of such a flower (Fig. 1).
In this setting the well-posedness conditions is different from (3.19) and sums up to
dimY+ =k = dim PxY ™, (3.42)

where K is the k-dimensional subspace of C?* defined by

K = {((Ke)eeE (Ke)eeg) | i Ke€Cforallec E}
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FIGURE 1. Gluing all the vertices of a graph: from a complete graph on four vertices (left) to
a flower graph on six edges (right).

and Pg is the orthogonal projection on K with respect to the Euclidean inner product of C?*. To see this,
we elaborate on the proof of Theorem 3.7 and write I := {1,2,...,dimY*}. Once fixed a basis {W®};c; of
YL C C% using (3.26) the condition (3.40) is equivalent to

<.

) foralliel.

- A T
((Ke)ece » (Ke)eeE)T WO = <(O)eeE’ <_/ M H(y)fe(y) dy) > s
0 ecE

Since the vector ((Ke)ocg (Ke)eeE)T belongs to K, we have

T T —
((Ke)eeE ) (Ke)eEE) W = ((Ke)eeE ) (Ke)eeE) - PRW),
and therefore this last condition is equivalent to

12

T
T - e _ . .
((Ke)ece » (Ke)ecg) ~ PxW = ((O)eeE’ (— M (y)fe(y) dy> ) W@ for all i € 1.
ecE

0
Our assumptions (3.42) guarantee that we are dealing with a k X k linear system for which its associated matrix

is invertible. This then proves the maximality condition.
Note that the second condition in (3.42) admits different formulations stated in the next Lemma.

Lemma 3.12. We have
dimPkY* =k & PkY*+ =K & Y NK = {0}. (3.43)

Proof. The first equivalence directly follows from the fact that K is of dimension k.
Let us now prove the implication PxY+ = K = Y N K = {0}. Indeed, each y € Y N K satisfies

y-z2=0 forall ze Y™t
Since ¥ is also in K, we have y - Z = y - Pg 2, thus the last property is equivalent to
y-Pgz=0 forall zeY"',
By our assumption PxY ' = K and we deduce that

y-k=0 forall k € K,
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which yields y = 0 since y is in K.
Let us show the converse implication. Take k € K orthogonal to PgY ™+, i.e.,

k-Pgz=0 forall zeY™".
As k is in K, we get equivalently
k-Z=0 forall zeY".

Therefore k belongs to Y and hence to Y N K. Thus k = 0, due to the assumption Y N K = {0}, which proves
that PgY+ = K. O

Using dim Y = 2k — dim Y+ we can find different equivalent conditions to (3.42). One of them is
dimY = dim PrY* = k. (3.44)

This formalism also makes possible to compare solutions of the same system under different transmission
conditions in the vertices. We will come back to this in the next section.

Remark 3.13. (Local boundary conditions versus global ones). Assume that A is defined by the local boundary
conditions (3.14), then they can be viewed as global boundary conditions with Y defined here below. Namely
for all v € V, introduce the matrix operator P, (from C2* to C*) defined by

W(u) = Poy(u).
Then, given the basis {w("9},c; of Y5 € C*, we define
W(v,i) — /PVTW(V,i)

We may notice that

’}/(U) . W(Vai) = /yv(u) . W(Vvi)’ (345)

hence Y is simply the space spanned by W9 for i € I, and v € V. Let us also remark that

WD LWL =0, if v £ V. (3.46)

These two properties imply that (3.42) is equivalent to (3.19). Indeed, by (3.46), and as P, being surjective,

P is injective, we deduce that

dimY* =) "dimY;", (3.47)
veV
while the first one guarantees that
T — — o
((Ke)eEE ’ (Ke)eeE) 'W(V’l) = (Ke)eeEv ’ W(Vﬂ) = (Ke)eeE : W(Vﬂ)' (3'48)

Hence if (3.19), then (3.47) direclty implies that dim Y1+ = k. Further by (3.48), one has

T —— oy
((Ke)eeE ) (Ke)eeE) - PRWO) = (KE)eeE ’ W(V’Z)v (3-49)
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and since the vectors w(**¥) span the whole C¥, if the left-hand side is zero for all i, v, (Ke)ecg Will be zero, hence

the vectors Px W% span the whole K.
Conversely if (3.42) holds, then by (3.47), we have Y ., dim Y- = k, that is by the hand-shaking lemma

equivalent to ) ., dimY, = k. As before, due to (3.49), if the vectors PrW®™? span the whole K, then the
vectors w9 span the whole C¥.

Example 3.14. The arguably easiest application of our theory is the model of flows on networks discussed e.g.
in [42]. It consists of a system of k = |E| scalar equations

. /
Ue = Cellg, e€E,

where c. are positive constants. Hence, M. = ce, and we can take Q. = 1, for all e € E. The associated matrix
T, is diagonal and takes the form

T, = diag (ce(V)tve) vev,

ecE,
where e are the entries of the incidence matrix of the graph, see (3.9).
However, in order to treat more general boundary conditions, we switch to the global setting and take

T = *diag(ce)eGE 0
0 diag(ce)eeE ’

A rather general way of writing the transmission conditions in the vertices is Vou(0) = Vou(¢), where Vp, V; are
k x k matrices, see [24]. They can be equivalently expressed in our formalism by

~v(u) € ker (VO ng) =Y.

The relevant conditions in Theorem 3.7 are hence whether

(i) the space ker (Vo —Vi) = {(¢,0) € C?* : Voo = V,0} has dimension k and
ii) Vo = V40 implies Ce|Wel” = Ce|0e|” for a ,0 € CF.
Vo = V0 1 eck CelUe|? eck Cel0e|? for all v, 0 € Ck

Both conditions are e.g. satisfied if Vg, V;, = Id, which corresponds to transport on k disjoint loops, in which
case Theorem 3.7 confirms one’s intuition that A with

D(A) := {u € Dpax : ue(0) = ue(fe), e € E} (3.50)

generates a strongly continuous group on L2?(G). With k = 2, condition (i) is also fulfilled for V, = Id if e.g.
Vo= (94),0r Vo = 2(11); condition (ii) is satisfied in the former case if ce, = ce, (hence we have by Theorem 3.7
a group generator on a network which can be regarded as a loop of length le, + £, ), but not in the latter: it will
follow from the results in the next section that this operator, which is a prototype of those considered in [42],
still generates a strongly continuous semigroup on L?(G). This example shows that our conditions on Y, are
tailored for wunitary group generation, as Corollary 3.9 shows. Some remedies to avoid such a problem will be
discussed below.

We stress that the second above condition implies the invertibility of both Vj,V,, which is proved
in Corollary 3.8 of [24] to be equivalent to the assertion that A with domain

D(A) :={u € Dpax : 7(u) € ker (Vo =V2)}

is a group generator.
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4. CONTRACTIVE WELL-POSEDNESS AND QUALITATIVE PROPERTIES

Let us now discuss the more general situation in which the solutions to (2.1) are given by semigroups that
are merely contractive. In this case, the above computations show that much more general boundary conditions
can be studied. Furthermore, we are also able to describe qualitative behavior of these solutions. We refer to
Section 5 for several illustrative examples.

Recall that the nonpositive (resp. nonnegative) isotropic cone associated with a quadratic form ¢ : C¥ — R
is the set of vectors ¢ € C¥ such that ¢(£) < 0 (resp. ¢(&) > 0), see Definition C.1.

Theorem 4.1. For allv € V, let Y, be a subspace of the nonpositive isotropic cone associated with the quadratic
form q, given in (3.13) and assume that one of the following conditions is satisfied:

- (3.19) holds or
~ for allv € V, the space T, 'Y is a subspace of the nonnegative isotropic cone associated with q .

Then the following assertions hold.

(1) A with domain
D(A) :={u € Dpax : Ww(u) €Y, forallveV}

generates a strongly continuous quasi-contractive semigroup (e!)i>o in L2(G) and the system (2.1) on G
with transmission conditions

Ww(u) €Y, vev, (4.1)

1s well-posed.

(2) This semigroup is contractive if, additionally, (QeNe)(x)+ (QeNe)* (x) — (QeMe.)' () is negative semi-definite
for alle € E and a.e. x € [0, £].

(3) Under the assumptions of (2), the energy in (3.29) is monotonically decreasing; in this case, there exists a
projector commuting with (etA)tZO whose null space is the set of strong stability of the semigroup and whose
range is the closure of the set of periodic vectors under (etA)tZO.

