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Curvature Calculations for Antitrees
David Cushing, Shiping Liu, Florentin Miinch, and Norbert Peyerimhoff

Abstract

In this chapter we prove that antitrees with suitable growth properties are
examples of infinite graphs exhibiting strictly positive curvature in various con-
texts: in the normalized and non-normalized Bakry—Emery setting as well as in
the Ollivier—Ricci curvature case. We also show that these graphs do not have
global positive lower curvature bounds, which one would expect in view of
discrete analogues of the Bonnet—Myers theorem. The proofs in the different
settings require different techniques.

2.1 Introduction and Results

The main protagonists in this chapter are antitrees. While these exam-
ples had been studied already in 1988, they were given the name antitree
in talks by Radoslaw Wojciechowsi around 2010. A proper definition of
antitrees, in their most general form, appeared first in [19]. Like in the
case of a tree, the vertices of an antitree are partitioned in generations V;,
with the first generation Vi called its root set. While trees are connected
graphs with as few connections as possible between subsequent genera-
tions, antitrees have the maximal number of connections. More precisely,
antitrees are simple (i.e., no loops and no multiple edges), connected graphs
such that

(i) any root vertex x € V| is connected to all vertices in V>, and no vertices
in Vi, k>3,

(ii) any vertex x € Vi, k > 2, is connected to all vertices in Vi;_1 and Vj41,
and no vertices in V;, |k — | > 2.
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Note that this definition allows for the possibility of edges between ver-
tices of the same generation. We will refer to such edges as spherical
edges. Edges between vertices of different generations are called radial
edges. Any radial or spherical edge incident to a vertex in Vj is called
radial or spherical root-edge, respectively. All other edges are called inner
edges.

Antitrees are particularly interesting examples with regard to stochastic
completeness. Section 2.2, provided by Radoslaw Wojciechowki, gives a more
in-depth look at the history of antitrees. In this chapter, we investigate cur-
vature properties of antitrees. Relations between curvature asymptotics and
stochastic completeness were investigated recently in [17] in the Bakry—Emery
setting and in [22] in the Ollivier—Ricci curvature setting.

For our curvature considerations, we consider only antitrees where the
induced subgraph of any one generation Vi is complete, i.e., any two ver-
tices in the same generation are neighbours. For any given finite or infinite
sequence (ax)1<k<n, N € N U {oo}, the corresponding unique such antitree
with | V| = ai forall 1 < k < N is denoted by A7 ((ax)). Note that in the case
of a finite antitree, that is N < oo, (ii) has to be understood in the case k = N
that any vertex x € Vy is connected to all vertices in Vjy_. Later in this intro-
duction, we will only present results for infinite antitrees, but, since curvature
is a local notion, we need only investigate curvatures of suitable finite antitrees
for the proofs.

Figure 2.1 The antitree A7 ((2, 3,5))
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Two particular curvature notions on graphs have been studied actively in
recent years:

® Bakry—Emery curvature taking values on the vertices and based on
Bochner’s formula with respect to a suitable graph Laplacian,

® QOllivier—Ricci curvature taking values on the edges and based on optimal
transport of lazy random walks.

Basic graph theoretical notions are introduced in Section 2.3.1 and precise
definitions of these curvature concepts are given in Sections 2.3.2 and 2.3.3,
respectively.

For both curvature notions there are graph theoretical analogues of the
fundamental Bonnet—Myers theorem for Riemannian manifolds with strictly
positive Ricci curvature bounded away from zero.

Let us first consider Bakry—Emery curvature. Generally, on a combinatorial
graph G = (V, E) with vertex set V and edge set E, the graph Laplacian on
functions f : V — R is of the form

1
A =2 D) = f@), @.1.1)

yx

with a vertex measure 1 : V — (0, 00). In this chapter, we consider two
specific choices of vertex measures:

® ;. = 1, which we refer to as the non-normalized case,
® ,1(x) = d, (the vertex degree of x € V), which we refer to as the normalized
case.

