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Subordinacy theory on star-like graphs

Netanel Levi

Abstract. We study Jacobi matrices on star-like graphs, which are graphs that are given by the
pasting of a finite number of half-lines to a compact graph. Specifically, we extend subordinacy
theory to this type of graphs, that is, we find a connection between asymptotic properties of
solutions to the eigenvalue equations and continuity properties of the spectral measure with
respect to the Lebesgue measure. We also use this theory in order to derive results regarding the
multiplicity of the singular spectrum.

1. Introduction

In this work, we are interested in studying spectral properties of Jacobi matrices on
certain types of graphs. A graph G is given by a pair (V, E), where V is the set of
vertices, which we assume throughout to be infinite, and £ € V' x V is the set of
edges. Given u,v € V, we will denote u ~ v if (4, v) € E. We will also denote by &,
the function on V which is defined by

1 w=v,

0 otherwise.

dy(w) = {

A Jacobi matrix J on G is given by a set of real numbers, {b,},cy, and a set of
positive numbers, {a.}ecg. J acts on £2(G) by

J@)w) = a@w)Pw + butu, (1.1)

w~u

For simplicity, we assume throughout that {b, },ey and {a.}.cf are bounded, and in
that case J is a bounded self-adjoint operator on £2 (V). By the spectral theorem (see,
e.g., [3, Chapter 6]), J gives rise to a projection-valued measure P on o (H ), which
is called the spectral measure of J. Our goal is to study continuity properties of P
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via the asymptotics of solutions to the eigenvalue equation. Namely, given a Jacobi
matrix J and E € R, we study solutions to the formal difference equation

Jo = Eg, (1.2)

where by formal we mean that ¢ need not be in £2(G). We will distinguish between
supports of the absolutely continuous and singular parts of P (with respect to the
Lebesgue measure) by studying the asymptotic properties of these solutions.

The method extended in this work is known as subordinacy theory. It has been
developed in [9] for the case of continuum Schrédinger operators on a half-line. In
that case, continuity properties of the spectral measure are determined by comparing
the growth of solutions which satisfy different boundary conditions to the differential
equation associated with the operator. The discrete analogue of subordinacy theory
was later developed to Jacobi matrices on N in [14]. In the latter case, the operator
is simply given by a tridiagonal matrix whose entries are bounded and real-valued.
Given such an operator J and 6 € [0, ), the operator Jy is defined by setting Jg =
J —tan(6)(81, -)81. The method of subordinacy enables one to examine continuity
properties of the spectral measure of these operators by comparing formal solutions
to the equation

Jop = Ep, 60€[0,m), Ee€R. (1.3)

Given 6 € [0, i), a solution ¢ to (1.3) can also be regarded as a solution to the same
equation with 6 = 0, along with the boundary condition

@(0)cos O + ¢(1)sin6 = 0.

Throughout, the solution to (1.3) with 8 = 0 will be referred to as the solution which
satisfies a Dirichlet boundary condition.
We now turn to briefly describe the method of subordinacy. Let 6 € [0, ). Note

that §; is a cyclic vector for Jg, namely {2(N) = sp{81, J481. J9251, ...}, and so the
spectral measure of Jy is equivalent to that of §;, in the sense that they have the same
null sets. Given u: N — R and L > 0, denote
[L] 1/2
halle = [ 3 P + (L = [LDI((L] + 1]

n=1

Definition 1.1. A solution v to (1.3) will be called subordinate if for any other lin-
early independent solution ¢,

Il _

L~ @]z
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Denote by wg the spectral measure of &1, and by (ug)s, (fg)ac its singular and
absolutely continuous parts (with respect to the Lebesgue measure) respectively.
In [14], it is proved that (ig)s is supported on the set of energies for which the solu-
tion to (1.3) is subordinate, and (ig),. is supported on the set of energies for which
no subordinate solution exists. The theory was further developed in various directions.
In [7], it was extended to continuum Schrédinger operators on R. In [11], Jitomirskaya
and Last present a strengthening of the theory in the discrete half-line case (i.e. Jacobi
matrices on N), and use it to relate the asymptotic properties of the solutions to con-
tinuity properties of the spectral measure with respect to various Hausdorff measures.
Subordinacy is a very powerful tool as in many cases, the study of asymptotic proper-
ties of solutions to (1.2) is more accessible, compared to classical methods such as the
direct study of the Borel transform of p. It has many applications and generalizations,
[4,5,8,12,15,17,22] is a very partial list.

In this work, we extend the theory of subordinacy to a certain kind of graphs which
we call star-like. Roughly speaking, a star-like graph G is a graph which consists of a
compact component C = (V¢, E¢) along with a finite collection of half-lines attached
to it. In Figure 1 we give a few examples of star-like graphs. Although the compact
component is not unique, our results do not depend on its choice (see Remark 2.8).
Thus, throughout we fix a compact component C and refer to it as the compact
component of G. For every v € V¢, we denote by G, the half-line attached to v. If v
has no half-line attached to it, then G, = {v}.