Proof. The proof of the assertion leading to well-posedness is exactly the same as the ones of Theorem 3.7,
Corollary 3.9, and Theorem 3.11 for operator A4; the sufficient condition for contractivity of the semigroup can
be read off (3.12). The third assertion is a direct consequence of Corollary V.2.15 in [28] and Lemma 3.2. O

Remark 4.2. In the previous Theorem we may replace local boundary condition by global ones and then
replacing either (3.19) by (3.42) or the second local condition by a global version. Hence Theorem 4.1 especially
applies to the setting of Appendix A in [6], since their boundary condition (A.8) can be written as y(u) € ker K for
some k x 2k-matrix K. The proof of Theorem A.1 in [6] shows that ker K is contained in the nonpositive isotropic
cone of the quadratic form (3.41). Also the boundary condition (2.2) in [24] can be written as y(u) € ker K, and
(3.19) is easily seen to be satisfied. Hence, the generation result in Corollary 2.2 of [24] follows from Theorem 4.1;
this shows in particular that the well-posedness results for the transport equations in [42, 52] are special cases
of our general theory. Let us further stress that, as in Corollary 3.8 of [24], we can chose different Q. for M,
and -M, to obtain generation of a group. We will review further, more advanced examples in Section 5.

Remark 4.3. (Global boundary conditions revisited) It turns out that the global condition (3.42) may fail, see
Example 4.16 below. But if all matrices M, are diagonal or spatially constant and symmetric positive definite,
we can replace the surjectivity of A by the surjectivity of A\l — A for A > 0 large enough. Indeed, using the same
approach as in Theorem 3.7, for any f € L?(G), we look for a solution u € D(A) of

A

e

— Me(z)ul(z) = fe(z) for x € (0,4,) and all e € E. (4.2)

e
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By our assumptions, such a solution is given by
Ue(z) = MO K, — / A Pe@)=Pew) N =1 (4)f (y) dy, for all 2 € [0, L], for all e € E,
0
with K. € C* to be fixed, where

Pylx) = / M (y)dy, z€[0.4], ecE.
0

Obviously, Pp(0) = 0 and Pp({e) = foé * M;Y(y) dy is symmetric positive definite. Hence, using the notation from
Section 3.2, the boundary condition (3.40) is equivalent to

-
ee —

(K,E,\K)T~W(i):<(0)e€E,< / eMPMe)—PAw)M;l(y)fe(y)dy> ) W@  foralliel. (4.3)
0 ecE

where K = (Ke)ece and E) = diag (eAPf(fe))eeE. Setting L = FE) K, we have equivalently

-
ze —

(EAL,L)T-W(i):((O)eeE,< / e’\(P’f(Ze)_P‘*(y)Me_l(y)fe(y)dy) ) W@ foralliel. (4.4)
0 ecE

Hence if dimY ' = k, we find a k x k linear system and a unique solution L and then K exists if and only if
the determinant of the associated matrix Ay is different from zero. But if for any vectors (y,2)" € C?*, with
y,z € C* we set

Ho(y,z)T =y and Hg(y,z)—r =z,

we see that

(E_\L, L)T ‘WO = E_\L-ToW® + L-TI,W0 = L - E* I[(W® + I, W),
where E* , = diag (e‘APf(ée)*)eeE. From this expression we see that Ay can be split up as
Ax = Ry + A,

where A is the limit of Ay as A goes to infinity and is simply the matrix whose ith row is (II, W) T. Further,
since Py(fe)* are symmetric positive definite, one can easily see that

lim [|Ry|| = 0.
A—00

Hence, if we assume that A, is invertible, Ay will be invertible as well for A large enough, which allows to
conclude the surjectivity of ANl — A for A > 0 large enough. In conclusion, as A, is invertible if and only if
dimII,Y+ = k, maximality holds if

dimY* =k = dimTI,Y*+. (4.5)
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This actually means that maximality holds as soon as maximality holds if we replace the boundary condition
(3.40) by the one

u(l) € Y+,
at the endpoint £ only; in particular, dropping any condition at 0. A local version of this approach can be stated,
we let the details to the reader.

Remark 4.4. Our well-posedness results can be also regarded as a first step towards applications to control
theory. For example, Proposition VI.8.5 of [28] prevents the control system

ue(0) = fe (2(4.8)

{ I.Le(t) = MeUé(t) + Neue(t) + Beye(t)v t 2 an € Ea
from being exactly 2-controllable for any control operator B = (Be)ecg mapping the vertex space C!VI to L?(G),
for any finite time horizon ¢ < oo. However, Corollary VI.8.11 of [28] can be invoked to show that, provided
the assumptions of Theorem 4.1.(2) are satisfied and hence A generates a contractive semigroup, the control
system (3(A, B)) will be approximately 2-controllable if and only if ), .y ker B*(Id —A*)™ = 0, where A* is the
adjoint of A given in Lemma 3.10 and B : C!Vl — L?(G) is any control operator.

Studying processes on a metric graph, boundary control problems with control imposed in the vertices are of
special interest. A semigroup approach to such problems that enables an explicit description of the associated
(even exact or positive) reachability space as presented in [25-27] could be adapted for the present situation.

Further, as in [56] in case of generation of a contraction semigroup, some stabilization results can be considered
using different approaches, like the use of observability estimates [4, 20], frequency domain approach [11, 61],
or port-Hamiltonian techniques [35].

Let us continue by studying qualitative properties of the semigroup generated by A. In particular, let C' be
a closed and convex subset of C and write

L%(G;C) := {u € L*(G) : ue(z) € C* for a.e. z € (0,£.) and all e € E} (4.6)

A semigroup (T'(t))i>0 on L*(G) is called real (resp., positive) if each operator T(t) leaves L?(G;R) (resp.,
L?(G;R,)) invariant. Moreover, for a closed and convex subset K of a Hilbert space H with inner product
(,-yg and associated norm || - ||z, the minimizing projector Px onto K assigns to each u € H the unique
element Pru € K satisfying

lu — Pru|lg = min{|ju — w||g : w € K}
or, equivalently (see [14], Thm. 5.2), Pxu = z € K is the unique element in K such that
R(w — z,u—2)g <0 for all w € K. (4.7

We will use a generalization of Brezis’ classical result for invariance under the semigroup generated by a
subdifferential. In the linear case, Theorem 2.4 of [68] can be formulated as follows.

Lemma 4.5. Let H be a complex Hilbert space with inner product {-,-) g and associated norm || - ||z, K a closed
and convex subset of H and Pk the minimizing projector onto K. Let A be an w-quasi-m-dissipative operator
on H for some w € R and (T(t))t>0 the strongly continuous semigroup generated by A. Then K is invariant
under (T'(t))e>o0 if and only if

R(Au,u — Pru)y < wl|lu— Pxull% for all w € D(A). (4.8)
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If in particular w = 0, i.e., A is dissipative, and Pxu € D(A) for all u € D(A), then the invariance of K
under (T'(t))i>0 is equivalent to

R(APgu,u — Pxu)py <0 for all uw € D(A).
We can thus describe further properties of the semigroup generated by A in terms of the matrices Q., M., Ne,
and the boundary conditions. We are interested in the convex subsets of the form K = L?(G;C) where C C C

is a closed interval, e.g., C'=R or C'= R,. Let us first relate the minimizing projector PI(“E with respect to the
inner product (3.2) on L?(G) to the minimizing projector Px with respect to the standard inner product

Le
(u,v) ==Y /0 Ue(z) - Te(z)dz,  u,v € L2(G). (4.9)

ecE

1 1
Lemma 4.6. Assume Q& () to be bijective for alle € E and all x € [0,£e] as a map on C, i.e., Q¢ (z)(C) = C.
Then the minimizing projector Pg with respect to the inner product (3.2) onto K = L?(G;C) is given by

PY=Q 2 PQ? (4.10)

where Q := diag(Qe)ece s a block diagonal matriz and Pk is the minimizing projector with respect to the
standard inner product (4.9).

