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A Useful Formula for Periodic Jacobi Matrices on

Trees

Jess Banks?, Jonathan Breuer®, Jorge Garza-Vargas®, Eyal Seelig”, and Barry Simon®’’

We introduce a function of the density of states for periodic Jacobi matrices on trees and
prove a useful formula for it in terms of entries of the resolvent of the matrix and its ‘half-tree’
restrictions. This formula is closely related to the one-dimensional Thouless formula and
associates a natural phase with points in the bands. This allows new, streamlined proofs of
the gap labelling and Aomoto index theorems. We give a complete proof of gap labelling and
sketch the proof of the Aomoto index theorem. We also prove a version of this new formula
for the Anderson model on trees.

Jacobi Matrices | Trees | Spectral Theory

1. Introduction

Graph Jacobi matrices provide a unified framework for dealing with graph adjacency
matrices, weighted Laplacians and Schrodinger operators. Their spectral theory
therefore has connections with various fields, among those are mathematical physics,
analysis, probability and number theory. This note deals with periodic Jacobi
matrices on trees, which arise through viewing the tree as the universal cover of
a finite graph. Such operators have attracted a considerable amount of interest
recently (5-10, 12, 14, 15, 17-19, 24, 28, 30). The purpose of this note is to announce
and give an interim report on the use of a new formula which, in particular, provides
a short proof of Sunada’s gap labelling result (28), without the use of C* algebras.

We start out with a connected, finite graph, G, which can have self-loops and
multiple edges between a pair of vertices but which, for simplicity of exposition,
we suppose is leafless. We use V(G) for the vertex set of G and E(G) (sometimes
just V and E) for the set of edges. We pick an orientation for each edge, e, using &
for the oppositely directed edge. o(e) is the initial vertex and 7(e) the final of the
directed edge e, so for example, o(&) = 7(e). We let E denote the set of all edges
with arbitrary assigned orientation so that #(E) = 2#(F). We assign a potential,
b(v) € R, to each vertex and coupling, a(e) = a(€) > 0, to each edge, calling these
the Jacobi parameters of G.

Let 7 be the universal cover of G - it is always an infinite tree, and let 7 : 7 — G
be the covering map. We can lift the Jacobi parameters of G to T by setting
b(0) = b(n(9)); a(€) = a(n(€)). One defines an infinite matrix, H, indexed by

V(T) by
b(d), ifo=w )
Hyp =4 a(é), if (0w) =€ an edge in F(T) [1.1]
0, otherwise

and a corresponding bounded self-adjoint operator, H, on H = £2(V(T)). One
defines the period, p, to be #(V(G)). If G is a single cycle, then T is Z and the
Jacobi parameters are periodic in the naive sense. This classical subject (of 1D
periodic Jacobi matrices) has been extensively studied; see for example, Simon (27,
Chaps. 5, 6, 8).

Deck transformations induce unitary maps on ‘H which commute with H. In
particular, for every v € V(G), the spectral measure, dus, and Green’s function,
(85, (H — 2)7155), are the same for all © € V(T) with m(¢) = v. We use du., and
Gy (z) for these common values. It is a basic fact that in one form goes back at
least to (11) (see also (18, 29)) that each G,(z) defined for z € C is an algebraic
function which can be continued across the real axis with finitely many points
removed (this implies, see (8, Theorem 6.7), that the spectrum of H has no singular
continuous part and the densities of the a.c. part of the spectral measures are real
analytic in the interior of the spectrum except for possible algebraic singularities).

One defines the density of states measure, dk(E) (and
integrated density of states, aka IDS, k(E) = dk((—o0, E))),

www.pnas.org/cgi/doi/10.1073/pnas. XXXXXXXXXX PNAS —

March 6,2024 —

Significance Statement

The subject of periodic Jacobi ma-
trices on trees has evoked interest
among mathematical physicists, an-
alysts and number theorists. We
introduce a new function of use in
the study of these objects and prove
a useful formula for this new func-
tion. We illustrate the usefulness of
this formula by using it to provide
the first proof of gap labelling that
does not use C*-algebras. We also
use it to provide new understanding
of the Aomoto index theorem.

