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EIGENVALUE MULTIPLICITIES FOR SECOND
ORDER ELLIPTIC OPERATORS ON NETWORKS

JOACHIM VON BELOW AND JOSE A. LUBARY

(Communicated by A. C. M. Ran)

Abstract. We present some general bounds for the algebraic and geometric multiplicity of eigen-
values of second order elliptic operators on finite networks under continuity and weighted Kirch-
hoff flow conditions at the vertices. In particular the algebraic multiplicity of an eigenvalue is
shown to be strictly bounded from above by the number of vertices if there are no eigenfunctions
vanishing in all nodes, and to be bounded from above by the number of edges if there are such
eigenfunctions.

1. Introduction

The present paper deals with the algebraic and geometric eigenvalue multiplicities
of second order elliptic edge operators

Lj=a;0; +b;dj+q;

on a finite network with arbitrary edge lengths under continuity condition and general
weighted Kirchhoff flow conditions

N
> dijeijdjuj(vi) + piu(vi) =0
=1

at all vertices v;. Results for the geometric multiplicity have been obtained in [1]-[4],
[13], [14]-[16], and [19] for finite networks and in [5]—[8] for the infinite case. The
algebraic multiplicities of all eigenvalues of the canonical Laplacian under weighted
homogeneous Kirchhoff laws have been determined in [9]. They play a key role in the
determination of the asymptotic behavior of the eigenvalues in the general case. More
general classes of linear vertex transition conditions as Kuchment conditions e.a. that
lead to a variational setting and to self—adjoint operators have been treated by many
authors, see e.g. [3, 11, 18] and the references therein.

It has been shown in [2]—[4] that in the case of consistent Kirchhoff conditions,
the eigenvalue problem corresponds to a S—hermitian boundary eigenvalue problem
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that leads to a Hilbert space approach with real eigenvalues and coincidence of geo-
metric and algebraic eigenvalue multiplicity. Thus, in the inconsistent case, i.e. when
the conductivities ¢;; in the Kirchhoff flow condition cannot be adapted to the princi-
pal part of the elliptic edge operators evaluated at the nodes, nonreal eigenvalues and
multiplicity disparity can occur. We note in passing that by suitable tensor products
of circuits of length 3 nonreal eigenvalues of arbitrarily high geometric and algebraic
multiplicity can be found, see [7].

The present paper is organized as follows. After some graph theoretical prelimi-
naries in Section 2, some basic upper bounds for the geometric eigenvalue multiplicity
are presented for general elliptic edge operators of the form L; = a ,a} +bjdj+q; in
Section 3. The transition at the vertices is governed by a Kirchhoff flow condition (2)
and by the continuity condition at ramification nodes (1). In Section 4 the adjacency
calculus developed in [1, 4, 6] for weighted Laplacians is extended to general elliptic
operators of second order. In particular, this calculus enables to deduce that the al-
gebraic multiplicity of an eigenvalue is bounded from above either by the number of
vertices minus 1 if there are no eigenfunctions vanishing in all nodes, or by the number
of edges if there are such eigenfunctions, see Theorem 4.3. In Section 5 we recall that
on trees, the algebraic and geometric multiplicities always coincide by showing that
the operator becomes hermitian with respect to a suitable scalar product. Finally, some
examples are presented in Section 0, in particular to illustrate the optimality of some of
the established upper bounds.

2. Graphs and networks

For any graph T’ = (V,E, €), the vertex set is denoted by V = V(I'), the edge set
by E = E(T") and the incidence relation by €C V x E. The valency of each vertex v is
denoted by y(v) = card{e € E|v € e}. Unless otherwise stated, all graphs considered
in this paper are assumed to be nonempty, simple, connected and finite with

n=4#V, N=4#4E.