The corresponding discrete Bonnet—-Myers theorems in both settings are as
follows.

Theorem 2.1.1 (see [21]) Let G = (V, E) be a connected graph satisfying
CD(K, 00) for some K > 0 in the non-normalized case and d,, < D for all
x € V and some finite D. Then G is a finite graph and, furthermore,

. 2D
diam(G) < —.
K

Theorem 2.1.2 (see [21]) Let G = (V, E) be a connected graph satisfying
CD(K, 00) for some K > 0 in the normalized case (possibly of unbounded
vertex degree). Then G is a finite graph and, furthermore,

2
diam(G) < —.
K
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Ollivier—Ricci curvature depends upon an idleness parameter p € [0, 1]
describing the laziness of the associated random walk. Here, the discrete
Bonnet—Myers theorem takes the following form.

Theorem 2.1.3 (see [23]) Let G = (V, E) be a connected graph satisfying
kp(x,y) = K > 0 forall x ~ y and a fixed idleness p € [0, 1]. Then G is a
finite graph and, furthermore,

diam(G) < =-p
K

(2.1.2)

These results give rise to the following natural questions:

® Do there exist examples of infinite connected graphs with strictly positive
curvature? (That is, relaxing the condition of a uniform strictly positive
lower curvature bound.)

® In the non-normalized case, does there exist an infinite connected graphs
satisfying C D(K, oo) for K > 0 of unbounded vertex degree?

This chapter provides a positive answer to the first question. In fact, we show
that antitrees A7 ((ax)) with suitable growth properties of the infinite sequence
(ax) have strictly positive curvature for all curvature notions mentioned above.
More precisely, we have the following in the Bakry—Emery curvature case.

Theorem 2.1.4 In both the normalized and non-normalized setting, the infinite
antitree AT ((k)) satisfies CD(K,, 00, x) for all vertices x with a family of
constants Ky > 0 depending only on the generation of x. Furthermore,

liminf K, =0.
k—00, x€Vy,
Remark 2.1.5 In fact, the method of proof relies on some Maple calculations
which can be extended to also provide the following results (without going into
the details):

(i) Linear growth: The same curvature results hold true for the infinite
antitrees A7 ((1 + (k — 1)t)) with arbitrary ¢ € N.

(ii) Exponential growth: The same curvature results hold true for the infinite
antitree A7 ((2¥~1)) in the normalized case and fail to satisfy C D(0, 00)
in the non-normalized case.

Due to Bakry—-Emery curvature being a local property, in order to calcu-
late the curvatures KCg  (0c0) of vertices x in the first two generations of
G = AT (25 1)) as defined later in (2.3.1), it is sufficient to consider the
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graph presented in Figures 2.2 and 2.3 (spherical edges of 2-spheres around
a vertex do not contribute to the curvature, see [7]). These figures are in
agreement with the statements in Remark 2.1.5(ii).
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Now we consider Ollivier—Ricci curvature. Here our main result is the
following.

Theorem 2.1.6 Let G = AT ((ay)) be an infinite antitree with 1 = aj and
ar+1 > ag for all k € N and x, y be neighbouring vertices in G.

® Radial root edges: If x € Vi and y € V;:
-1 +2a3+1 . 1
aazz-i-as + u§2+23—3 p. ifpe [0’ az+a3+l]’
+1 . 1
;22—1-(13(1 =P ifpe [a2+a3+1’ 1]'

® Radial edges: If x € Vyandy € Vk41, k > 2, p € [0, 1]:

Kp(x,y) =

2ar + agy1 — 1 a1 +ax — 1
Kkp(x,y) = - (1-p)
ag + ag+1 +ag42 — 1 ap—1 +ar +agyr — 1
® Spherical edges: If x,y € Vi, x £y, k > 2:

Qg1 +ag+agr1—2 ag—1tak+ag+1 ; | S
( )= o tata -1 e tacta -1 fre [O’ ak—|+ak+ak+1]’

plts Y= a—1+ai+ai41 (1—p) lf c 1 1
ag—1+agtag+1—1 p)s p ag—1+agt+ag+1’ |

Let us consider special cases.