Author affiliations: *Department of Mathematics, Uni-
versity of California—Berkeley, Berkeley, USA. Email:
jess.m.banks@berkeley.edu; Pnstitute of Mathemat-
ics, The Hebrew University of Jerusalem, Jerusalem,
91904, Israel. E-mail: jbreuer@math.huji.ac.il.;
“Department of Computing and Mathematical Sci-
ences, MC 305-16, California Institute of Tech-
nology, Pasadena, CA 91125, USA. E-mail:
jgarzav@caltech.edu.; YInstitute of Mathematics,
The Hebrew University of Jerusalem, Jerusalem,
91904, Israel. E-mail: eyal.seelig@mail.huji.ac.il.;
°Departments of Mathematics and Physics, Math-
ematics 253-37, California Institute of Technol-
ogy, Pasadena, CA 91125, USA. E-mail: bsi-
mon@caltech.edu.

All authors contributed to this research.
Authors have no conflicts or competing interests

"To whom correspondence should be addressed. E-
mail: bsimon@caltech.edu

vol. XXX — no. XX — 1-5

63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

100

101

102

103

104

105

107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124


www.pnas.org/cgi/doi/10.1073/pnas.XXXXXXXXXX

125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186

by
1
dk = = dity 1.2
pE L [1.2]

veV

remark. For Jacobi matrices on Z”, the analog is the
limiting empirical spectral distribution of the Jacobi matrices
associated to larger and larger boxes (with, say, free boundary
conditions); because truncated trees have so many boundary
points, the same is not true for trees with general boundary
conditions (BC) although one can carefully choose periodic
BC so that it is (7).

The support of the measure dk is the spectrum of H and
by the definition of spectral measures, one has that

/ 5 L k() = 110 3Gz [1.3]

veV

One of the fundamental results in the theory is

theorem 1.1 (Sunada (28)). In any gap of the spectrum of
H, the IDS is an integral multiple of 1/p. In particular, the
spectrum has at most p connected components.

Sunada’s proof, while elegant, is involved since it uses
some deep results of Pimsner-Voiculescu (25) from the K-
theory of C*-algebras. One of our main new results is a short
proof of Sunada’s theorem that, in particular, makes no use
of C*-algebras.

Another fundamental result is the Aomoto index theorem.
In the 1D case, H does not have any point spectrum but in
other cases that is not true - see, for example, Avni et al. (8,
Example 7.2) or the extensive study in Banks et al. (9). In
that case, given an eigenvalue, ), define X; () to be the set
of vertices, v € V, so that for some ¢ with 7() = v there is
some eigenfunction ¢ associated to A, with 1(¢) # 0. Define
0X1(X) to be those v € V not in X;(\) but neighbors of
points in X7 (), and we let E(\) be the set of edges with
both endpoints in X1(A).

theorem 1.2 (Aomoto Index Theorem (6)). The measure
dk has a mass at an eigenvalue, \, of weight I(\)/p where

I(N) = #(X1 (V) = #(0X:1 (V) — #(EX) - [14]

A second proof of this theorem can be found in Banks
et al. (9). Both earlier proofs involve detailed combinatorial
analyses. The second of our new results here is a different
proof of the Aomoto index theorem that some may find
simpler but that, in any event, is very illuminating.

Our new approach concerns a basic function which we will
call the Floquet function defined in Ct by

®(z) = exp (p/log(t —2) dk(t)) [1.5]

which clearly has an analytic continuation to a neighborhood
of CLU(R\spec(H)). In the 1D case, under the normalization
Hle a; = 1, the Thouless formula ((27, Theorem 5.4.12))

implies that if u;(z) is a Floguet solution (i.e. solution of the
difference equation

ajuj+1 + bjUj +a;—1uj—1 = zu; [1.6]
with u;+, = Au; for a constant A), then ((27, Theorem