The simplicity property means that I contains no loops, and at most one edge can join
two vertices in I'. By definition, a circuit is a connected and regular graph of valency
2. Number the vertices by vy,...,v,, the respective valencies by 7,...,%, and the
edges by ey,...,en. The adjacency matrix o/ (I') = (ej),,,, of the graph is defined by
1 if v; and vj, are adjacentin "
ein —
" 0 else

Note that <7 (T") is indecomposable iff T" is connected. By simplicity, any two adjacent
vertices v; and v, determine uniquely the edge e joining them, and we can set

(Lh) s ifesNV ={vi,v},
s(i,h) = .
1 otherwise.
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For further graph theoretical terminology we refer to [20], and for the algebraic graph
theory to [10] and [12].

Moreover, we consider each graph as a connected topological graph in R™, i.e.
V(T') C R™ and the edge set consists of a collection of Jordan curves

E(T) = {z;:[0,6;] — R"|1 < j <N}

with the following properties: Each support e¢; := m; ([0,¢,]) has its endpoints in the
set V(T'), any two vertices in V(') can be connected by a path with arcs in E(T),
and any two edges e; # ¢, satisfy e;Ne, C V(I') and #(e;Nep) < 1. The arc length
parameter of an edge e; is denoted by x;. Unless otherwise stated, we identify the
graph I' = (V,E, €) with its associated network

C=

G=Um((0.4]),

1

~.
Il

especially each edge 7; with its support e;. G is called a €? -network, if all T €
%2(]0,£,],R™). Thus, endowed with the induced topology G is a connected and com-
pact space in R™. We shall distinguish the boundary vertices V,, = {v; € V| = 1}
from the ramification nodes V, = {v; € V|y; > 2}. The orientation of the graph T is
given by the incidence matrix 2(T') = (di),,y With

1 ifn:j(ﬁj):v,-,
dij: —1 ifﬂj(O)ZV,‘,
0 otherwise.

For a function u: G — C we set uj :=uom;:[0,{;] — C and use the abbreviations

_ d
wi(vi) == uj(m; ' (vi)),  duj(vi) = 8—xjuj(xj) iy O
] 1

3. Vertex transition conditions and elliptic edge operators

As the basic geometric transition condition at ramification nodes we impose the
continuity condition

Wi €VeieiNeg={vi} = uj(vi) =us(vi), €))

that clearly is contained in the condition u € €'(G) . Moreover, at all vertices we impose
a weighted generalized Kirchhoff flow condition

N
2 d,-q,'c,-ja,'uj(vi) —|—p,~u(v,~) =0 for 1<i<n 2)
=
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with weights ¢;; > 0 and potential terms p; € R. Note that this nonhomogeneous
condition does not depend on the orientation. The validity of (2) in a function space
will be indicated by the subscript GK .

On each edge we consider an elliptic differential operator of the form

Lj = ;0] +0; +4; 3)
with continuous real coefficients a;,b; and g;, where
aj>06>0 forall 1<j<N 4)

with some constant &. Sometimes, it will be useful to consider on each edge the oper-
ator L; in its formally self-adjoint form leading to the equivalent eigenvalue equation

1
—95(pjdjuj) +qjuj = —Au; 3)
J

on the same interval [0,¢;] with
% by(&)) ) pj
pitx) =mexp ([ ZL2Rag; ) i) =2 (©)
s =mewp ([ 225 ) - it =2

and with some parameter 1; > 0. Then consistency of the Kirchhoff conditions (2)
means that, by a suitable parameter choice, each weight ¢;; coincides with p;(v;).
All together the L; define the operator

N

L= (ur (Ljuj)y,,) : ¢6x(G) — Hl%[ofﬂ @)
i

on the €% —network G with the domain
Cex(G) ={ucC(G)|Vje{l,....,N}: u; € €%([0,4;]), u satisfies (2)}.

Note that a corresponding weak setting leads to a sufficiently high regularity due to
classical regularity results in one dimension. Thus, working in spaces of continuous
functions does not constitute an essential restriction.