Proof. By (4.7), Pfgu =: z is the unique element in K such that
Le
Z/ Qe(2)(We(z) — 2ze()) - (Te() — Ze(z))dx <0 for all w € K. (4.11)
0

As Qe(x) is symmetric positive definite, it admits a square root Qe (x)% which is still symmetric positive definite
(and is of class H! as a function of z). Hence (4.11) is equivalent to

(tGe(x) — Ze(2))dz <0 for all w € K. (4.12)
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Since Q2 is bijective on C, by setting ve := Q& ue and W, := Q& we, we may equivalently re-write (4.12) as
R — Q2z,0—Q22) <0  forall & € K.
By (4.7) we obtain Qzz = Pxv and (4.10) follows. O

1 1
In many applications Qe, and thus also Q¢ and Q. 2, are real-valued. In such a case, (4.10) for C =R and
hence K = L?(G;R) yields

Pou=Q R (Q%u) — Ru. (4.13)
Proposition 4.7. Under the assumptions of Theorem 4.1, let

R € PY, for all ¢ € PV, (4.14)

vev vEV
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and the matriz-valued mapping Qe be real-valued for all e € E. Then the semigroup generated by A is real if and
only if the matriz-valued mappings Me, Ne are real-valued for all e € E.

Proof. We use Lemma 4.5 for the convex subset of real-valued functions K = L?(G,R) and the projector Pfg u =
Ru obtained in (4.13). Also observe that we can without loss of generality assume w = 0, since reality of a
semigroup is invariant under scalar perturbations of its generator. Now, it follows from (4.14) that P;gu € D(A)
whenever u € D(A). We deduce that reality of the semigroup is equivalent to

R(ARwu, 1 Su) <0 for all u € D(A).

By applying the same trick as in the proof of Proposition 2.5 in [58], that is by plugging —$u + 1Su into the
above inequality, we obtain

Le
(ARu, Su) = Z/ ((QeMe) % + (QeNe) %ue> -Quedr € R for all u € D(A),
0

ecE
which by a simple localization argument is in turn equivalent to

d
(QeMe)ﬁ + (QeNe)ue is real-valued for all real-valued u € D(A) and all e € E. (4.15)

The conclusion then follows from Lemma 4.8 below that yields an equivalent, but easier to check, formulation
of (4.15). O

Lemma 4.8. Assume the matriz-valued mapping Qe to be real-valued for all e € E. Then (4.15) holds if and
only if the matriz-valued mappings Me, Ne are real-valued for all e € E.

Proof. As all Q. are real-valued, it suffices to show that (4.15) holds if and only if the matrices Qe Me and Qe Ne
are real for all e € E. As this second property is clearly sufficient for (4.15) to hold, it suffices to prove the
converse implication. For that purpose, fix a real-valued function ¢ € D(R) with a support included into [—1, 1]

and such that ¢’(0) = 1. Now fix one edge e € E, one point z¢ € (0,£.) and one i € {1,...,ke}. Then for all n
large enough, define w,, as follows: u, e = 0, for all edges €’ # e and u, e = p(n(x — z¢))e;, where e; = ((5ij)?e:1

is the i-th vector of the canonical basis of R*e. The parameter n is chosen large enough so that the support of
Un e 18 included into (0, fe) so that u, € D(A) (and is real valued). Taking this function in (4.15), we find

ne' (n(z — 20))(QeMe)(2)e; + o(n(x — x0))(QeNe)(z)e; € RF  for all x € (0, 4,).
By evaluating this expression at xg, dividing by n and and letting n goes to infinitiy, we find that
(QeMe)(x0)e; € RFe.
In other words, Q.M. is real-valued. Once this property holds, (4.15) reduces to
(QeNe)ue is real-valued for all real-valued u € D(A) and all e € E.

This directly implies that Qe N is real-valued since @,.g(P(0, L))" is included into D(A). O
Before going on let us mention that condition (4.14) can be simplified in the following way.

Lemma 4.9. The condition (4.14) holds if and only if Yy, for each v € V, is spanned by vectors with real entries
only.
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Proof. Let Y, be spanned by entry-wise real vectors yi,...,y, and let y € Y. Then there exist ay,...,a, € C
such that y = >""" | o,y;. Because all entries of each y; are real, it follows that Ry is again a linear combination
of these basis vectors,

n

Ry = Z(S‘Eai)yi cY,.

=1

For the converse first note that (4.14) implies that for any y € Y, also Ry, Sy € Y,. If now y1, ..., y, is any basis
of Y,, then the entry-wise real vectors Ry;, Sy;, i = 1,...n, span Y. O

Let us now continue with the study of positivity of the semigroup. Here, we will without loss of generality
1
restrict ourselves to real Hilbert space L?(G,R). We first notice that each Q(z)2 is a lattice isomorphism if and
only if Qe(z)2 and hence Q.(z) are diagonal.

Lemma 4.10. Let P be a real k x k (k > 1) matriz that is symmetric and positive definite. Then P is a lattice
isomorphism, i.e., P(Rﬂfr) = Rﬁ, if and only if P is diagonal.

Proof. The diagonal character of P added with its positive definiteness trivially imply that P(Rf‘;) = R’jL.
Hence, we only need to prove the converse implication. For that purpose denote by p;;,1 < 4,5 < k (resp.
¢ij, 1 <1,j < k) the entries of P (resp. P~1). Now notice that from our assumption directly follows Dij,qi; = 0,
for all 4, j. Moreover, for all ¢, j with ¢ # j, we have

k
> pieae; =0,
=1

or, equivalently,
Dieqe; =0 forall {=1,... k.

Taking ¢ = j, we find that p;; = 0 since the diagonal entries of P~ are strictly positive. This shows that P is
diagonal as requested. O

We continue by applying Lemma 4.5 to the convex subset of positive-valued functions L?(G,Ry). In the
following we will adopt the notation

1u>0p = (L{ue>0})ecE,  Llgu<oy = (I{u.<0})ecE;

for the vector-valued characteristic function of the nonnegative and nonpositive support of u, respectively. Here

7
each 1y, >0y is the diagonal ke X ke matrix associated to ue = (ugl), e 7u§’“e)) ,

1{ue20} = diag (1{u§1)20}, te ’1{u§k6>20}) .
Recall also, that for any f € H' one can write

fr=1y=0f, " =1y<qf, and  (f7) =10 f



LINEAR HYPERBOLIC SYSTEMS ON NETWORKS 25

Proposition 4.11. In addition to the assumptions of Theorem 4.1, let Me, Ne, Qe be real-valued for all e € E,
Qe(x) be diagonal for e € E and all x € [0, 4], and

e @Y. forall ¢ e PV (4.16)

vev veV
Then the semigroup generated by A on L*(G,R) is positive if and only if for all e € E the matrices Mc(x) are
diagonal for all x € [0, L], and all off-diagonal entries of the matrices Ne(x) are nonnegative for a.e. x € [0, Le].

Proof. By Lemma 4.10 we may apply Lemma 4.5 to the closed convex subset K = L2(G,R, ). Therefore, by
diagonality and positivity of Qe(x), the minimizing projector Pk given by (4.10) takes the simpler form

PQu=Q* (Q%u)+ = ut. (4.17)

Since real scalar perturbations of the generator do not affect positivity of the semigroup, we may assume that
w = 0. As (4.16) yields Pxu € D(A) for all u € D(A), the semigroup is thus positive if and only if

(Aut, (u—u™)) <0 for all u € D(A).

By applying (3.6) and (4.17) we obtain the equivalent condition

Le
Z/ Qe (Me(ud) + Neud) - (ue —uf)dz <0 for all u € D(A), (4.18)
ece V0

which we rewrite using the characteristic functions as

Le
Z/ (QeMelyy, >0t + QeNelyy >0yue) - (Liy.<ortte) dz < 0 for all u € D(A). (4.19)
ece V0

The conclusion then follows from Lemma 4.13 below that furnishes an equivalent, but easier to check, formulation
of (4.19). O

Remark 4.12. In the same way as in Lemma 4.9, by replacing the real and imaginary by the positive and
negative part, respectively, we can see that (4.16) holds if and only if, for each v € V, Y, is spanned by vectors
with positive entries only.

Let us prove the last step that is still missing in the proof of Proposition 4.11.

Lemma 4.13. Let Qc(x) be diagonal for all e € E and for all x € [0,£e]. Then (4.19) holds if and only if for
all e € E the matrices Me(x) are diagonal for all x € [0, 4], and all off-diagonal entries of the matrices Ne(x)
are nonnegative for a.e. x € [0, £].