Definition 1.2. A solution ¥ to (1.2) will be called subordinate if and only if it is not

identically zero, and it is subordinate as a solution on G, for every v € C such that
G, is a half-line.

Remark 1.3. Note that, although ¥ must not be identically zero, it may vanish on
one or more of the half-lines which are attached to C. For example, In graph (a) of
Figure 1, there may be eigenvectors which vanish on one of the half-lines. This type
of example is discussed in Section 5.2.

Let us illustrate this definition with an example. Suppose G = Z and C is the
subgraph of Z which consists of the vertices V¢ = {—1,0, 1} (in that case, the half-
lines are attached to —1 and to 1). Let E € R and let y: Z — R satisfy Jy = E. Let
J+1 be the Jacobi matrices restricted to the half-lines G+;. Then V¥ |g, is a solution

to (1.3) (with J; instead of J) with 0; = arctan(—%), and ¥|g_, is a solution

to (1.3) (with J_; instead of J) with 6_; = arctan(— w'/’((_ol))). In that case, the solution
¥ will be called subordinate if both |G, and ¥ |g_, are subordinate as solutions to

the half-line problem.

Our main result is the following.
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(@) (b) ©

Figure 1. Three examples of star-like graphs. The dashed lines stand for copies of N. The graph
in (b) is also called a star graph, while (c) is a “trimming” of a 4-regular tree. In the graph (a),
the compact component can be taken to be any finite subgraph which contains the inner triangle.
In (b), the compact component can be taken to be any finite subgraph which contains the vertex
o and two of its neighbors.

Theorem 1.4. Let G be a star-like graph, and let J:£?>(G) — £*>(G) be as in (1.1).
Denote the spectral measure of J by P, and let Ps, P,. be its singular and abso-
lutely continuous parts (with respect to the Lebesgue measure) respectively. Then Py
is supported on the set

S = {E € R:there exists a subordinate solution to (1.2) on G}

and Py is supported on the set

N:UNU,

veC

where
Ny = {E € R: there exists no subordinate solution to (1.2) on Gy}.

As noted before, when G = N, §; is a cyclic vector for J. In particular, this
implies that the spectrum is simple. This is no longer the case for when G = Z,
where it can be seen that the absolutely continuous spectrum may have multiplicity 2.
Nevertheless, Kac ([13]) showed that the singular spectrum of Schrédinger operators
on the real line is simple. Later on, Gilbert ([8]) found a proof of this result using
subordinacy theory, and Simon ([19]) found a proof of this fact using the theory of
rank one perturbations. The local spectral multiplicity of J can be described via a
multiplicity function Ny:o(J) — N U {oco} (see Section 4 for a precise definition).
The results of [8, 13] essentially say that for Ps-almost every E € R, Ny(E) = 1.



Subordinacy theory on star-like graphs 431

A generalization of the above result in the continuous setting is given in [21]. They
show that for a star-graph with n branches, the local multiplicity is bounded by n — 1,
and give an explicit formula for N . Our second result is the following generalization:

Theorem 1.5. Let G, J, P be as in Theorem 1.4. Given E € R, let
S(E) == {u: G — R:u is a subordinate solution to (1.2) on G}.

Then, for Ps-almost every E € R, Nj(E) < dim S(E).

Remark 1.6. It is not hard to show that on each half-line, if a subordinate solution
exists then it is unique, which implies that S(E) is a finite-dimensional space and so
dim S(E) is well defined.

When G = Z, it can be seen that dim S(E) < 1 for any £ € R, and so simplicity
of the singular spectrum in that case is given immediately by Theorem 1.5. With
very little additional work, some of the results in [21] can also be obtained in the
discrete setting. In general, the inequality cannot be replaced with an equality. We
will present an example in which the inequality is strict. Note that by our definition,
a solution which is only supported on the compact component is also subordinate
and so in general, the multiplicity may exceed the number of half-lines attached to C.
However, we will show that in the purely singular continuous part of the spectrum this
is not possible. Specifically, we show that for Ps-almost every E € o5(J) \ opp(J),
Ny (E) is bounded by k, where k is the number of half-lines attached to G. We believe
that the bound can be improved to k — 1, as this is the case for star-graphs, as shown
in [21] for the continuous setting, and in this work for the discrete one. However, our
attempts to prove this bound did not succeed.

The rest of the paper is structured as follows. In Section 2, we give some basic
measure-theoretic background, present the one-dimensional theory, and introduce the
notion of star-like graphs. In Sections 3 and 4, we give proofs of Theorems 1.4 and 1.5
respectively. Section 5 includes some remarks, examples and applications.