The main concern of our investigation are upper bounds for the algebraic multi-
plicity m,(A) of the eigenvalues A of —L in 62 (G) . The eigenvalue problem in
question reads

0£ucix(G) and Ljuj=—Au; for 1<j<N. (8)

Recall that the geometric multiplicity my(A) of an eigenvalue A € C is defined by

mg(A) = dimg ker (L—l— AI%)(Z}K(G)> , while its algebraic multiplicity m,(A) is defined
as
K
ma() = dimc ES(A), ES(A) :=ker (L+ M%,éK(G))
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with

k+1 k
K = Kk(A) = min {k € Njker (L—i— AI(K%K(G)> = ker (L—|— AI(@?@K(G)) } .
k

The elements of ker (L +A Lﬁ&(c)) are called principal functions of order k belong-
ing to A. Note that the kernel sequence becomes stationary since L has some compact
resolvent, see e.g. [17]. Moreover,

L(E°(2)) C E“(2) C €5k (G). ©)
In order to show the second inclusion, suppose that u € E€(A). If u is an eigenfunction,
then Lu € €2, (G) Nker <L +2 Lféx“ﬁ) . By induction assume that Lu,L?u,...,[F "'y
€ €3¢ (G)NE(A). Then

k P =0 2 D
which shows that L*u € 62, (G)NE() and (9).

Let ®; =®;(;A) = (i’,l zj,z) denote the fundamental matrix associated to the
i1 Pj2
0 1
first order system defined by the matrix | 4,44 »; | on each k; and satisfying
aj 4

D;(0) = <(1) (1)> . By using the variation of constants formula, the solutions of the edge

equation

Ljuj—l—?Luj:fj with fj 6%[0751'} (10)

are given by the formula
uj(x;) = @1 (x;)u;(0) + @p2(x;)dju;(0) (11
/xf ?2(xj)@j1(s) — @1 (x;)@ja(s) fi(s)
0 @j1(8)@)(s) — @y (s)@ia(s) a;(s)

=0j1(xj)u;(0) + @j2(x;)9ju;(0)
% fi(s) Sbj(7)

[ @rt)on(0) 0 )0209) L exp ([ 2 5hae ) as.

Clearly, prescribing u;(0) and d;u;(0) determines uniquely the solution and leads to
the following

ds

LEMMA 3.1. Suppose that A € C is not an eigenvalue of any —L; under 0—
Dirichlet boundary conditions on [0,¢;]. Then the dimension of the affine subspace S
of €*(G) defined by the functions u satisfying (10) on each edge for fixed f; € €[0,(}],
is given by the number of vertices n. In addition, those functions belonging to S that
Sfulfill (2) form an affine subspace of dimension at most n— 1.
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Proof. By construction all ¢;»(0) = 0, thus, by hypothesis, each ¢;>(¢;) # 0, and
each derivative dju;(0) is uniquely determined by u;(0),u;(¢;), ;j1, @;2,f; and by
the coefficients of L;. Under the continuity condition (1), the n values in the nodes
determine uniquely the solution # € S. As for Condition (2), choose some ramification
node v; of valency 7. Then the ¥ neighboring values are uniquely determined by the
value in v; and the 7; derivatives in v;. Among these, only % — 1 can be chosen freely
under (2). O

As for the geometric multiplicity, we note first that m, (1) < N, since for an eigen-
function u € 624 (G), n among the N values of u;(0),...,uy(0) determine all of them
uniquely by (1). Moreover, at most N derivatives among the 2N ones can be chosen
freely. The Kirchhoff condition (2) in turn implies that at each node at least one inci-
dent derivative is determined by the others and/or the value at the node. This reduces
the maximal number of derivatives to choose freely to at most N —n.

Secondly, let us recall the optimal estimate for the geometric multiplicity given in
[14]. For that purpose recall the construction of the parameter 7 of the graph I'". If
I" has no bridges, then we put 7 = 2. If T" has bridges, then contract the connected
components among the edges that are not bridges to single vertices and get a reduced
tree. Then T denotes the number of boundary vertices of this tree.

THEOREM 3.2. ([14]) The eigenvalues of (8) satisfy mg(A) < N—n+T.