5.4.15)) (—=1)PA = ®(2) or ®(z)"" which is why we give ®

2 — www.pnas.org/cgi/doi/10.1073/pnas. XXXXXXXXXX

this name. There is another approach to 1D periodic Jacobi
matrices that extends the celebrated work of Marchenko-
Ostrovskii (22) from the case of Hill’'s ODE (a pedagogical
discussion of the 1D periodic Jacobi matrix Marchenko-
Ostrovskii theory can be found in Lukic (21, esp. (10.47) and
(10.48))). The Marchenko-Ostrovskii conformal map is (up
to a factor of i and unimportant constant), the logarithmic
integral appearing in [1.5]. So our Floquet function can
also be viewed as an extension of the Marchenko-Ostrovskii
conformal map from cyclic graphs to general finite graphs.
Because of Eq. (1.3) we have that

% log(®(2)) = — 3 Gu(2) [1.7]

veV

In Section 2, we’ll prove an explicit formula for the Floquet
function in terms of Green’s functions and m-functions
(objects whose definition we recall there). In Section 3, we’ll
use this Floquet formula to prove the Sunada gap labelling
theorem and in Section 4, we’ll sketch our new proof of the
Aomoto index theorem (in the case where the eigenvalue is
isolated from the continuous spectrum; see the discussion
there). In Section 5, we will discuss a version of the Floquet
formula for the Anderson model on trees. Since, as we’ll
explain, one can regard the Floquet formula as half a Thouless
formula, we hope to find some interesting applications of that
result.

2. The Floquet Formula

We will prove a useful formula for the Floquet function. To
do so, we need to recall what the m-functions are and the
relations between the Green’s and m-functions. Given e € E,
pick é € E(T) with 7(€) = e. Removing é from 7T breaks
that graph into two pieces, T," with 7(&) and T, with o(&).
We let H be the operators on £2(V (77°)) with the restricted
Jacobi parameters and set

me(2) = (6re), (H —2)" 670)) 2.1]

The use of deck transformations shows this depends only on
e and not the choice of é over e.

The use of the method of Schur complements (see (8,
Section 6) for a proof; the formulae appear at least as early
as (20, Proposition 2.1)) shows that

1
NE) =—z+by, — Z aymy(z) [2.2]
fEE: o(f)=u
1
S I bu— Y afimp(2) [2.3]
f'e€Ef'#]
a(f)=7(f)

which implies for any e € E that

1 me

Go’(e) = mé—l _ agme = 1— agmemé [24}
Define
1 Gd(e) (Z) GT(E) (Z)
(2) = - - 2.
Qe () 1 — a2me(2)me(2) me(2) me(2) 23]

We are heading towards the proof of a lovely formula we
call the Floquet formula:

Lead author last name et al.

187

211


www.pnas.org/cgi/doi/10.1073/pnas.XXXXXXXXXX

249
250
251
252
253
254
255
256
257

259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289

291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310

theorem 2.1 (Floquet Formula). We have that

HeEE(g) Qe(z)
HuEV(g) Gu(Z)

initially for z € C4, but the
a meromorphic continuation to
(isolated point spectrum of H).

B(z) = [2.6]

right side defines
(C \ spec(H)) U

remark. Using Eq. (2.5), this can also be written

HeeE(g) Gr(e)(2)
Huev(g) Gu(?) HeeE(g) me(z)

In particular, this implies that ® is an algebraic function.

B(z) = [2.7]

We sketch our proof of this result. Let ¥ be the right
side of Eq. (2.6). It is easy to see that as © — oo in R, that
O(—2z) = 2P + O(zP~') and ¥(—z) = 2P + O(xP ') so to
prove Eq. (2.6), it suffices to prove that for z € Cy

log(W)'(z) = log(®)'(2) [2.8]

where -/ = &
To compute log(¥)’(z), we note that, by Eq. (2.2), we
have that

tog(@u)) = (05 (5)) =~ ()
= Gt Y aPmlGa 2]

e€E: o(e)=u
and that by, Eq. (2.5),
(log(Q.))’