Corollary 2.1.7 (Linear growth) Let G = AT ((14+(k—1)t)), t € Narbitrary.
Then

3;@2 , forx e Vi, y eV,
— 6
k(5. ) =\ mEdarT forx € Vi y € Vie,
1
T forx,y e Vi,x #y, k>2.

In particular, ko of radial edges decays asymptotically like % ask — oo.

Corollary 2.1.8 (Exponential growth) We have for G = AT ((r*=1, r e N:

—1
r(rr_-i-l) i . forx e Vi, y € Vy,
—1 +1)r*—
ko(x, y) = (rk+rk—1+(r';<—2)_1(;(rk4)r’1+rk+rk—l_1) Jorx € Vi, y € Vi,
1—W forx,erk,x;éy,kEZ.

In particular, kq of radial edges decays asymptotically like ri,{ as k — oo.
Remark 2.1.9 Note that for any finite sequence (ax)1<k<n, N > 2, with 1 =
ay and ag41 > ai forall 1 < k < N, we can find a large enough ay11 > ay

such that kp(x, y) < Oforx € Vy_jand y € Vy.
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The chapter is organised as follows: We start with some historical comments
on antitrees in Section 2.2 which was provided by Radostaw Wojciechowski.
Section 2.3 introduces the readers into Bakry—Emery curvature and Ollivier—
Ricci curvature. The following two Sections 2.4 and 2.5 present the concrete
curvature investigations in both settings. Appendices A, B, and C provide the
Maple code used for the results in Section 2.4.

2.2 A (Partial) History of Antitrees

To our knowledge, the first known appearance of an antitree is the case of
|S;] = r + 1 in the article of Dodziuk and Karp [8]. They study the nor-
malized Laplacian A and give conditions for transience of the simple random
walk in terms of rAr where r is the distance to a vertex. It appears in [8,
Example 2.5] as a case of a transient graph with bottom of the spectrum 0
whose Green’s function decays like 1/r. The same antitree appears in the
article of Weber [24]. Weber extends the result of Dodziuk and Mathai [9]
concerning the stochastic completeness of the semigroup associated with the
non-normalized Laplacian A. Indeed, Dodziuk/Mathai prove stochastic com-
pleteness in the case of bounded vertex degree. Weber improves this result to
give stochastic completeness in the case of Ar > K for some constant K. The
antitree mentioned above is then given as an example of a graph whose vertex
degree is unbounded but which satisfies Ar > K (see [24, Figure 1, p. 156]).
The general case of antitrees with arbitrary spherical growth |S,| = f(r) where
f is any natural number-valued function is considered in [25, Example 4.11].
There it is shown that antitrees are stochastically complete if and only if

Do fO
Z:f(")f(i’Jrl)