2. Preliminaries

We begin by introducing relevant definitions and results regarding the boundary val-
ues of Borel transforms of measures.
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2.1. Boundary behavior of Borel transforms

Throughout this work we deal with finite complex-valued Borel measures on R. Given
such a measure p, its Borel transform is defined by

e = [ 42

x—z
R

It is an analytic function defined on C4 := {z € C:Imz > 0}. As we are interested in
the boundary behavior of such functions, given any analytic function F: C; — C4
and E € R, we denote

F(E +i0) = im F(E + i¢)

whenever the limit exists. In the case that w is a positive measure which satisfies

dp(x)
|x] + 1

00, Q2.1

various continuity properties of p with respect to the Lebesgue measure, which we
denote throughout by A, are related to the boundary behavior of its Borel transform.
In particular, we will use the following well-known theorem (see, for example, [18])

Theorem 2.1. Let i be a positive measure satisfying (2.1). Denote by Ly, [Ls the
absolutely continuous and singular parts of u (with respect to the Lebesgue measure)
respectively. Then

(1) ac is supported on the set {E € R:0 < Imm,(E +i0) < oo};
(2) s is supported on the set {E € R:Imm, (E + i0) = oo}.

The second type of results that we will need concerns the boundary behavior of

ratios of Borel transforms. Specifically, given two Borel measures ., o, let Z—“(E )=

o
lirr(1) % whenever it exists in C U {oo}. Note that if i < o, then Z,—‘; coincides
e—> )

with the Radon-Nikodym derivative of y with respect to o (as L' (o) functions). We
will use the following version of Poltoratskii’s theorem.

Theorem 2.2. ([10, 16]) Let o, u be complex-valued Borel measures on R such that

p K 0. Denote by o5 the part of o which is singular with respect to the Lebesgue

measure. Then, for og-almost every E € R, the limit 811_1;1}) % exists and is equal
d

to ﬁ(E ).

We will also need the following result.
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Theorem 2.3. ([13]) Let i be a real measure and o be a probability measure, and
let E € R. Assume that ‘;—g(E ) exists in R, and that Z—‘;(E ) exists, possibly equal to
infinity. Then
. Im(m, (E —|—l.s)) _ d_,u(E)
e=>0Im(mg(E +ie)) do

If w is a probability measure on R, then as mentioned before, its Borel transform

m,, maps C; = {z € C:Imz > 0} to itself analytically. Such functions are called
Herglotz (sometimes Nevanlinna or Pick) functions. This correspondence also works
in the other way (see e.g., [20]), in the following sense: if m(z): C; — C is analytic
and satisfies

m(z) =z + 0(z7?),
then m arises as the Borel transform of some probability measure p. In this work, we
will use the following generalization of the connections mentioned above.

Theorem 2.4. ([6]) Let M:C+ — M, (C) be an analytic matrix-valued function
such that Im M (z2) is positive semi-definite for all z € C. Then
(1) there exists a matrix-valued measure 2 such that

1+ xz

X —Z

M(z)=C + Dz + / dQ(x)

R
where C is a self-adjoint matrix, and D is positive definite;

(2) the singular part of Q with respect to A is supported on the set
{E e R:lmtr M(E 4+ i0) = o0}.

Remark 2.5. For M € M,(C), onehasIm A = 5-(M — M*).

2.2. Subordinacy theory in the half line case
Let J be a Jacobi matrix on N, and for 6 € [0, ) define the operator Jy by
Jg=J — tan(@)(Sl, )51

It can be verified that &; is a cyclic vector for Jg, namely

(N) = sp{JX81:k e NU{0}}. (2.2)

Recall that, given a self-adjoint operator H defined on a Hilbert space # and ¥, ¢ €
H, the spectral measure of i and ¢ with respect to H is defined to be the unique
Borel measure which satisfies

(W f(H)p) = / FO)djy (1)

o(H)
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for any continuous function f:0(H) — C. If Y = ¢, we refer to this measure as the
spectral measure of ¥ with respect to H. Denote by ug the spectral measure of §;
with respect to Jy. It is not hard to see that (2.2) implies that for any v € £?(N), the
spectral measure of v is absolutely continuous with respect to pg. Thus, our task is
to study of continuity properties of (gy. As noted before, these properties are related
to its Borel transform which we denote by mg. Note that by the definitions of g
and my, we have

mo(z) = [ XD = (51,00 -7 50). 3
R

The main result in half-line subordinacy theory is the following.

Theorem 2.6. For any E € R and 6 € [0, ), Immg(E + i0) = oo if and only if
ug, g is subordinate.

Theorem 2.6 was originally proved in the continuous setting by Gilbert and Pear-
son in [9]. Its discrete analogue is a direct consequence of the results presented in [11].

Remark 2.7. In particular, combining Theorems 2.1 and 2.6, we get that the singular
part of 11g is supported on the set of energies for which ug g is subordinate.

2.3. Jacobi matrices on star-like graphs

We begin by introducing the notion of a star-like graph. Let C = (V¢, E¢) be a finite
connected graph. A star-like graph is given by selecting a subset of vertices Vy C V¢,
and attaching a copy of N to each vertex v € V. Formally, G = (V, E) is given by

V = Ve U{v}}ieN uevy,
E = Ec U{(u,v{):i € Vo U{(v{, v’y ):i € N,u € Vp},

where LI denotes a disjoint union.