(a2m.me + aZmem’) Q.

aiGa(e)m; + azGT(e)mé [2.10]

Therefore

D (10g(Q) = alGoeym.

ecE ecE

= Z Z a?mlG.

uEV e€E: o(e)=u
=) (=Gu + (log(G))")
ueV

which, by Eq. (1.7), proves Eq. (2.8) and so Theorem 2.1.

[2.11]

3. Gap Labelling

In this section, we present our new proof of Sunada’s Gap
Labelling theorem, Theorem 1.1. Basically, it is an immediate
consequence of the Floquet formula Eq. (2.6). We need some
care in determining the branch of log used Eq. (1.5). We
pick the branch where when z € C4 is taken near —oo on
the real axis, ® has an argument near 0. That is, we are
using the branch where when z = —z (x near +00) and ¢ in
a bounded interval, we have that log(t — z) > 0 and we are
then continuing z through the upper plane. Thus, if Ej is
a real point in the resolvent set of H, the integral defining
®, Eq. (1.5), can be analytically continued from C; to a
neighborhood of Ey and for s =t — Ey # 0 real, we have that

0, ifs >0

—-m, ifs<0 [3.1]

Im(log(s)) = {

Lead author last name et al.

Moreover, the Floquet formula can be analytically continued
to a set including Eo. Thus

Im (p/log(t — Eo) dk(t)) = —prk(Fo) [3.2]

That means that pk(Ep) € Z <= ®(Ep) is real. But
for x € R\ spec(H), each Gy(z) and m.(z) is analytic
(meromorphic for m), we see that except for potential isolated
poles (actually, it is easy to see that ® has no poles), @ is
real in gaps!

4. Aomoto Index Theorem

In this section, we will sketch (with full details in a later
publication) a proof of the Aomoto Index Theorem (Theorem
1.2) at least in the case where the eigenvalue is an isolated
point of the spectrum (we hope in the later publication to deal
with the general case; we’ll explain the potential difficulty
soon - see point (1) below; the next paragraph also uses that
the eigenvalue is isolated). We note that the earlier proofs of
this theorem ((6, 9)) handle the general case and that Banks
et al. (9) provide examples where there are non-isolated
eigenvalues and also where there are isolated eigenvalues.

The Floquet function is involved with the question of the
weight of an eigenvalue because, by the discussion in the last
section, A is an isolated eigenvalue with dk-weight I/p if and
only if the argument of ®(z) jumps by I7 as x passes through
A. For isolated eigenvalues, by the Sunada theorem, I is an
integer so this happens if and only if ® has a zero of order I
at .

The punch line is that Eq. (1.4) will come from the Floquet
formula, Eq. (2.6), and the fact that G,(z) has a simple pole
at z = X if and only if v € X1()\), it has a simple zero when
v € 0X1(X) and Q.(z) has a simple pole at z = X if and only
if e € E(X). There can be some additional zeros of G, and
Q. but we will see that they cancel.

We will use Xo(A) =V \ (X1(X) UOdX:1(A)). Henceforth,
without loss, we can suppose that A = 0 for simplicity of
notation and we drop (\) from Xg 1()).

The proof relies on a sequence of observations:

(1) If 0 is an isolated point in the spectrum then all Green’s
and m-functions are meromorphic in a neighborhood of 0. If
they have poles they are simple with negative residue and if
they are zero, the zeros are simple with positive derivative
(this follows from the fact that by the spectral theorem, the
derivative of Green’s and m-functions away from poles are
strictly positive). Thus in counting the order of a zero in
Eq. (2.7), each G or m contributes either a single +1, —1 or 0.
(For non-isolated zeros, the functions are only algebraic and
so have Laurent-Puiseux series — one needs to track potential
fractional powers; this is why we have limited our discussion
here to isolated points of the spectrum).

(2) If v € X1, G, has a simple pole at 0 and for other v’s
either a zero or a non-zero finite value at 0.

(3) A direct analysis of the possibilities proves that if
e = (vw) with both points in Xi, then m. has a finite non-
zero value at 0 so, by Eq. (2.5), Q. has a simple pole.