Proof. First observe that since Qe(z) are all diagonal matrices with strictly positive diagonal elements, M, (x)
is diagonal if and only if Q.(x)M(x) is diagonal and N¢(x) has nonnegative off-diagonal entries if and only if
the same holds for Qe(x)Ne(x). Obviously, these properties imply that

Le
Z/ (QeMel{ueZO}u’e) . (l{uego}ue)dx =0 and
0

ecE

ee
Z/ (QeNel{ueZO}ue) : (l{uego}ue) dz <0.
0

ecE
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yielding (4.19).
Conversely, assume that (4.19) holds. Introduce function ¢: R — R4,

y+1 ifyel-1,0],
ply)=<1—y ifyel01],
0 else,

and define
w—R—>R+7y'—>§0(29+1)a ¢+R—>R+ay'—><ﬂ(29—1)

Notice that

1 1
[ w0 [ duewa<o (4.20)
—1 -1
Now fix one edge e € E, one point x¢ € (0,4.) and 1 <4, j < ke, ¢ # j. Then for all n large enough, define v,, +
as follows: v, 1+ & = 0, for all edges ¢’ # e and vy, + o = (vg), e ,v,(Lke))T with only two nonzero entries: v(*), v(9)
defined by

v (@) = p(n(e — z0)) and v (z) = —¢s (n(z - 20)).
The parameter n is chosen large enough so that the support of v,@, U,(lj ) is included into (0,4e) and u, + € D(A),
as it vanishes in a neighborhood of each vertex. Plugging this test-function into (4.19), dividing the expression
by n and letting n goes to infinitiy, we find that
1
(@elan)Melan)), [ & W0l dy > 0

-1

With the help of (4.20), we deduce that Qe(xo)Me(zo) is diagonal.
Taking this into account, (4.19) reduces to

Le
Z/ (QeNelyy >0yte) - (Lu,<oyte) dz < 0. (4.21)
ece /0

Now fix one edge e € E, and 1 < i < j < ke. Define v as follows: ve = 0, for all edges e # e and
ve = (v, -+ vk T € D(0, £e)* with only two nonzero entries: vﬁf),m(f) defined by

v®(2) = ~|x(2)| and v (z) = [x(2)],

with x € D(0, le). As before this function belongs to D(A), and with this choice of v in (4.21) we find that

Ze
/ (QeNe)inQ de Z 0
0

Since this holds for all x € D(0, ), by Lemma B.2, we conclude that (Qe(x)Ne(z));; > 0 for all ¢ # j and all
x € [0, L] O
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Remark 4.14. As a simple corollary, if Qc(z), Me(z), and Ne(x) are all diagonal, (4.19) is automatically
satisfied and we are left with (4.16), a condition depending on the boundary conditions only, a result reminiscent
of Proposition 5.1 in [15] in the case of parabolic systems.

Example 4.15. If Dirichlet conditions are imposed on all endpoints /e (resp., on all endpoints 0) and Q.(0)M.(0)
is positive semidefinite (resp. Qe(¢)Mc(¥) is negative semidefinite) for all e, then the corresponding nonpositive
isotropic subspaces Y, are isomorphic to a direct product of k, blocks of size ke that are either zero or C*. The
same holds for subspaces Y- but with the opposite pattern. Since each edge e has exactly one initial endpoint

0 and one terminal endpoint /., we get exactly one corresponding nonzero block (= C*¢) in all the spaces Y-,
v € V. Hence,

dimZ?:I:ZdimYV:Zke:k.

veVv vev ecE

Since also vy (u) € Y, for all v € V, by Theorem 4.1, A generates a strongly continuous quasi-contractive
semigroup.

Example 4.16. The boundary conditions considered in Example 4.15 do de facto turn the network into a
collection of decoupled intervals. Instead, we now use the setting described in Section 3.2 and impose conservation
of mass conditions, which result in a global boundary condition u(¢) = Wu(0) for some column stochastic block
diagonal matrix W with |E| blocks of sizes ke X k.. We have

-
. k
Y = (ae“aeQ,...,OéeE,E wleae,...,g wE|eae> tae, €CY% e, €E

ecE ecE

= {(oz,Woz)—r T € Ck} =ker (-W 1),

hence condition (3.42) is not satisfied: indeed, 1 is an eigenvalue of W and therefore its associated eigenvector
oy yields a non trivial element (ag, ) in Y N K, hence (3.42) cannot hold due to Lemma 3.12. But if M
is diagonal or spatially constant and positive definite, then we can use condition (4.5) that in the case of our
choice of Y reduces to the invertibility of the matrix W, which agrees with Proposition 2.1 in [40]. Then, under
these additional assumptions, A generates a contractive semigroup provided

(=QO)MO)+WTQUM)W)a-a<0  forall aeCF

where Q(0) := diag (Qe(0)).cg (resp. Q(¢) := diag (Qe(le))ecg) and M(0) := diag (Mc(0)) g (resp. M (L) :=
diag (Me(le)).ce)-

If the matrices Qe, M, are diagonal and real-valued, and if moreover the diagonal and off-diagonal entries of
Ne(z) are for all e € E and a.e. z € [0, £¢] real and nonpositive, respectively, then the semigroup generated by A
is positive. The case of spatially constant, and diagonal matrices with positive entries on L!(G) corresponds to
flows in networks as studied in [42], see also [40] and the references there. There, W is the generalized adjacency
matrix of the line graph.

We conclude this section by elaborating on a comparison principle between semigroups. Let A, Ay be two
operators, each generating a positive semigroup — say, (171 (t)):>0, (T2(t))t>0. Then (T5(t))¢>0 is said to dominate
(T1(t))=0 if

T (t)f <Ta(t)f for all f >0 and all ¢t > 0.

We can now formulate the following.
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Proposition 4.17. Let two operators Ay, Ay with domain

D(A;) :=={u € Dpax : y(u) € Y1},
D(Az) :={u € Dpax : y(u) € Y2}

satisfy our standing assumptions as well as the assumptions of Theorem j.1. Let the semigroups generated by
Ay, Az, say, (Th(t))e>0, (T2(t))e>0, be both real and positive. Then (T5(t))t>0 dominates (Th(t))i>0 if Y1 is an
ideal of Y, i.e., Y1 C Yy and

0< &< x with& €Yy and x € Y1 implies &€ € Y7.
and additionally
(Aru,v) < (Aqu,v) for all u,v € D(Ay) s.t. u,v > 0.

Proof. First of all, observe that domination is not affected if A;, As are rescaled by the same real scalar w;
hence, we can without loss of generality assume both A7, As to be dissipative. The proof can then be performed
combining Lemma 4.5 and Theorem 2.24 of [58]. O

An interesting case arises when A;, A, are defined by means of the same matrices M, Q, N, and only the
boundary conditions are different, i.e., Y7 # Y5. This is e.g. the case if Y7 is the space spanned by vy, ..., vy,
where vy, ..., v, are the vectors spanning Y5 and the projector II is a block diagonal operator matrix whose
diagonal blocks are a zero matrix (of any size > 1) and an identity matrix (of any size < 2|E|). In the case of
the transport equation on a network studied in [42], this corresponds to comparing a given network with a new
network with additional Dirichlet conditions in some vertices.

We may discuss in a similar way the issue of L>-contractivity, i.e., the invariance of L(G; C) for C' := [-1,1]
under the semigroup generated by A. We omit the details.

5. EXAMPLES

5.1. Linearized Saint-Venant models

Here we study a system where the linearized Saint-Venant model (2.6) is considered on all the J edges of
a network, and hence the unknown (h,u)" is replaced by (he, ue):EE' While our approach applies to arbitrary
networks and variable functions H,V that may differ across the edges, for the sake of simplicity we here restrict
to the case of constant (real) coefficients H,V that are independent of the edges, to H > 0 (which is physically
reasonable), and to a star-shaped network with J edges, for some integer J > 2, see Figure 2. More precisely,
we let E := {e1,...,es}, and identify each edge e; with (0, ;) (the parametrization of e; is determined by the
arrow in Fig. 2): vy will correspond to the endpoint ¢; for e; and to the initial point 0 for all other edges. The
external vertex of e; will be denoted by v;, 7 =1,...,J.

Now we need to fix the boundary conditions at all vertices. According to our approach they are related to
the operators T, defined in (3.9). In our case we have (see (2.8))

__(9V gH \_
QM. = (gH HV>_. B.

Because the matrix B is independent of e, and also symmetric and invertible due to condition (2.7), we thus
have

T,, =B, and T}, = —B for all 1 > 2
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FIGURE 2. A star-shaped network with one incoming and J — 1 outgoing edges.

at the external vertices v;, ¢ > 1, while at the interior vertex vy 1}, is a block diagonal matrix:
T,, = diag(B,—B, ..., —B).
Now, let us notice that the two eigenvalues Ay of B satisfy
AN =gH(V? — gH).