For the reader’s convenience, a short proof will be given for trees in Lemma 5.2.
In the case of nonreal eigenvalues this bound can be improved as follows.

THEOREM 3.3. If A is a nonreal eigenvalue of (8), then

mg(A) <N —n+ 1= corank(I').

Proof. Suppose that there are N —n + 2 or more linearly independent eigenfunc-
tions. Then there is also an eigenfunction belonging to A having zero derivatives at
m = N —n+ 1 arbitrary given points pi,...,pm, in the network G. Thus, as the di-
mension of the circuit space amounts to m, see [10], we can choose py,...,p; to be
situated on suitable edge interiors of the circuits forming a basis of the circuit space of
the graph such that, omitting these edges, the remaining graph is a forest. As a vanish-
ing derivative at p; corresponds to two Neumann boundary conditions at two boundary
vertices identified with p;, A possesses an eigenfunction on a tree. But then A must
be real according to Theorem 5.1 below, which is impossible. [J

On trees all eigenvalues are real under real coefficients, see Section 5. The smallest
simple graph that displays nonreal eigenvalues for the canonical Laplacian is the circuit
C3 of equal lengths 1 with the Kirchhoff condition given by a row—stochastic matrix

0 cppcis
C=1|ca 0 co3
e 0
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For det% < % , all eigenvalues are real, while for det%” > % nonreal eigenvalues occur,
see [1]. Moreover, for det@ # % all algebraic multiplicities amount to 1. But for
det® = i , the operator can be non symmetrizable. E.g. if € has the elements

W~ O
W O B—
O Wik w

then ¢ is not diagonalizable and has the simple eigenvalue 1 and the eigenvalue —%

with mg(—4;%) = 1 and m,(—3;%) = 2. The canonical Laplacian on Cs has the
eigenvalues satisfying cosv/A = —1 with mg(A) =1, my(A) =2 and ker (A+ AI)? =
<(_3a0a2)t7 (6707 _4)t>R .

4. The adjacency calculus

Following the transformations in [1, 4] the eigenvalue problem for L in question is
equivalent to a matrix differential boundary eigenvalue problem incorporating the adja-
cency structure of the network. For that purpose we recall that the Hadamard product
of matrices of the same size is defined as (aix),,s, * (Pik) yxn = (@ikbik) %, - The vectors
with constant entries equal to 1 are denoted by e. Set p = (p;),,; and define the
diagonal matrix having p as principal diagonal by

Dlag (P) = (aikpi)nxn :

For a function u : G — C denote its value distribution in the nodes by

@ =mn(u) = (u(vi)1 - (12)

For x € [0,1] define
L+ dis(in

Gin = fs(i,h) (f —Xdis(i,h)>
and the matrices
Ux) = (in(x))psns  AK) = (@in(x)) e
B

= Uin
(x) = (bih(x))nxm Qx) = (Qih(x))nxn’
the length adjacency matrix £ = ({y,),,.,,» and the adjacency conductivity matrix € =
(Cih)nxn by

wip (%) = eintag(ipy (Sin)  ain(x) = emas(iny (Gin) s bin(x) = eimbyiny (&in) »

qin(x) = enqy(iny (&in) s Lin = emls(inys  Cin = €inCi s(in)s

respectively. Then the eigenvalue problem (8) reads:

uy € C2(0,1]) forall i,h e N (13)
ein=0=uy =0 forall i,heN (14)
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LD AX) * U+ L2V B(x) U +Q(x) U= —AUin [0, 1] (15)

U(0) = p e* %o/ (continuity in V,(T")) (16)
U (x) =U(1 —x) forxe[0,1] (17)
(%*iﬂ(*l)*u’(m) e+ Diag(p) ¢ =0 (GK) (18)