Remark 2.8. A graph G may be constructed by the above procedure in more than
one way. For example, Z can be constructed by selecting C to be either its subgraph
which consists of V¢ = {0, 1}, and then Vy = Vo, or by selecting the subgraph which
consists of V¢ = {—1,0, 1}, and then Vy = {—1, 1}. However, it is not hard to verify
that the sets S and N from Theorem 1.4 do not depend on the choice of C. Thus,
throughout we fix C and refer to it as the compact component of G.

Let J be a Jacobi matrix on G which acts on £2(G) as in (1.1). Unlike the half-line
case, there need not be a cyclic vector for J. However, we have the following.
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Claim 2.9. (2(G) = sp{J*8,:v € Vo, k e N U{0}).
Namely, the set {3,:v € V¢} is cyclic for J.
Proof. We give a sketch of the proof. It suffices to show that
{Sp:v e V) Csp{JKksy:v e Ve, k e NU{O)) = A.

Letv € V.If v € V¢, then clearly §, € A. Otherwise, denote by d (v, C) the length of
a minimal path from v to some vertex in V¢, andlet By = {v e V:d(v,C) = k}. If
v € By, then by the definition of G, there exists some unique u € V¢ such that v ~ u.
By the definition of J,

T8y = buby + )by + Y _ duw)bu-
u~weC
Now, since J 8y, bubuy + D\ pec Auw)dw € A, we get that ag, )8, € A as the
difference of elements in A, and since a(, ) # 0, we get that §, € A. Thus, we get that
B; € A. Now, noting that by connectedness of G and by the fact that any connected
component of the induced graph on V' \ V¢ is isomorphic to N, we get that every
v € B has a unique vertex in u € B such that v ~ u. From here, one can proceed
by induction. |

Denote Ve = {v1,..., s}, and let § := Jy, . Claim 2.9 implies that every spectral
measure of J is absolutely continuous with respect to the measure

n
M= Z M
k=1

where 1y is the spectral measure of §;, and so our purpose is to study the continuity
properties of . Given z € C, define M(z) € M,(C) by

(M©@)i; = (8. (J —2)716;). (2.4)

M:C;+ — My, (C) is analytic and for any z € C4, Im M(z) is positive semi-definite.
Let 2 be the matrix-valued measure given by Theorem 2.4. By the definition of the
spectral measure we get that for any 1 < k < n, ur = Qg, and so u = tr Q. For
1 < k < n, define Gy in the following way.

» Ifvg € Vp, then Gy is the graph induced on {vg } U {vfk :i € N}. Note that Gy = N
with vy as the origin.
* Otherwise, G consists of the singleton {vy}.

Finally, denote by Jj the operator Py JPj on {2(Gy), where Py is the projection of
{%(G) onto £%(Gy). Note that in the first case, Jx is a Jacobi matrix on the half-line
Gk, and in the latter case Jx acts on C by multiplication by by, . In any case, Ji is a
self-adjoint operator.
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3. Proof of Theorem 1.4

Let 1 <k <n and let z € C4. Denote by iy € £>(Gy) the unique £ solution to
(Jk — z)u = 8, and by @i € £>(G) the unique £2 solution to (J — z)¢ = § (these
solutions exist and are unique since Jy, J are self-adjoint). Let uy € £2(G) be defined
by

) ug(v), ve Gy,
up(v) =
0, otherwise.

For 1 < j < k < n, the supports of u; and uy are disjoint, and so the collection
{ur:1 <k < n} is linearly independent. Denote by my the Borel transform of the
spectral measure of §; with respect to J. By (2.3), mg(z) = ug (1), and so we have

1, v = Vg,
((J = 2ur)(v) = | a@,mymi(z), v~ vele, (3.1)
0, otherwise.

For 1 < k < n, define wy € C" by w,{ = ((J — 2)ug)(v)).
Claim 3.1. The collection {wy:1 < k < n} is linearly independent.

Proof. Assume by contradiction that

2”: orwr = 0,
k=1

and there exists 1 < j < n such that o; # 0. Let

n
u = Z U .
k=1

The fact that «; # 0 along with the disjointness of the supports of u; and uy for any
k # j implies that u|g, # 0. Now, note that for any 1 < k < n, (J — z)uy vanishes
outside V¢ which implies that (J — z)u also vanishes outside V¢ . In addition,

((J = Dup)|ve = w,
and so

((J =2Dwlve = Zakwk = 0.
k=1

This implies that z is an eigenvalue of J, which is a contradiction to J being self-
adjoint. |
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The following lemma is crucial to the proof of Theorem 1.4.

Lemma 3.2. Let M(z) be as in (2.4). Then for any z € C4, M(z2) is invertible and

M) = A+ diag( (3.2)

1 1 )
mi(z)" my(z)/)
where A is defined by

Aw;v;)> Vi ~ V),
Aij = i
0, otherwise.