This is used to give a counter-example to a direct analogue to Grigor’yan’s
result for stochastic completeness of manifolds (see [13]). Indeed,
Grigor’yan’s result says that any stochastically incomplete manifold must
have super-exponential volume growth while the result above gives stochas-
tically incomplete graphs which have only polynomial volume growth when
the combinatorial graph metric is used. These examples give the smallest such
examples in the combinatorial graph metric by a result of Huang, Grigor’yan
and Masamune [12, Theorem 1.4], where the example (and name) of antitrees
also appears. This might be the first time in print that the name is used and
they refer to them as the ‘antitree of Wojciechowski’. A proper definition with
the name of antitree first appears in [19, Definition 6.3]. Here the result on
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stochastic completeness is generalized to all weakly spherically symmetric
graphs of which the antitrees are but an example. Furthermore, it is shown
that the non-normalized Laplacian A on any such stochastically incomplete
antitree has positive bottom of the spectrum (see [19, Corollary 6.6]). This
gives a counter-example to a direct analogue to a theorem of Brooks [5] which
states that the bottom of the spectrum of the Laplacian on any manifold with
sub-exponential volume growth is zero. This sparked an interest in applying
intrinsic metrics as defined by Frank, Lenz, and Wingert in [10] to study the
question involving volume growth on graphs of unbounded vertex degree. In
particular, the analogue to Grigor’yan’s theorem was first proven in [11] (see
also [18] for an analytic proof) while the analogue to Brooks’ theorem was
shown in [16]. Since then, antitrees appear in a variety of places. Their spec-
tral theory is thoroughly analysed by Breuer and Keller in [4]. Here it should
be noted that the spectrum consists mainly of eigenvalues with compactly sup-
ported eigenfunctions and a further spectral component which can be singular
continuous in certain cases. Antitrees are also used as a counterexample to a
conjecture presented by Golenia and Schumacher in [14] concerning the defi-
ciency indices of the adjacency matrix (see [15]). They are also used to show
the utility of the new bottom of the spectrum estimate for a Cheeger constant
involving intrinsic metrics in [1].

2.3 Definitions and Notations

2.3.1 Basic Graph Theoretical Notations

Let G = (V, E) be a locally finite connected simple combinatorial graph
(that is, no loops and no multiple edges) with vertex set V and edge set E.
For any x,y € V we write x ~ y if {x,y} € E. The degree of a vertex
x € Vis denoted by dy. Letd : V x V — N U {0} be the combinatorial
distance function, i.e., d(x, y) is the length of the shortest path from x to y.
For x € V, the combinatorial spheres and balls of radius r > 0 around x are
denoted by

S(x)={yeV|dx,y) =r},
By (x) ={yeVl]dx,y) =r}
respectively. The diameter of G is defined as

diam(G) = sup{d(x, y) | x, y € V} € NU {0, co}.
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2.3.2 Bakry—Emery Curvature

As mentioned before, this curvature notion is rooted on Bochner’s formula
using a Laplacian operator leading to the curvature-dimension inequality (CD-
inequality for short). This approach was pursued by Bakry-Emery [2] via
an elegant I'-calculus and leads to a substitute of the lower Ricci curvature
bound of the underlying space for much more general settings. (Some further
information on the Bochner approach can be found, e.g., in [7, Remark 1.3].)

Recall definition (2.1.1) of the normalized (1 (x) = d,) and non-normalized
Laplacian (1 = 1) from the Introduction. Such a choice of Laplacian leads to
the following operator I" forall f, g: V — R:

1
L 9)x) = S(A(fg) — fAg — gAf)(x)

1
=—— Y (f) = F))E() — gx)).
2p(x) =

For simplicity, we always write I'(f) := ['(f, f). Iterating I", we can define
another operator I';, given by

1
T2/, &)(x) = S(AT(f. &) = T'(f. Ag) = T'(g. Af) ().

Again, we abbreviate I'2(f) = I'2(f, f). The Bakry-Emery curvature is
defined via these operators in the following way.
Definition 2.3.1 Let K € Rand N € (0, oc].

(i) The pointwise curvature dimension condition CD(K, N, x) forx € V is

defined by

1
D (f)(x) > KT(f)(x) + N(Af)z(x), forany f:V — R.

(i1) The global curvature dimension condition C D(K, N) holds if and only if
CD(K, N, x) holds for any x € V.
(iii)) For any x € V, we define

Kgx(N):=sup{K e R|CD(K, N, x)}. (2.3.1)

In this chapter, we are only concerned with co-curvature, that is, N = oo.
Following [7, Prop. 2.1], the condition C D(K, oo, x) is equivalent to