(4) A direct analysis of the possibilities proves that if
e = (vw) with v € X1, w € X1, then m.(0) = 0 and me
has a pole at 0 so Q. has a finite, non-zero value at 0 (since
meme has a negative value at 0 so the denominator in the
first equality in Eq. (2.5) is non-varnishing) and G.,(0) = 0.
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(5) A direct analysis of the possibilities proves that if
e = (vw) with both points not in X1, then Q. does not have
a pole at 0 so by (3) and (4), Q. has a pole at zero if and
only if both endpoints lie in X;.

(6) The final equalities in Eq. (2.5) show that if e = (vw)
and Q.(0) = 0, then neither v nor w can lie in X;. It also
shows that if m. has a pole at 0, and neither v nor w lies
in X1, then Q.(0) = 0. It follows that for such e’s, Q. has
a double 0 at 0 if both m. and me¢ have poles there (by the
first equality in Eq. (2.5)), and Q. has a simple pole at 0 if
exactly one of them has a pole. Thus for such e’s, we can
count poles of m. rather than zeros of ). so long as we run
e through all of E.

(7) It follows from Eq. (2.2), that if G, (0) = 0, then at
least one my with v = o(f) has a pole, and because poles
all have negative residues, the converse is true. A careful
analysis shows that if m; with o(f) = u has a pole, then
for any e # f with o(e) = u and with 7(e) ¢ X1, one can
conclude that me is not infinite. This means if that there
is a 1 — 1 correspondence between v € Xy with G,(0) = 0
and those e with m. having a pole with o(e) € Xo. By the
argument in (5), it also says that if o(e) € 0X1,7(e) ¢ Xi,
then m. does not have a pole. These two conclusions show
that the number of zeros of the G, (z) with u € Xy exactly
cancel the number of zeros of Q¢(z), for those e with no ends
in Xl.

In summary, Theorem 2.1 allows us to compute the
multiplicity of the zero of the Floquet function at any given
point by counting the multiplicities of the zeroes and poles
of the G, and Q. (keeping in mind that the Q. are in the
numerator and the G, in the denominator). Specifically,
point (2) shows that for each v € X;1(\) the G,(2) has a
simple pole at z = A, which is responsible for the #(X1()\))
in Aomoto’s index formula. Point (3) shows that Q.(z) has
a simple pole at z = A for all e € E(\), which yields the
—#(E(X)) in the index formula. And, point (4) shows that
G (z) has a zero for all v € 9X1(N), yielding the —#(0X1 (X))
in the index formula. The other points argue that the other
terms in the Floquet formula either do not contribute with
a pole or a zero, or their contributions cancel out with each
other.

We remark that the earlier proofs of Aomoto’s theorem
((6, 9)) show that X; is a forest (disjoint union of trees)
which allows one to prove that the index is also equal
to ccX1(A) — #(0X1(N\)) where ccX1(\) is the number of
connected components of Xi1(A). So long as we use the
formula Eq. (1.4), we don’t need to prove the forest result.

5. Anderson Model on a Tree

In this final section we will note that the ideas of Section
2 also imply results for the Anderson model on a tree, a
subject with considerable work in both the physics (1, 13, 23)
and mathematical physics (2-4, 16, 20) literatures. One
fixes a strictly positive integer, d, and considers a Jacobi
matrix on the homogeneous tree of degree d. The a’s and
b’s are both given by independent identically distributed
(separately for a and b) random variables (for technical
simplicity, we suppose the supports of the distributions are
bounded). Most commonly the distributions of the a’s set
them to be identically one but that doesn’t affect anything
in our arguments.

4 — www.pnas.org/cgi/doi/10.1073/pnas. XXXXXXXXXX

For us, as for Klein (20), the density of states is given by
the expectation of the spectral measure over the ensemble of
random Hamiltonians. By taking expectations of Eq. (1.7)
and Eq. (2.11), we prove that

/log(tfz) dk(t) = (% - 1) E(log(Gu))— 4E(log(me)) [5.1]

In case d = 2 this is what follows from the Thouless formula
and (26, (1.7)) so this is sort of a half-Thouless formula. We
are currently studying possible applications of Eq. (5.1).
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