Proof. Let1 <k <n.Note thatifay,...,qa, € C satisfy
n
Zajwj = 8k,
j=1

then
n
Ok = Zajuj.
Jj=1

Denote by F'(z) the matrix whose j’th column is w;. By claim 3.1, F(z) is invertible

forevery z € C4, and oy, .. ., oy can be retrieved by the equation
X1
F)| & | = e
Xn
i.e.,
o1
= F(2) e,
On

where ey is the k’th element in the standard basis of C". Thus, we have that «; =
(F (Z))j_kl. Note that

(M(2)ij = (8. (J —2)718;) = ¢ (k)
and since u (v;) = 0 whenever k # j and uy (vi) = mg(z), we get that
(M2)kj = (F(2)5 -mj(2),

i.e.,
M(z) = diag(m1(2),....ma(2)) - (F(2))7".
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Since for any 1 < k <n, my(z) € C4, and since F(z) is invertible, we get that M (z)
is invertible and

_ . 1 1
M(z)™' = F(2) -d1ag(m1(z),..., mn(z))’

and so M(z)~! is given by multiplying the k’th column of F(z) by m By (3.1),
the k’th column of F(z) is given by

1, Vj = Vg,
(F(Z)k)j = a(vk,vj)mk(z), Vj ~ Uk,
0, otherwise.
Now, (3.2) follows from a straightforward calculation. [

Remark 3.3. This is a special case of an identity known as the Krein, Feshbach,
or Schur formula (see, e.g., [1, Chapter 5]), which says that given a self-adjoint
operator H acting on a Hilbert space ¢ and P the orthogonal projection onto a finite-
dimensional subspace #y C #, if we write

H = PHP + H,
then, denoting Hp := PH P, the following identity holds:
P(H —z)"'P =[Hp + [P(H —2)"' P35, (3.3)

where []5! indicates that we take the inverse only on J. Note that, in our case,
M(z) = Pc(J —z)"! Pc, and so (3.2) is given by taking the inverse (inside #,) on
both sides of (3.3), and explicitly computing the RHS. The proof of Lemma 3.2 is a
more direct way of obtaining this result.

We will also need the following fact.

Claim 3.4. Let E € R and denote J|c = PcJPc, where Pc is the projection of
02(G) onto £*(C). Suppose that § € £*(C) satisfies

(JIc@)(vk) = E@(v)

SJorany 1 <k <n such that Gy = {vi}. Then ¢ can be extended to a function ¢: G —
C such that Jo = E.

Remark 3.5. Note that ¢ need not be in £2(G), and so the expression Jo = E¢
should be thought of as a difference equation.
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Proof. First, note that whenever Gy consists of a single vertex, v has no neighbors
outside C and so for any ¥: G — C which extends ¢,

(JIcp)(vi) = (JY)(vi) = EYr(vi).

For any 1 < k < n such that Gy =~ N, the values of ¢ on G can be determined via
the difference equation. |

We are now ready to prove Theorem 1.4.

Proof. Using the notations from the previous section, for 1 < j,k < n denote by
the spectral measure of §; and Jy, i.e. i« is the unique Borel measure that satisfies

G S8 = [ £t
for any continuous function on the spectrum of J. Also, denote

Mk = [k
and

n
o= .
k=1
Note that

d .
(M) = / el 15

X —Z

i.e., (M(2)); is the Borel transform of 1/, and tr M is the Borel transform of 1. For
1 <k <n,let

Ap = {E € R: %(E) > o}.

Since

Z dﬂk

k=1
we get that

n
=J 4
k=1
supports . Let 1 <k <n andlet E € Ag. By Theorem 2.1, we may assume that

lim Im(tr M(E +ig)) = o0
e—>0
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By Theorem 2.3, we get that

im Im(My, (E + ig))
e=>0Im(tr M(E + ie))

and so
lirr(l) Im(Myp(E +ic)) = oo.
e—>

Thus, we may assume that ji |4, is singular with respect to the Lebesgue measure. In
addition, |4, < kla,,andsoforany 1 <j <n, pjx|a, < pila,-By Theorem?2.2,
this implies that for pg-almost every E € Ay the limit

. M (E+ie)
im———— =
e=>0 My (E +ie)

exists. In addition, it is not hard to show that we may assume that «; is real. Now, let
¢x be the k’th element in the standard basis of C”. We have

1
0=1

m———————»e
e—>0 | My (E +i8)|” il

. €k
i Frmrserl
>0l Myp(E +ie)

=£%Wu5+wr%Mww4wﬂﬁégﬁsﬂy

By the fact that
Mk (E +ie)
M(E +ie)(ex) = : ,
M, (E +ie)
we get
M (E+ie)
My (E+ie)
0= lmM(E +ie)”! ;
&0 My (E+ie)
My (E+ie)