Hence, under the subcritical flow condition gH — V2 > 0 (see [6], p. 14), A; and A_ are of opposite sign.
On the contrary, under the supercritical flow condition gH — V2 < 0, Ay and A_ have the same sign; but as
A +A- =(g+ H)V > 0, in this case they are both strictly positive.

Now, we distinguish between these two flow conditions.

1) If gH — V2 < 0, then at the external vertices the only choice for a totally isotropic subspace Y, associated
with T,, is ((0,0)"). This already yields 2 boundary conditions and there is no more freedom to manage
the internal vertex vg. In other words, under this choice of boundary conditions the associated operator A
cannot generate a group.

But we may hope for the generation of a semigroup. Hence as T,, = B has two positive eigenvalues we surely
need to impose that Y;, = {(0,0)}, i.e.,

h(vi) =u(vy) =0, (5.1)

while we are free to impose boundary conditions or not at v;, for all j > 2. Since T, has 2 positive eigenvalues
and 2(J — 1) negative eigenvalues, by Lemma C.3, the maximal dimension of a subspace Y, of the nonpositive
isotropic cone associated with T, is 2(J — 1). Choosing Y,, as the subspace associated with the negative
eigenvalues leads to a decoupled system and is of less interest. Letting instead

Y,, = span{(1,0,1,0,...,1,0)",(0,1,0,1,...,0,1)"},

we observe that
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for all ¢ € Y,,, i.e., & =2(1,0,1,0,...,1,0)" +(0,1,0,1,...,0,1)T for some z,y € C, since B is positive
definite. This choice corresponds to the continuity of the water depth and the velocity at vy, namely

hj (O) = h,l (61), Uj (0) = 01(51) for allg Z 2

and yields 2(J — 1) boundary conditions. They are complemented by the two conditions (5.1) at vq, and by
no conditions at v; for ¢ > 2. This leads to k& = 2J boundary conditions for which

T,£-£<0, forall £ €Y,,veV.

To conclude the generation of a semigroup by Theorem 4.1 it suffices to notice that (3.19) is valid because
Y- =C? x {(0,0)}”~! is clearly independent of Y}, while Yib are trivial for all j > 2, so (3.21) holds, and

dimY,, =2, dimY, =0, and dimY,, =2 forall j> 2.

Furthermore, by Lemma 4.8 and Proposition 4.7, the semigroup is real. Finally, by Lemma 4.13 condition
(4.19) does not hold, hence the semigroup is not positive.

If we are in the subcritical case gH — V2 > 0, then the eigenvalue A\, (resp. A_ ) is positive (resp. negative).
Let us first analyze the possibility to have a group. In that case, by Lemma C.2, at any external vertex v
a totally isotropic subspace of ¢, is of dimension at most one, while at the interior vertex vg it is at most
J. Let us present the following example. If UL is the normalized eigenvector of B associated with Ay, then

according to (C.8),
U=U_+1/2=0,
VX

is an isotropic vector of the sesquilinear form associated with B. Therefore for all j = 1,...,J, we take Y,
as the vector space spanned by U. We proceed similarly at vg by fixing J isotropic vectors constructed in
the proof of Lemma C.2. To have a coupling system, one possibility is the following one. We notice that the
eigenvectors of T, associated with positive eigenvalues are

U =Ul,0,...,0)"
for the eigenvalue Ay and

Uy =(0,U",0,...,0)",...,Uf =(0,0,...,0,U")"

for the eigenvalue —A_. Similarly, the eigenvectors of T, associated with negative eigenvalues are

U =W’,o,...,00"
for the eigenvalue A_ and

Uy =(0,U],0,...,0)",...,U; =(0,0,...,0,U])"

for the eigenvalue —A;. We can now take Y, as the vector space spanned by U; + U and by vectors
U; + Ujﬁ_l for all j =1,---,J — 1. Then Y, is clearly independent of {Y:,J- ci=1,..., J} which is also
an independent set itself, and (3.19) holds since >

vev dim Y, = 2J. Furthermore, each Y, is by construction
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a totally isotropic subspace associated with the quadratic form ¢,, hence we are in the position to apply
Theorem 3.7 and deduce that the associated operator A generates a group, which is by Corollary 3.9 is
unitary if and only if V' = 0. As before the (forward) semigroup is real and does not preserve positivity.

In the subcritical case gH — V2 > 0, examples of boundary conditions leading to a semigroup can be easily
built as before.

5.2. Wave type equations

Wave-type equations on graphs have been intensively studied in the literature, let us mention [2, 38, 45, 48,
54, 57]. Here we focus on extending these results to rather general elastic systems modeled as

tie(t, x) = ul (t, ) + el (t, z) + Letie(t, ¥) + Yeul(t, x), t>0, x € (0,/L), (5.2)

where a. € C1([0,4]) and Be,ve € L%(0,4.) are real-valued functions. For the sake of simplicity, we hence
restrict to stars as in Figure 2, which can be regarded as building blocks of more general networks. It turns out
that (5.2) is equivalent to

Ue = MeUé + NeUea

for the vector function U, = (ul, 1) ", where

0 1 0 0
w=( o) - 8)

As M, is symmetric, Assumptions 2.1 are automatically satisfied by choosing Q. as the identity matrix. As
usual, the boundary conditions at the vertices are related to the values of M, at the endpoints of the edge e,

that generically are given by
0 1
Me(v) - (1 ae(v)> )

when v is one of the endpoints of e; hence Mc(v) has two real eigenvalues of opposite sign,

e = % (ae) £ vauWZ +4).

We are thus in the same situation as in the Saint-Venant model with the subcritical condition: we thus do not
give any further details about the choice of boundary conditions at the interior vertices, since all ideas presented
there carry over to the present case. Note that for an exterior vertex v, Neumann condition

can be equivalently described by means of the totally isotropic subspace Y, spanned by (0,1)". In this case,
(0,1) " will be an isotropic vector if and only if ae(v) = 0. On the contrary, Dirichlet boundary condition at an
exterior vertex v
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leads to (V) = 0, and corresponds to the choice Y, spanned by (1,0)". Our approach also allows us to discuss
absorbing boundary condition (see [19] for instance))

ul(le) = —rtte(le)
with x € (0,00): indeed it then corresponds to the space spanned by U = (—#,1) T, hence
M.(V)U - U = ae(v) — 2k <0,

that will be nonpositive as soon as k > ae(v)/2.

Let us finally notice that provided the boundary conditions are nice enough to generate a group, it will be
unitary group if and only if 7. = 0 and S, = %é, for every edge e. In case of a generation of a semigroup, it will
be real provided (4.14) holds, while if all 4, are nonpositive, it will be never positive (this is in particular the
case for the wave equation, as ae = e = 7e = 0).

5.3. Hybrid transport/string equations

Network-like systems described by equations which are partially of diffusive and partially of transport type
have been studied by Hussein and one of the authors in [32]; characterization of the right transmission conditions
leading to well-posedness has proved a difficult task. In the following we turn to the different but related task
of connecting transport and wave equations; this can suggest natural ways of coupling first and second order
differential operators.

The simplest toy model is to consider a scalar wave equation set in an interval (0, ¢3) and a scalar transport
equation in (0,¢;) coupled via their common endpoint that is assumed to be 0. This means that we consider
the system

i(t,z) = ' (t,x), t>0, ze€(0,0),
{ pte) = —p(ta), t>0, z€(0,0), (53)
with Dirichlet boundary condition at ¢
u(t,ly) =0, (5.4)
and the transmission condition at 0
o' (t,0) = ap(t,0), u(t,0) = Bp(t,0), (5.5)

where «, 3 are two real numbers fixed below in order to guarantee well-posedness of our system.
As in Section 5.2, by identifying the interval (0,¢;) with e;, i = 1,2, introducing u., = (v, %)’ =
(Uey 1,Ue, 2) |, and setting ue, = p, we can transform our system into a first order system of the form (2.1)

with
M, = <(1) é) and therefore Q., = ((1) (1)>

and M, = —1 (hence Q., = 1).

Notice that our network possesses three vertices, vg, corresponding to 0 (with E,, = {ej,es}),
vi,corresponding to the endpoint ¢; of e; (with E,, = {e1}), and va, corresponding to the endpoint £y of
ey (with E,, = {e2}). Since there is no boundary condition at vy, we set Y, = C2, to take into account (5.4),
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we set Y, = C x {0}, and (5.5) requires to take
Y,, = span {(a,,@, 1)T} )
With this notation, we see that

qv, () = —|a:|27 x € C?,
qu(g) = ) é‘ e K27

while
Qv (&) = (1 — 2ap)|x3|* for all € = (21,20, 23)" €Y.