Furthermore, introduce
®:=U(0) = e, ¥ :=U'(0)
and, using the fundamental solutions ®; on each edge, define
O(x) = (0in(x))pcn»  Z(x) = (O (X)) pen»  K(x,8) = (Kin(x,5)) 10,

by
0 (x) = einPsin (Gin)»  Oin(x) = ein@y(in2 (&in)

and

Kip (x,5) — Oin (%) 6in(5) — Bin (x) Oin (5) exp (/ bi(7) dr) .
ain(s) 0 ap(7)
Using (11), the solution of (10) reads

Ulx) = D+ O(x) +‘P*Z(x)+/0xK(x7s)*F(s)ds (19)

with F(x) = (fyim (&),

Before establishing a general upper bound for the algebraic multiplicity, we con-
sider the case of the 0-Dirichlet condition at all vertices. For that purpose, a circuit
in T is said to be compatible with the operator L if { is the support of an eigenfunction
of L belonging to 62, (G) N {u|n(u) = 0}. Evidently, there is at most one indepen-
dent eigenfunction vanishing at all nodes on the circuit {, since the eigenvalues under
0-Dirichlet condition on an interval are simple. E.g. for the canonical Laplacian (see
6.1) an odd circuit cannot be compatible for eigenvalues of the form cos VA=-1.

LEMMA 4.1. If A € C is an eigenvalue of the problem
0£ucC*G)N{uln(u) =0} and Ljuj=—Au; for 1<j<N, (20)

then A € R and
ma(A) =mg(2) = N. 21)

If, in addition, the Kirchhoff law (2) is imposed, then
N —n<my(A) =mg(A) < corank(T) =N —n+1. (22)

Moreover, my(A) =mg(A) =N —n+1 holds if and only if the graph T contains only
circuits that are compatible with L.
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Proof. Using (5), the problem (20) corresponds to a selfadjoint one. This shows
A € R and m4(A) =mg(A) on I', as well as on any subgraph of I". Since the multi-
plicities on a single interval amountto 1, (21) is plain.

The Kirchhoff conditions (2) define n linear conditions whose rank amounts at
least to n — 1 =rank(Z). Thus, at least n — 1 of the N values are uniquely determined
by the remaining ones. This shows the right inequality in (22).

As for the left inequality in (22), we reason by induction on the Euler charac-
teristic e :==e(I') = N —n. If e =0, then the graph contains exactly one circuit and
mg(A) =1 or mg(A) =0 according to whether the circuit is compatible or not. Next,
suppose that e > 0. Let { be a circuitin T'. For k € E({) define the subgraph IT; by

E(I) = E(D\{k} and V(IT,) = V(D).

As T cannot be a circuit, and as no IT; can be a tree, no edge of { can lie on all circuits
of I'. By induction
e(Ily) =N —1—n < mg(A;L,IL;).

If there is some eigenfunction w € €2 (G) N {u|n(u) = 0} that does not vanish iden-
tically on some k € E({), then by simplicity of A on & under O—Dirichlet conditions,

E; (L;T) = (w) ® Ej (L; T

and
mg(A;LT) =mg(A;LIG)+1>N—1—n+1=N—n=e.

Thus we are led to the case that all eigenfunctions vanish on ¢, as well as on all other
circuits of T, since { has been chosen arbitrarily. But this is impossible, since A is
supposed to be an eigenvalue of L in %3, (G) N {u|n(u) = 0}, and since an eigenfunc-
tion has to vanish on edges incident to boundary vertices and cannot have forest-like
support, but, must contain a circuit in its support.

As for the claimed equivalence, if all the circuits in I" are compatible with L,
then, in fact, the eigenspace is isomorphic to the circuit space of ", whose dimension
amounts to dimker? = N —n+ 1, see e.g. [10]. Conversely, we suppose that " has
an incompatible circuit {. For e = 0, as above, ng(A) = 0= N —n # corank(I"). For
e > 0, there must be some edge k ¢ E({) allowing a non vanishing restriction of some
eigenfunction defined on the whole graph, since { is incompatible. Reasoning again by
induction on e, we conclude as above that mg(A;L,T") = 14+mg(A;LIT;) =N—n. O

If the graph contains incompatible circuits, these can nevertheless be contained in
the supports of some eigenfunction by means of dumbbell-like connected subgraphs o
in T'. By definition, such a graph & consists of two edge disjoint circuits §; and {,
that are connected by some path 7 of length m that has exactly one vertex in common
with each {;. Note that m = 0 is admissible. It is easy to construct an eigenfunction
€2, (G)N{uln(u) = 0}, whose support coincides with §. Moreover, if {; and &, are
incompatible, then mq(A;L,0) =mg(A;L,6) =1.