Taking into account (3.2), we get that for every 1 < j < n,

_ Mi(E +ie) My (E +ie 1
lim Y ag,., 1k ) 4 Mik ) 0. (34

"M (E +ie) | Mee(E +ie) my(E +ie)

e—0
1<l<n
1)1’\'1)]‘
Define ¢ on C by ¢(vj) = «; for every 1 < j < n. We claim that (J|c@)(v;) =
E@(v;) whenever G; consists of a single vertex, and so by Claim 3.4, it can be exten-
ded to a solution ¢ to (1.2) on G. So, fix such a j. Clearly, we have

1

lim——— =b; — E
sgr(l)mj'(E—i-iS) /
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and by (3.4), we get that

> aw vy = —(bj — E)a,

1<i<n
U/’VU]‘

and so

(Je@) W) =Y awwpe + bjey = —(bj — E)aj + bjaj = Eaj = E(v)

1<l<n
vl'vvj

as required. Let ¢ be the completion of ¢ to a solution of (1.2) on G. Note that ¢ is
non-trivial since ¢(vg) = ax = 1. We claim that ¢ is subordinate. Let 1 < j < n such
that G; is a half-line.

If @; = 0 and there exists a sequence (&,);~ such that

Jim m; (E +ien) # 0,

then we get that

Z A(v,0,)0 = 0

1<l<n
U[’vl)j

and so by the difference equation which ¢ satisfies, we get that ¢ vanishes on G;.
Otherwise,

limm;(E +ie) =0,

e—>0

and, by Theorem 2.6, any solution which satisfies @v; =0 is subordinate on Gy, since,
in that case, -

li (E +ig) =cotf forf = —.

lim m; (E +ie) =co or 5

Assume now that ; # 0. By (3.4), this implies that the limit

1
lim ——
e—~om; (E +i¢)
exists and is real, and so there exists 8 € [0, &) such that

limm(E + ig) = cot(h).
e—0
By Theorem 2.6, this implies that if there exists A # 0 such that

( Za(vl,vj)al,aj) = A(—sin(8), cos(h)) 3.5)

1<i<n
I)INI)j
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then ¢ is subordinate on G;. Note that a; # 0 implies that 6 # 7. By (3.4), we get

that
Z sm(@)
a(vl svj) 1=
ol cos(@)
U[’Vl)j
and so )
. sin(0)
Za(vl,vj)al,aj = —maj,aj .
1<i<n
v~
Multiplying by cos(e) , we get (3.5) as required. [

Remark 3.6. Note that the choice of the k’th column, i.e., setting

M (E +ie)
oj = lim ————
e>0 My (E +i¢)

is only done so that the resulting solution will be non-trivial. Namely, for any 1 </ <
n, if there exists some 1 < p < n such that

lim My (E +ie)

e T 4,
>0 M (E +ic) 7

then setting o; = lim; ¢ M;I(E+zs)

M (ETTe) for any 1 < j < n will also generate a subordin-

ate solution.

4. Proof of Theorem 1.5

Let H be a self-adjoint operator acting on a Hilbert space # and let P be the pro-
jection-valued measure associated with H by the spectral theorem. It is well known
(see, e.g., [3, Chapter 7]), that there exist a collection of Hilbert spaces {Hg: E € R}
so that H is unitarily equivalent to multiplication by the free variable E on the space

J = /J(’Ed,u(E)

whenever u is a Borel measure on o (H ) for which u(A) = 0 < P(A) = 0 for
any Borel set A. The measure p is not unique, but it is determined (up to unitary
equivalence) by its null sets. In particular, if vy, ..., v, is cyclic for H, then y can be
taken to be the sum pty, + -+ 4 Wy, - The spectral multiplicity function is then given
by Ny (E) = dim #g and is defined p-almost everywhere.

Let J be a Jacobi matrix on a star-like graph G, and let M, 2, i be as in the
previous section. We will use the following fact.



Subordinacy theory on star-like graphs 443

Proposition 4.1. For us-almost every E € R,
Nj(E) = rankw(E), 4.1

where w(E) is defined by (w(E));j = d;/ij (E).

Remark 4.2. As already mentioned, w(FE) is also defined ps-almost everywhere.

Proof. LetU:(%(G) — J be the unitary transformation which satisfies UJg = J Ug
for any ¢ € £2(G), where J is the operator of multiplication by the free variable.
Note that for any ¢ € ¢2(G), Uy is a vector-valued function E — Ug(E) such that
Up(E) € Hg for p-almost every E € R, and [ |Ug(E)||?dp(E) < co. Recall that
81,...,0, isacyclic set for J, and denote ; = U§; for 1 < j <n.Let My; .y, be the
spectral measure of ¥; and v; with respect to J. For any Borel set A € R, we have

gy, (A) = / Ladjg,u, = (Wi La(D)gy) = / (Wi (E) vy (E)) ey dit(E).