This means that Y,, is a subspace of the nonpositive isotropic cone associated with ¢, if and only if 2a5 > 1.
Finally, as

Vb= {0} x {0} x {0}, Yr={0} xCx {0}, Yi&=span{(1,0,~a)7,(0,1,-8)T},

condition (3.19) is fulfilled if 8 # 0. Therefore, system (5.3) with the boundary/transmission conditions (5.4)—
(5.5) is governed by a strongly continuous semigroup if 2« > 1. The semigroup is real but not positive.

A toy model of a transport process sandwiched between two diffusive ones, all three taking place on intervals
of length 1, was proposed in Section 2 of [32] (we refer to that paper for an interpretation of such a model in
terms of delayed equations and for a possible biologic motivation). If diffusion is replaced by a wave equation,
the corresponding hyperbolic system satisfies the Assumptions 2.1 with

01 0 00 10 0 00
10 0 00 01 0 00
M:=|0 0 -1 0 0 and N=0, hence @:=|0 0 1 0 O
00 0 01 000 10
00 0 10 0 00 01

where the unknown is
ui= (u i, p, v, 0)".
Here we have two interior vertices vi,vs: the former corresponds to the endpoint 0 of both (0, ¢1) and (0, £2),

while the latter corresponds to the endpoint 0 of (0, £3) and the endpoint ¢; of (0, ¢1). Hence imposing conditions
(5.4)—(5.5) as before along with Dirichlet boundary condition at (3

’U(t,fg) = 0, (56)
and the transmission condition at vy
U/(t70) = ’Yp(taél)7 ’U(t,O) = 5p(t7€1)7 (57)

with two real numbers v, §, one can show well-posedness of this problem if 2a3 > 1, 2y§ > —1 and v # 0. The
semigroup is, again, real but not positive.



34 M.K. FIJAVZ ET AL.

5.4. Hybrid string/beam equations

Ammari et al. [3, 5] have proposed models that consist of several combinations of strings and beams. In
particular, in [3] a collection of 1 wave and N beam equations is considered on a star graph. The necessary
4N + 2 conditions consist of the following;

— N + 1 transmission conditions: continuity of all solutions at the star’s center along with a Kirchhoff-type
condition on the beams’ shear forces (third derivative of solutions) and the strings’ flux (first derivative);

— 3N + 1 boundary conditions: zero conditions on the beams’ slopes and bending moments (first and second
derivatives, respectively) along with closed feedbacks on the beams’ shear forces and the strings’ fluxes.

This model trivially satisfies Assumptions 2.1 with

000 1

0 1 0010
Me:<1 0) and Me=10 1 9 o
100 0

in the case of the string-like and beam-like edges, respectively. In this case, Theorem 4.1 applies and we deduce
that the hyperbolic system is governed by a strongly continuous semigroup. Indeed, arguing as in Section 3.2
we deduce that this semigroup is contractive, hence the energy of solutions is decreasing.

The aim in [3] was to discuss the stabilization of an elastic system: the reason why it makes sense to consider
closed feedbacks is that if they are replaced by zero conditions, then in view of the duality between continuity
and Kirchhoff conditions, a direct computation shows the assumptions of Corollary 3.9 are satisfied and we
conclude that the system is governed by a unitary group.

5.5. The Dirac equation

The 1D Dirac equation is briefly discussed in Section 1.1 of [66]: it was later extended to the case of networks
and thoroughly studied by Bolte and his coauthors [9, 10], who also observed that it then takes on each edge

the form
o 0 -1\ @ 2 (1 0 .
zhadj = <hc <1 0 > p + mc <O _1>) P in (—o0,00) X (—00,00)

for a C2-valued unknown ¢ = (w(l), 1/1(2)). A parametrization of skew-adjoint realizations on a network has been
presented in [9]; we are going to study the more general problem of finding boundary conditions that lead to a
group or merely a semigroup, which still yields forward well-posedness of the Dirac equation.

To begin with, observe that Assumptions 2.1 are especially satisfied by taking

0 1 0 —yme® 0
— — — h
M, <—zc O) ;o Qe <O 1) , and N, ( 0 th62> , ec E.

We hence deduce from Lemma 4.8 that, no matter what the boundary/transmission conditions look like, a
semigroup governing the Dirac equation cannot be real, let alone positive.

Let us now study the quadratic form ¢,. We observe that by (3.9), T is k, x k, block-diagonal matrix whose
diagonal blocks equal +M,, according to the appropriate value v, of the incidence matrix. Hence, if we write

@) = WM (v), v (V) deg, = (&, 7e)ece, € C*,
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then this vector is an isotropic vector for the associated quadratic form g, if and only if

D weS(e - ) = 0. (5.8)

ecE

Any set of vector spaces Y, C C*, consisting of vectors (&, ne)eTeEv that satisfy (5.8) possibly induces boundary
conditions that determine a realization of .4 generating a group; in fact, necessarily a unitary group, since (3.28)
is clearly satisfied. A well-known example is that of vectors & being scalar multipliers of the “characteristic
function” 1g, := 1ecg,) and n with the same support E, and orthogonal to £, where E, C E is the set of edges
incident with any given vertex v. Recalling the notation (g, from Example 3.4, this gives rise to

Y, := span{1g,} @ span {LEV}J‘ ,

corresponding to continuity of the first coordinate of 1 across all vertices, and a Kirchhoff condition on the
second coordinate, (clearly, swapping the transmission conditions in vertices satisfied by the two coordinates
yields again a group generator); in this case, the condition (3.19) need not be satisfied. However, we can apply
Theorem 3.11, since this choice of Y, implies that 7,7 'Y;* = Y,. Another possibility is e.g. given by letting
Y, ={(a1,04q,.. .,a‘Ev‘,a|Ev|)T :a € C*}, corresponding to wél)(v) = 1/J§2)(v).

If we turn to the issue of mere contractive well-posedness, then we observe that any non positive isotropic
cone consists of vectors such that

D neS(&elte) 2 0; (5.9)

ecE

accordingly, any Y, all of whose elements satisfy (5.9) is a candidate for generation of a semigroup. Indeed, by
Theorem 4.1 such a choice of Y, induces a realization of the operator A that generates a strongly continuous
contractive semigroup if additionally (3.19) holds or all elements of T, 'Y,;* satisfiy (5.9). A somewhat trivial
example is given by Y, := {0} & CIB ! corresponding to decoupled case of Dirichlet boundary conditions imposed
at an endpoint of each interval on both coordinates of the unknown; or, more generally (and interestingly) of
Y, = {(+Bn, e, ®n) : n € C*} for some matrix B of size k, with only purely imaginary eigenvalues (implying
that B and B* are accretive and dissipative) since Y5 = {(n,ug, ® B*n) : n € C*}, where for two vectors
a = (ae)ece and b = (be)eck, we recall that a ©® b means the Hadamard product of a and b defined by

a®b= (aebe)eeE

5.6. Second sound in networks

So-called “second sound” is an exotic, wave-like phenomenon of heat diffusion that was first proposed by
Landau to explain unusual behaviors in ultracold helium. Second sound has ever since been observed in sev-
eral materials — most recently by Huberman et al. [31] also in graphite around cozy 130°K. As thoroughly
discussed in [62], one classical model going back to Lord and Shulman [49] boils down to the linear equations
of thermoelasticity

Z—az'+p0 = 0 in (0,£) x (0,+00),
0+~¢ +62 = 0 in(0,0) x (0,+00), (5.10)
To¢+q+k0 = 0 in (0,¢) x (0,400),
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where z, 0, and g represent the displacement, the temperature difference to a fixed reference temperature, and
the heat flux, respectively, and «, 3,7, 0, 79, k are positive constants. Racke has discussed in [62] the asymptotic
stability of this system under three classes of boundary conditions:

(i) 2(0) = 2(¢) = q(0) = q(¢) = 0,
(i) 2(0) = 2(¢) = 6(0) = (¢) = 0,
(iii) az’(0) = B6(0), 0'(0) = 0, 2(¢) = 6(£) = 0,

proving in detail well-posedness in the case of (i) and suggesting to use a similar strategy to study (ii) and (iii).
In fact, the boundary conditions (iii) actually represents a dynamic condition for the unknown ¢ at 0, and hence
seem to require a subtler analysis: we will consider them along with further hyperbolic systems with dynamic
boundary conditions in a forthcoming paper [41]. We rewrite (5.10) as (2.1) by letting ue := (2, Ze, e, ¢e); then
the Assumptions 2.1 are satisfied taking

01 0 0 a5 0 0 0 000 O
a0 -8 0 o s 0 o (o0 o0 o0
M=o 5 o —y| @=|0og 05 o | ad Ne=1]59 ¢ o
0 0 —£ 0 0 0 0 £ 000 -2

The choice of Q). is rather natural and indeed a similar term was also used to regularize the inner product by
Racke, see (18) of [62]. A direct computation shows that

0 ad 0 0
s O =B85 O
0 0 —By 0

with four eigenvalues of the form =4/ M, where H := o262 + 8262 + 8242 and K := H? — 4a25%+%52.
Because H? > K whenever a, 3,7, > 0, Q.M. has two positive and two negative eigenvalues.