The upper bound corank(I') = N —n+ 1 in (22) is optimal, since it is attained
for any circuit and the canonical Laplacian —A (see Section 6.1) in the case cos VA =
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1 bearing in mind that the eigenfunctions having non zero node distributions do not
contribute here, see [1] and Theorems 6.1 and 6.2. The same holds for the lower bound
e = N —n, take again the canonical Laplacian on a graph containing an odd circuit
that cannot be compatible with —A for eigenvalues of the form cos VA =—1. Using
Lemma 4.1, we conclude mg(A) =N —n. E.g. the graphs Y} and Y in Fig. 1 have
corank 2 and mgy(A) = 1. The square in ¥; is compatible with —A and the unique
support of an eigenfunction, while the triangles are always incompatible for cosv/A =
—1. The dumbbell graph Y, and the graph Y3 do not contain any compatible circuit.
The support of an eigenfunction on Y, is necessarily the whole graph. The corank of
Y3 amounts to 3 while mg(A) = 2, and its eigenspace can only be generated by two
eigenfunctions having dumbbell-like support.

Figure 1: Circuits that are incompatible with —A for cosv/A = —1.

LEMMA 4.2. If A € C is an eigenvalue of Problem (8) and has no principal func-
tion vanishing in all nodes, then mg(A) <n—1.

Proof. By hypothesis, n defines an injective application from E¢(A) into C".
Thus, m,(A) < n. Inorder to refine this estimate, note that, again by hypothesis (1) #
0, since otherwise, using £(0) =0, A € C would be an eigenvalue under 0-Dirichlet
boundary conditions on all the edges. By (19) a principal matrix solution satisfies

U(l) =@ =dx0(1)+¥+X(1) +T, (23)

where T = fol K(1,s) x F(s)ds stems from some iterated principal function matrix
belonging to the characteristic space. Using Hadamard powers denoted by T*) =

(o) for ke Z and defined by

® {G,-'z if oy, #0,

Gin = 0  otherwise,
we get
Y =2(1) V% (@ —0x0(1)) — (1) sT
=S(1)Vx (e xo/ —pe xZ/x0(1)) —X(1) "V« T.
Set

M=3(1)"Y &+ 2V —Diag ([Z(l)(_l)*%*.f(_l)*G(l)] e+p> .
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Then (18) implies
Mo = [£(1)"V «T] e,

and the eigenfunctions correspond exactly to the node vectors belonging to kerM. As
the coefficients ¢;; and p; in the Kirchhoff law (2) at each node v; can be multiplied
by a positive constant ¢; without altering the condition, a suitable choice of ¢, ..., ¢,
leads to a non zero trace of M. This shows that M possesses eigenvalues different from
0 and that m,(0;M) < n— 1. On the other hand, by hypothesis, independent princi-
pal functions belonging to A lead to independent node distributions that are principal
vectors for M belonging to 0. Thus m,(A;L) < m,(0;M) <n—1. O

The upper bound in Lemma 4.2 is optimal as displayed by the first example in 6.2.
Without the exclusion of O—Dirichlet eigenvalues, the above estimate is false, see the
second example in 6.2. Combining Lemmata 4.1 and 4.2 leads to the following

THEOREM 4.3. The eigenvalues A € C of Problem (8) satisfy
ma(A) <n—1,
if A € C has no eigenfunction vanishing in all nodes, and satisfy
mq(A) <N,

if A € R has some eigenfunction vanishing in all nodes.