A

Thus, if we denote f;; (E) = (Vi (E), ¥ (E)) g, then
dpij = dpry; y; = fijdpu.

and so we have
dyui;
@(E)iy = =L (E) = (i (E). ¥ (E)) .-
w

Now, we claim that for p-almost every E € R, sp{y1(E),..., ¥, (E)} = #HEg. Assume
not. Then there exists 0 # ¥ € fﬂga and a Borel set A C R such that u(A4) > 0 and
Y(E) Lsp{y1(E), ..., ¥, (E)} for u-almost every E € A. Thus, for every k € N
and for every 1 <i < n, we have

0= (T ¥ = (JUU y; U™
= (I U™y, UUT ) = (J58;,. U™ )
where (-, )1 is the inner product in the direct integral, and (-, -}, is the inner product in
£2(G). This implies that U 'y = 0 and so ¥ = 0 which contradicts our assumption.

Finally, (4.1) follows from the fact that if sp{vy, ..., v} = C”, then the rank of the
matrix A;; = (v;,vj) is n. L]

We are now ready to prove Theorem 1.5.

Proof. As before, let A, = {E € R: %(E) > 0} for 1 <k < n.By Theorem 2.2,
forevery 1 < j,l < n and for us-almost every E € Ay, we have
Mk

d M;:(E j
@y = W) lim (( Efi?).
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Since 0 < ‘%{"(E) < oo for p-almost every E € Ay, we get that if rank w(E) = m,
then, by Remark 3.6, there are at least m independent subordinate solutions to (1.2),
as required. ]

In the next section, we will construct an example in which the inequality in The-
orem 1.5 is strict. Also, in the case where G = Z, the inequality becomes an equality,
and so in that sense, this result is optimal. However, the next proposition shows that
in the purely singular continuous part of the spectrum, Theorem 1.5 can be improved.

Proposition 4.3. Denote by k the number of half-lines emanating from C, i.e., k =
#{J: G; = N} and assume that k > 1. Then for p-almost every E € 0s.(J) \ opp(J),
Nj(E) < k.

Proof. Assume not. Let E € 0,.(J) \ opp(J) and let ¢, ..., gr41 be linearly inde-
pendent solutions of Hg = E¢. Forevery 1 < j <k,letv; € G; be a vertex on which
every non-zero subordinate solution on G; does not vanish. Such a vertex exists due
to the uniqueness of the subordinate solution on a half-line. Forany 1 <i <k + 1,
define u; = (¢; (v1),...,9;(vk)). Then {uy, ... ur,}is a subset of C¥ with k + 1
vectors, and so it is linearly dependent. Then there exist o1, ..., @x+1 € C such that

k+1

Zaiui =0.

i=1

By the uniqueness of subordinate solutions on half-lines, this implies that the solution

k+1
Y= Z i Qi
i=1
vanishes on each half-line. But ¢ # 0 since the set ¢, . .., @41 is linearly independ-
ent, and so ¢ is supported on a finite set, and in particular ¢ € £2(G). This implies
that £ € op,p(J), which contradicts our assumption. L]
S. Remarks

5.1. The multiplicity of Schrodinger operators on star-graphs

In [21], the multiplicity of Schrodinger operators on star-graphs is studied in the con-
tinuous setting. The graph I is given by the gluing of a finite number of half-lines,
and a Schrodinger operator H on I is given in the following way. On each half-line
£, H acts as a Schrodinger operator on £, i.e., there exists g¢: R>¢ — R such that, for
every ¢ in the domain of H,

H(ple) = —(olo)” + qeple. (5.1)
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The domain of H consists of functions on I" which satisfy some natural properties on
each half-line in order for (5.1) to make sense, along with a boundary condition at the
gluing point. We give a general description of the analysis done in [21]. Assume that I"
consists of the gluing of ¢4, ...,£,. Forany 1 <i < n, define H; as the Schrédinger
operator on £; which acts by Hp = —¢" + gy, ¢, along with a Dirichlet boundary
condition at the origin. Denote by w; a scalar spectral measure for H;, and by (i;)s
the singular part of wu; with respect to the Lebesgue measure. Denote also by P the
projection-valued spectral measure of H, and by P; its singular part with respect to the
Lebesgue measure. The main result of [21] essentially says the following. A support
for P can be given by S = S; U S», where S; consists of energies for which at least
two of the singular parts (i41)s, . - ., (in)s Overlap, and P|g, is mutually singular with
respect to each of (i1)s, ..., (n)s. In addition, the multiplicity on S; is equal to the
number of overlaps, and the multiplicity on S5 is 1.