This is coherent with both above choices of boundary conditions (in the purely hyperbolic case of 79 # 0).
For the sake of simplicity, let us focus for a while on the case of an individual interval that can be expressed in
our formalism taking as Y at each endpoint the spaces

Cx {0} xCx{0} and Cx{0}x {0} xC,
respectively. A further possible choice for a subspace of the null isotropic cone is e.g.
{0} x C x {0} x C,
corresponding to
If we however regard an interval as a loop (a network with one edge and one vertex), all these boundary

conditions turn out to be only special cases of a more general setting. Indeed, a direct computation shows that
a necessary condition for the vector
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to lie in the null isotropic cone of T' defined as in (3.39) is that
R(Zy-Z3—Q-©—2Z-0)=0 (5.11)

where

—az ; —
e (). 2o () o (). - ()
This is for instance the case if
VAR and (Za+Q) L ©;
this condition can e.g. be enforced by imposing
71,0 € spanf{lc:}",  Z»,Q € span{lc:},

where span{1c:} is the subspace of C? spanned by the vector (1,1)T. This is a hardly surprising choice for the
reader familiar with evolution equations on networks which corresponds to periodic-type conditions

— 2(0) = 2(6), 2'(0) = 2(£), 0(0) = 0(¢), and ¢(0) = ¢(¢)

and in turn to
v(u) €Y :=span{lcz} ® span{lcz} @ span{lcz} ® span{lcz}.

Indeed, dim(Y") = 4, hence condition (3.42) is satisfied.

This paves the way to the study of second sound on collection of intervals with coupled boundary conditions,
an especially interesting issue, as second sound has been conjectured in [31] to take place in graphene — a
network: more precisely, hexagonal lattice of carbon atoms —, already at room temperature.

Indeed, one can apply our general theory in order to describe transmission conditions leading to well-
posedness; an easy computation shows that the relevant equation is a higher dimensional counterpart of (5.11).
An educated guess suggests to study conditions of continuity (across the ramification nodes) on both displace-
ment and temperature, i.e., on z — hence z — and 6, along with a Kirchhoff-type condition on z’ and q. It is
remarkable that this choice does not satisfy (5.11). However, it is not difficult to see that all boundary values
that satisfy either

— continuity on z — hence 2z — as well as ¢, along with
— Kirchhoff-type conditions

Z tveze(v) =0 and Z tyeBe(v) = 0

ecE, ecE,

on 2’ and 6; or else

— continuity on z’ and 6, along with
— Kirchhoff-type conditions

Z tveZe(v) =0 and Z tvele(v) =0

ecE, ecE,



38 M.K. FIJAVZ ET AL.

on z — hence 2z — as well as ¢ define a totally isotropic subspace of the null isotropic cone. (If the vertex v has
degree 1, then in both cases the first conditions become void, whereas the second reduce to Dirichlet conditions.)
Again, we see that (3.19) is satisfied and conclude that the system is governed by a strongly continuous group
on L2(G).

All above spaces Y are invariant under taking both the real and the positive part. Furthermore, Q, M, N are
real valued and @, N are diagonal, but M is not, hence by Proposition 4.7 and Proposition 4.11 the semigroup
generated by A with any of these transmission conditions is real but not positive.

Furthermore, A generates merely a semigroup whenever the space Y defining the boundary conditions is a
subspace of the nonpositive isotropic cone of T": this can e.g. enforced by assuming that

Zl = BZQ and (ZQ + Q) =-C0O

for some dissipative matrices B, C, provided Y has the correct dimension. Because

0

0
QeNe = 0
_bB

o O OO
o O O O
o O O o

is dissipative and Qe, M, are spatially constant, this semigroup is then automatically contractive.

APPENDIX A. HYBERBOLICITY REVISITED

Lemma A.1l. Let [0,4] >  +— M(x) € My, (C) be a Lipschitz continuous matriz-valued function such that
Me(x) is invertible for each x € [0,4s]. Then matriz Me(x) is Lipschitz-diagonalizable, i.e., there exist two
Lipschitz continuous matriz-valued functions [0,0e] 3 x +— Se(z) € My, (C) and [0,4e] > & — De(z) € My, (C)
such that for all x € [0,0e] both Se(x), De(x) are invertible, De(x) is diagonal and real, and furthermore

Ma(z) = 55 (2)Dal) Se(a), (A1)

e

if only if Assumptions 2.1.(3) holds for some Lipschitz continuous, uniformly positive definite matriz-valued
function [0,4e] 3 z +— Qe(x) € My, (C).

Proof. If the matrix M, can be diagonalized as above, then we readily check that Assumptions 2.1.(3i) holds
with the Hermitian matrices

Qe() := S:(x)Dgn(x)Se(x), T e [nge]a

for any n € Ng := {0,1,2,...}. This matrix is indeed uniformly positive definite, because for any ¢ € C*, one
has

Qe()¢ - € = D" (2)Y () - Y (w), (A-2)
where Y (z) := Se(x)€. Since the mappings
[0,£e] = [0,00) sz = [[DZ*"(2)||  and  [0,4e] = [0,00) : 2 — |57 ()]
are continuous and positive, there exists a positive constant o such that

0 < ||D;7?"(z)|| £ @ and 0 < ||SoH(z)|| < a for all € [0, £e).
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These estimates in (A.2) lead to
Qe(2)€ - € > a7V ()| Za?|l¢]|* for all z € [0, ).

Finally as a composition of Lipschitz continuous mappings, Q.(-) is Lipschitz continuous, too.
Conversely, let us assume that Assumptions 2.1.(3) holds. First, as each Q.(z) is Hermitian and positive

definite, Qe% (z) is well-defined. Now we notice that Assumptions 2.1.(3i) is equivalent to
1 1 1 1
Q& (x)Me(2)Qe % (z) = Qe 2 ()M (2)QéE (x) for all x € [0, Le].

1 1
Since this right-hand side is the adjoint of the left-hand side, each matrix Q& (z)Me(z)Qe 2 (z), = € [0, L], is
Hermitian, hence it is diagonalizable by a family of unitary matrices Sy () and real diagonal matrices De(x)
such that

So.e() (Qé (x)Me(x)Qg%(x)) Si.o(x) = De() for all z € [0, 4],

which yields (A.1) with Se(x) == So,e(x)Qe% (x). By assumptions on M, and Qe, both Se(:), De(:) are Lipschitz
continuous functions and Se(z), De(z) are invertible matrices for all z € [0, £e]. O

APPENDIX B. THREE VERSIONS OF THE FUNDAMENTAL LEMMA OF
CALCULUS OF VARIATIONS

We first prove a density result in the subset of positive integrable functions; we recall the notation in (4.6)
and write likewise D(0, £;R) for the set of real-valued test functions.

Lemma B.1. Let ¢ > 0. The set

{¢*: 0 € D(0,4;R)}

is dense in L*(0,¢;R.).

Proof. Indeed let us fix u € L'(0,¢;R, ), then y/u belongs to L?(0,¢;R) and therefore there exists a sequence
(¢n)nen of functions in D(0, ¢;R) such that

©n — Vu in L*(0,4;R) as n — oc. (B.1)

Therefore by Cauchy—Schwarz’s inequality we have

¥/ l
/ i — 2] do =/ (Vi — on) (Vi + )] da
0 0

< Ve = @nllL2 0,0 IVu + ©nll2(0,0)
< VU= onllL2 0,0 (VU L2(0,0) + lonll 22(0,0)-

By (B.1), we conclude that this right-hand side tends to zero. O

Now we prove two variants of the fundamental lemma of the calculus of variations (or “du Bois-Reymond’s
lemma”).
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Lemma B.2. Let h € L*°(0,¢;R) satisfy

14
/ he*dez >0 for all ¢ € D(0,(;R), (B.2)
0

then h > 0. If in particular

¢
/ he?dz =0 for all ¢ € D(0,4;R), (B.3)
0

then h = 0.