Proof. The first assertion follows directly from Lemma 4.2. Decompose E€(1) =
Ey® E with Ey = {u € E°(A)|n(u) = 0}. By Lemma 4.1, the dimension of Ej is
bounded from above by N —n-+ 1, while by Lemma 4.2, the dimension of E is bounded
from above by n—1. [

As already pointed out above, the first estimate is optimal. As for the second one, it
is not clear in general whether it is optimal or not. The geometric multiplicity is always
bounded by N —n+ T, see Theorem 3.2, that reduces to the upper bound N —n+2 in
the presence of eigenfunctions vanishing in all vertices, see [ 14, 15]. In particular, if the
operator L is selfadjoint, the second bound N can never be attained. Thus, an example
of optimality of the second bound would have to implicate the algebraic multiplicity
of a real eigenvalue of a non selfadjoint operator L. For the canonical Laplacian (see
Section 6.1), the upper bound N is never attained in the presence of eigenfunctions
vanishing in all nodes, since A could neither fulfill sinvVA = 0, nor be a network
immanent eigenvalue satisfying sinv/A # 0 and N = mg(cosvVA,2) <n— 1. In the
latter case T" would have to be a tree, that leads necessarily to m,(A) <n— 2, since in
that case the matrix 2 has at least the eigenvalues 1 # cosv/A and —1 # cos v/, see

[1].
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5. Trees

It has been shown in [9] that for operators of the form (3) on a tree, the algebraic
eigenvalue multiplicity coincides with the geometric one. This result was applied in the
proof of Theorem 3.3. For the reader’s convenience we repeat the arguments here.

THEOREM 5.1. Let T be a tree. Then, for each eigenvalue of Problem (8), the
algebraic and geometric multiplicities coincide. More precisely, the operator L =
(ur— (Ljuj)y.,) is hermitian on €3 (T) with respect to a suitable hermitian scalar
product defined in (24) below. In particular, its eigenvalues are real.

Proof. Without restriction, we can confine ourselves to the symmetric form (5) of
the differential operators on the edges with parameters 7y,...,My to be specified later
on. Next, orientate 7 such that some boundary vertex v; is a source, incident to e; and
such that, at all other vertices, the indegree amounts to 1:

v i=card{j e N|d;j =1} =1,
Y =card{jeN|djj=—1}=y—1.
Put n; =1 and, following the orientation, recursively at each node v; with incoming
edge e, set
Ci .
pj(O):n :cipm(gm) if dijZ—Ldim:l,viGV.

Let m; denote the edge index with d;,,, = 1. Then, introducing the scalar producton T

Nt
(u,w) =3 / rjuwy dxj, 24)
j=170

L is hermitian with respect to (-,-) on ¢2(T;C), since the boundary terms stemming
from integrations by parts match to 0:

n

2 p,& uj WJ = ZW(W) [pmi(emi)amiMMi(Emi) - 2 pj(())a,'uj(())‘|
j=1 =

i=1 dij=—1
u Pm; gm,
= ZW( ) ( ) [Ci;niazniurni(gmi)_ Z Cijajuj(o)‘|
i=1 Cim; dij=—1
n N
Pm; (Em; _
= Y P () = Y (o255
i—1 im; j=1

This shows that the eigenvalues are real, and, in turn, permits to follow a classical
argument: For an eigenvalue A of L on T and for w € ker(L — AI)?, it holds

0={((L—AI)*w,w) = ((L—AD)w,(L—Al)w),
which shows that w is an eigenfunction. This permits to conclude. [J

Now we can present an easy proof of Theorem 3.2 for m,(A) on trees.
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LEMMA 5.2. The eigenvalues A of (8) on atree T satisfy

ma(A) = mg(A) <#Vy— 1.