Ty(x) = KT'(x), (2.3.2)

where I'>(x) and I'(x) are symmetric matrices of the corresponding quadratic
forms evaluated at x € V. Since only local information needs to be taken
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into account, they are of size | By(x)| x |B2(x)| and | By (x)| x |B1(x)], respec-
tively, and to make sense of (2.3.2) the smaller size matrix must be padded
with O entries. For more information in the non-normalized case, see [7, Sec-
tions 2.1-2.3]. The entries of these matrices in the general weighted case are
explicitly given in [7, Section 12]. (Note that for the context of this chapter, the
edge weights w : E — [0, 00) take only values 0, 1 and reflect adjacency of
vertices and the vertex measure i : V — (0, oo) will only correspond to the
normalized and non-normalized cases.)

The main tool to prove strictly positive curvature is [7, Corollary 2.7], that
is, the following properties are equivalent:

® ['>(x) is positive semi-definite with one-dimensional kernel,
® Kg.x(00) > 0.

[7, Corollary 2.7] covers only the non-normalized case, but one can easily
check that the equivalence holds also in the setting of general vertex measures.

2.3.3 Ollivier—Ricci Curvature

As mentioned before, Ollivier—Ricci curvature is based on optimal trans-
port. Ollivier—Ricci curvature was introduced in [23]. A fundamental con-
cept in optimal transport is the Wasserstein distance between probability
measures.

Definition 2.3.2 Let G = (V, E) be a locally finite graph. Let 1, us be two
probability measures on V. The Wasserstein distance W (111, iu2) between (i
and 7 is defined as

Wiui, po) = inf ) % d(@. y)m(x, y), (23.3)

yeV xeV

where the infimum runs over all transportation plans # : V x V. — [0, 1]
satisfying

i) =Y wx,y), pa(y) =y w(x,y).

yeV xeV

The transportation plan 7 moves a mass distribution given by ¢ into a mass
distribution given by o, and Wy (i1, no) is a measure for the minimal effort
which is required for such a transition.

If  attains the infimum in (2.3.3) we call it an optimal transport plan
transporting (1 to ©o.
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We define the following probability distributions u, for any x € V, p €
[0, 1]:

Ps ifz = x,
ui@) =1k, ifz~x,
0, otherwise.

Definition 2.3.3 The p-Ollivier—Ricci curvature on an edge x ~ y in G =
(V,E)is

Kp(x,y) =1 = Wi(ut, u1h),
where p € [0, 1] is called the idleness.

The Ollivier—Ricci curvature introduced by Lin—Lu—Yau in [20] is defined
as

. kp(x,y)
Kpry(x,y) = lim 222,
p—1 l—p

A fundamental concept in the optimal transport theory and vital to our work

is Kantorovich duality. First we recall the notion of 1-Lipschitz functions and
then state Kantorovich duality.

Definition 2.3.4 Let G = (V, E) be a locally finite graph, ¢ : V — R. We
say that ¢ is 1-Lipschitz if
lp(x) —pWI =d(x,y)

forall x, y € V. Let 1-Lip denote the set of all 1-Lipschitz functions.

Note that, by triangle inequality, ¢ is 1-Lipschitz iff |¢ (x) — ¢ (y)| < 1 for
all pairs x ~ y.

Theorem 2.3.5 (Kantorovich duality) Let G = (V, E) be a locally finite
graph. Let j11, o be two probability measures on V. Then

Wint, 12) = sup D~ ¢ (11 (x) — pa(x)).

¢:V—->R
pelLip €V
If @ € I-Lip attains the supremum we call it an optimal Kantorovich
potential transporting |1 to (3.

The following result on some properties of p — «,(x, y) for x ~ y and its
consequences was useful in our curvature considerations.