Proof. As the second assertion is a direct consequence of the first one, it remains to check the first one. Let
h € L*(0,/;R) satisfy (B.2), then as it is in L'(0,¢;R), it can be split up as

h=ht—h",

where h™ h~ € L'(0,4;Ry) is the positive and negative part of h respectively. According to (B.3) and
Lemma B.1 we have

£
/ hh™ dz > 0,
0

which in turn leads to

and proves that h = b is nonnegative. O

This Lemma allows to prove a matrix-valued version of the fundamental lemma of the calculus of variations.

Lemma B.3. Let k be a positive integer and let A € L>(0,¢;C**¥) be such that
A*(z) = A(x) for a.e. x € (0,£).
If A satisfies
¢
/0 Au-udx =0 for all u € D(0, £)*, (B.4)

then A =0.

Proof. First we show that the diagonal entries of A = (4, ;)1<i j<k are zero. Indeed let us fix i € {1,--- ,k} and
in (B.4) take test functions u in the form u = ge;, where ¢ € D(0,¢;R) is abitrary and e; is the ith element of
the canonical basis of C*. Then we get

14
/ A“QDQ der=0 for all o) € D(ng’ R)v
0

and Lemma B.2 yields A;; = 0 because Aj;; is real-valued.
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Let us now manage the off-diagonal entries of A. Fix i,j € {1,--- ,k} with ¢ < j. Now we chose two family
of test-functions in (B.4):
(1) First take test functions u in the form

u = p(e; +ej),

where ¢ € D(0,4;R) is arbitrary. Then (B.4) reduces to

¢
/ (Aijj +Aj)p*dz =0 for all ¢ € D(0,4;R).
0

Again A;; + Aj; = 2RA;; is real-valued because A is hermitian, and Lemma B.2 yields RA;; = 0.
(2) Second take test functions u in the form

u = ‘P(el + Zej)a

where ¢ € D(0,¢;R) is arbitrary to obtain
¢
/ (Aijj — Aji)p*de =0  for all p € D(0,4;R).
0
Since A;; — Aj; = 213A;5, this means that

¢
/ %Aijgo2 dx=0 for all ¢ € D(0,4;R),
0

and therefore $A;; = 0 due to Lemma B.2. O]

APPENDIX C. ON SUBSPACES OF ISOTROPIC CONES ASSOCIATED WITH A
QUADRATIC FORM

In this section we fix a positive integer k& and a hermitian and invertible matrix P € CF**, Its associated
quadratic form ¢ is defined by

Now we introduce some cones associated with ¢, see Definition 3.1 of [46].

Definition C.1. (1) The null isotropic cone associated with the quadratic form ¢ is defined as the set of
isotropic vectors associated with ¢, namely the set of vectors & € CF such that

a(6) = 0. (C.1)

A subspace of the null isotropic cone associated with g is called a totally isotropic subspace and the isotropy
index (of the quadratic space associated with ¢), denoted here by i(g), is the maximum of the dimensions
of the totally isotropic subspaces.

(2) The nonpositive (resp. nonnegative) isotropic cone associated with the quadratic form ¢ is defined as the
set of vectors & € C* such that

q(§) < 0 (resp. >0). (C.2)
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From Lemma 1.2 of [53] we know that i(q) < k/2 but, surprisingly, we could not find in the literature a
reference that yields a characterization of i(q). Hence the goal of this appendix is to characterize this isotropic
index as well as the maximal dimension of any subspace of nonpositive isotropic cones.

Let {)\i}le be the set of eigenvalues of P, repeated according to their multiplicities and enumerated in an
increasing order, and denote by {u;}¥_; the set of the associated normalized eigenvectors, i.e.,

P’LLZ:)\,’LLZ and ’U,z"’aj :51']' for all 7 € {17,]6}

Denote by k_ (resp. k4 ) the number of negative (resp. positive) eigenvalues of P. Without loss of generality,
we may assume that A\; < 0 for ¢ < k_ and A\; > 0 for ¢ > k_. We will see that the isotropic index i(q) agrees
with min{k_, k;}.

Lemma C.2. Any subspace of the null isotropic cone associated with the form q has dimension at most k :=
min{k_, k; }. Furthermore if k > 1, there exist at least 2% subspaces of the null anisotropic cone associated with
q of dimension K.

Proof. If k = 0, this means that P is either positive definite or negative definite and therefore the associated
isotropic cone is reduced to {0}. So the only case of interest is the case k > 1. By symmetry, we can assume
that kK = k_. So let us now fix a subspace I of the isotropic cone associated with ¢q. Every nonzero u € I can be
written as

k
u= Z%‘%y (C.3)
i=1

for some «; € C which are not all zero. Since (C.1) is equivalent to

K ke
> JailPhi= =)l (C.4)
i=k_+1 i=1

we find that there exists at least one ¢ < k_ such that «; # 0.
Assume that K := dim [ > k_ and let {U;}, be a basis of I. Let us write

k
Ui = Zaijuj, (05)
7j=1

for some o;; € C. By the previous remark, for all ¢ < K, there exists j < k_ such that o;; # 0.
Now we use a sort of Gram—Schmidt procedure: Starting with ¢ = 1 and without loss of generality (else we
change the enumeration) we can assume that a1 # 0 and, consequently, we have

where we have set U; := U; and §; := 0%1 Plugging this expression into (C.5) with ¢ = 2, we find that

k
Us; = %Ul + Z&quj‘, (C.6)
j=2
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with some @&s; € C. This means that the new vector Uy = Uy — o2l Ul, that is still in I, has at least one
coefficient Gy, different from zero for j € {2,...,k_}. Again, after a posmble change of enumeration, we can
assume that dos # 0, hence we have

k
- 2
Ug = (SQUQ — — Uy
,Z dgg
7=3
where 6 = <L-. Note that the new set {U;, U} U {U;}/<; forms a basis of I. By iterating this procedure, after

k_ steps, we Wlll find a basis {U; }Z L U{UE, L of T such that

k
U; Z(Szﬁl - Z ,Bijuj for all ¢ = 1,...,]6_, (C7)
j=k_+1

for some ¢; € C\{0} and some f3;; € C.
By using the expansion (C.5) of Uy_41 and (C.7), we find

Uk,-i-l ZOZU(SU + Z YijUs,

j=k_+1

for some y;; € C*. We then arrive to a contradiction because on one hand the vector V := Uj,_4; — Z§;1 @;ij0;U;
is in I, hence ¢(V') = 0, while on the other hand V' # 0 is a linear combination of the u;’s for j > k_ + 1, hence
q(V) > 0.

For the last assertion, if in (C.3), for all i =1,...,k_, we chose
a;=1 and «y =0forall i ¢ {i,k_ +i},

condition (C.4) will hold if and only if

o il =
Oék__;,_
! )\k, +1
or equivalently
Ai
Qp_4i =1 .
' Ak +i
This yields the isotropic vectors
+ Ai
U =u; £ Uk +i- (C.8)
Ak i
And, since the Ui+’s and the U; ’s are linearly independent, we find 2k- possibilities. O

A similar assertion holds for subspaces of the nonpositive isotropic cone associated with the quadratic form
q — one such subspace is spanned by the first k_ eigenvectors {ui}fz‘l of P.
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Lemma C.3. Any subspace of the nonpositive isotropic subspace associated with the form q has dimension at
most k_.

Proof. If k_ = 0, this means that P is positive definite and therefore the only possible choice for such a subspace
is {0}. So the only case of interest is the case k_ > 1. Now the proof is exactly the same as the one of the
previous Lemma. Indeed let I be such a subspace and let u € I different from zero, then it admits the splitting
(C.3) with some «; € C not all zeroes. Since the constraint

Pu-u <0,
is equivalent to
k k_
Z |2 + Z i *Ai <0, (C.9)
i=k_+1 i=1

we again find that there exists at least one ¢ < k_ such that «; # 0. The previous argument then leads to
dim7 < k_. O
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