We now describe the discrete analogue of this result, which can be obtained with
our approach. In this subsection we restrict our attention to discrete star-graphs (see
Figure 1 (b)). Let G be a discrete star-graph, and let J be a Jacobi matrix on G.
Assume that G consists of n half-lines. If G # Z (i.e. if n # 2), then we denote
by o the only vertex of G which satisfies deg(o) = n (for example, the vertex o in
Figure 1 (b) is the only vertex in G with degree 3). If G = Z, then we denote 0=0.
Denote the neighbors of o by vy, ..., v,. For every 1 < k < n, denote by {; the
connected component of v in the graph G \ (o0, vx), and by Ji the operator Py, JPy, .
Ji is simply J restricted to £; along with a Dirichlet boundary condition at the origin.
Denote by pi the spectral measure of 6,, with respect to Ji, and by Ay the support
of (px)s given by Theorem 2.6. Finally, let p be the scalar spectral measure of J as
defined in Section 2.3, and by S the support of 1 given by Theorem 1.4.

Remark 5.1. Note that in order to define (., one needs to choose a compact compon-

ent for G. Here, we choose C to be the induced graph on V¢ = {0, vq,...,v,}. Also
note that under this choice of C, the graphs G, ..., G, defined in Section 2.3 are not
the same as the graphs £1,. .., {, defined above, since C # {vy,...,v,}.

Theorem 5.2. Denote by Sy the set of real numbers for which there exist at least two
indices 1 <i < j <n for which A; N A; # 9, and denote S, = (S1)¢. Then

(1) S1 € Sand Ny|s, <n—1 for us-almost every E € R.
(2) Njls,ns = 1 for ps-almost every E € R.
Proof. (1) Let E € S;. Without loss of generality, assume that £ € A; N A,. Let ¢

be the subordinate solution to J1¢ = E¢ which satisfies ¢1(v;) = 1, and let ¢, be
the subordinate solution to Jo¢ = E¢ which satisfies ¢, (v2) = —1. Define

0:G - C
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by
pi(u) fuel;,1<j <2,
o) =" N
0 otherwise.

It is not hard to verify that ¢ satisfies J¢ = E ¢, and that it is a subordinate solution,
and so £ € S. For the second part, note that each subordinate solution ¥ must satisfy
¥ (0) = 0 due to the Dirichlet boundary condition which it satisfies on £;. Thus, the
eigenvalue equation at o is given by

0=Ey(0) =) v(v))
j=1

and so there are at most n — 1 subordinate solutions. Now, the result follows from
Theorem 1.5.

(2) Let E € S N S,, and let ¢ be a non-trivial subordinate solution of Jo = E¢.
Assume that 1 does not vanish on £;. We claim that ¥/ (0) # 0. Indeed, if ¥ (0) = 0,
then there must be at least one more index j # 1 such that ¥ does not vanish on ¢;.
Otherwise, we have

0=Ey(0) =) v¥(©)=v()
j=1

and it follows that ¥ = 0. Thus, assume, without loss of generality, that ¥ (v,) # 0.
This implies that E € A; N A, which contradicts our assumption that £ € S,. Now,
by uniqueness of the subordinate solution on each half-line, we get that ¥ (0) determ-
ines Y (v;) forany 1 < j < n, and so dim S(E) = 1, which implies that Ny (E) =1
for us-almost every E € S, N S, as required. |

5.2. Strict inequality in Theorem 1.5

Consider a star-like graph G for which C is a triangle graph, and there is a half-line
attached to every vertex of C (see Figure 1 (a)). As before, denote the vertices of C
by v1, vz, v3 and the half-line with v; as an origin by G;. It is well known (see, e.g.
[2, Chapter 7]) that there is one-to-one correspondence between probability measures
with infinite and bounded support and bounded Jacobi matrices on N, and so in order
to construct an example, we start by constructing the appropriate measures. Let (11 be
a probability measure on [0, 1] such that p; ({0}) > 0, and let u, be defined by

1
dpy = Efd)t,
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where :
— O<x <,
flx)=qVx
0 otherwise,
and
1
dx
c= [ —.
Jx
0

Clearly, u, is a probability measure on [0, 1] which is absolutely continuous with
respect to A. It is not hard to show that the Borel transform of p, satisfies

Im, (0 +10)| = oo.

For 6 = % and for k = 1,2, let J®) be a Jacobi matrix on N such that the spec-
tral measure of Je(k) is x. We define a Jacobi matrix J on G in the following
way: J|g, = Jlgs = JD, J|g, = JP, and for every e € Ec, a, = 1. The fact
that 111 ({0}) > 0 implies that there exists 0 # ¢; € £2(N) such that Jél)(pl =0 and
¢1(1) = 1. By Theorem 2.6, any solution to J @ ¢ = 0 which satisfies ¢(0) = —¢(1)
is subordinate. We denote by ¢, the solution which satis111fies ¢,(1) = —1. Now, it

is can be verified that ¥;: G — C which is defined by

Vig, =¢1. Ve, = —¢1. Vle; =0

satisfies Jy = 0. In addition, any other non-trivial eigenvector must be a multiple
of ¥, and so O is a simple eigenvalue. On the other hand, the solution 1/7 which is
defined by

Ve, =¢1. Vle, =0, Vlo, =¢
is also a subordinate solution which is linearly independent of v, and so Ny (0) =
1 <2 =dim S(0).
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