Proof. Choose a boundary vertex v; at which we prescribe the value of a pre-
sumed eigenfunction. This defines the value at the other node v, of the incident edge,
as well as its derivative there. Thus, at v,, we can prescribe exactly y» —2 derivatives
imposing (2). Recursively, the number of free parameters to choose is bounded from
above by

1+ Y (5—2)=1+2N—-2n+#V,=#V,—1. O
Vi€V,

This upper bound is optimal, see 6.3. Moreover, if the tree is not just an interval,
then the multiplicities are always bounded from above by N — 1 =n — 2. Combining
(5.1) with the results from [1] or Theorems 6.1 and 6.2 below, we obtain

COROLLARY 5.3. All principal functions of —AIT{ onatree T are eigenfunctions.
The node distributions of eigenfunctions of —AIT{ in %”,%(T) either vanish and sinv/A =
0 or are eigenvectors belonging to cos\/A of the matrix % . The multiplicities satisfy

1 if sinv/A =0,

ma(A) =mg(A) = {mg(COS\/z7 %) if sinvVA #0.

6. Examples and remarks

6.1. The canonical Laplacian
For the canonical Laplacian A
N
K 292 )
A=nAK = <u'—> (ejaju,-)le) L 62(G) — 1‘[1%[075,-}
Jj=
under the weighted homogeneous Kirchhoff law (K)
N
2 d,-jc,-j£§8juj(vi) =0 for 1 < i < n (25)
j=1
with weights ¢;; > 0 the multiplicities can be determined with the aid of the row—

stochastic rransition matrix 2 = Diag (€ *.Z)e)” (€ x.Z).

THEOREM 6.1. ([1,4])

1 ifA =0,
mg(cosVA,Z) if sinvVA #0,
mg(A)={ N—n+2 if cosvVA =1,
N—n+2 if cosv/A = —1,T bipartite,

N-—n if cosv/A = —1, T not bipartite.
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THEOREM 6.2. ([9])

mg(0) = ifA =0,
mq(cos /LQP) if sinv/A #0,

ma(A) = mg(A)=N-n+2 ifcosvVA=1,
mg(A)=N—n+2 if cosv/A = —1, T bipartite,
mg(A)=N—n if cosv/A = —1, T not bipartite.

6.2. Optimal character of Lemma 4.2

For the canonical Laplacian on the complete graph K, with equal edge lengths
with n > 2 vertices under the classical Kirchhoff law

N
S dijdjuj(vi) =0 for 1<i<n,
j=1

the eigenvalues satisfying cos VA = —— have multiplicities mg(1) = m,(A) =n—1
and do not allow eigenfunctions vamshlng in all nodes, see 6.1. This shows that the
upper bound (4.2) is optimal in general. Without the exclusion of 0—Dirichlet eigen-
values, the estimate can be false. Take e.g. the canonical Laplacian on K, as above
with n > 4 that possesses the eigenvalues A > 0 with cosvVA =1 and, according to

Theorems 6.1 and 6.2, mg(A) =mg(A) = @ —n+2>n—1.

6.3. Optimal character of Lemma 5.2

For the canonical Laplacian on a star graph under (25) the eigenvalues of the form
sinv/A # 0 always satisfy m,(A) = mg(1) = N —1 = #V, — 1 for sinv/A # 0, since
the matrix 2 has the form

0z12 -+ 21

10 ---0
g:

10 -0

and the multiplicities m,(1) = m(—1) =1 and mg(0) =m,(0) =n—2.

6.4. Another example with multiplicity disparity

Another example of multiplicity disparity can be constructed as follows. On
[0,27] consider the operator

2 x)u’' + (sinxcosx)u,

Lu=u"— (sin
under periodic boundary conditions

u(0) =u(2r), u'(0)=1d'(2m).
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This corresponds to the same operator on a loop, see [15]. Then A =1 is an eigenvalue
of geometric multiplicity 1, while the algebraic one amounts to 2, since (L+1)sinx =
0 and (L+1I)cosx = sinx. Next, inserting at least two supplementary vertices on the
loop and, thereby, creating a simple graph in the form of a circuit, we define the new
edge operators by restriction of L and the new Kirchhoff laws by the %! —character.
Then the multiplicities pertain since in fact, the eigensolutions are twice differentiable
at the nodes.
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