Theorem 2.3.6 (see [3]) Let G = (V, E) be a locally finite graph. Let x, y €
V with x ~ y. Then the function p — k,(x,y) is concave and piecewise
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linear over [0, 1] with at most 3 linear parts. Furthermore k,(x,y) is linear
on the intervals

1 1
0, ——8M8M8 d | ————,1].
[ lem(dy, dy) + 1:| an |:maX(dx, dy) +1 i|

Thus, if we have the further condition dy = dy, then k,(x, y) has at most two
linear parts.

2.4 Bakry-Emery Curvature of Antitrees

Let us first introduce some notation and a useful general fact (Lemma 2.4.1).
The identity matrix of size d is denoted by Id; and the all-zero and all-one
matrix of size d| x d is denoted by Oy, 4, and Jy, 4,, respectively. Moreover,
if di = d», we use the notation Jy, = Jy4, 4,, and if d» = 1, we use the notation
14, for the all-one column vector of size d. Moreover, the standard base of

column vectors in RY is denoted byei,...,en.
Lemma 2.4.1 Let dy,...,d, € Nand A = (Ajj)1<i j<r be a symmetric
matrix, where the A;; are block matrices of size d; x dj with Aj; = Al—;

Assume that there exist constants o;, B; € R and y;j = yj; € R such that, for
l<ij=rj#i

Aji = a;ldg, + Bi Jy,
and

Aij = VijJd; ;-

Let Areq = (aij)1<i,j<r be the r X r-matrix given by a;; = IJJ;A,-jldj, i.e., for
i #J

aii = oid; + pid;

aijj =Vijdidj~

For any vector w = (w1, ..., w) " e R et
T T T\T Rd
w = (wlldl, ...,w,ldr) e R

withd = Z;Zl dj. Then we have the following two facts:

(a) For every d; > 2, the (d; — 1)-dimensional space

d;

d;
El'= ZCj6j+d|ZCj=0
j=1

j=1

withd = le_:ll dj consists of eigenvectors to the eigenvalue «;.
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(b) For any w € R, the corresponding vector W is orthogonal to all spaces
E; in (a) and we have

DAD =w' Apeg w.

Proof. Choose avectorit = (uy, ..., u,)T € RY with uj € RY forl < j<r.
Then we have
-
r r
Au = ZAljuj,...,ZArjuj
j=1 j=1
Assume now that u; = (cj, ..., dej)T € RY satisfies
dj
chk =0 foralll<j<r. (2.4.1)
k=1

This implies that Jd,-,d,-u j=0forall 1 <i,j < r and, therefore,

-
> Aijuj = Ajui = oju;,
j=1
which proves (a).
For the proof of (b), we assume that w € R” and w € R? are related as
described in the lemma. It is then easy to see that w is orthogonal to any vec-
tor u with components satisfying (2.4.1) and, therefore, to all eigenspaces E;.
Moreover, we have

@TA@ = Z (w,l}?) A,‘j (wjldj) = Z w,'w./a,'j = wTAredw.
ij=1 i,j=1
This finishes the proof of (b). O

Now we start with our Bakry—Emery curvature considerations for antitrees.
Due to localness of the Bakry—Emery curvature notion, we only need to
consider K¢, (00) for

(i) avertex x € V3 in the finite antitree A7 ((a, b, ¢, d, ¢)),
(ii) a vertex x € V5 in the finite antitree A7 ((b, c, d, €)), and
(iii) a vertex x € V| in the finite antitree A7 ((c, d, ¢)).

The relevant results are given in the following theorems.

Theorem 2.4.2 Let x € V3 be a vertex of the finite antitree G =
AT ((a,b,c,d,e)). If

a=n, b=n+1, c=n+2, d=n+3, ande =n+4,
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we have in both the normalized and non-normalized case:
K x(00) > 0. 24.2)

Proof. In this proof, we will keep the values a, b, ¢, d, e general as long
as possible and only specify them towards the end of the proof. Let G =
AT ((a,b,c,d,e)), 1 <a <b < c¢ <d < eand x € V3. To cover
simultaneously both the normalized and non-normalized setting, we choose

p(x) | p(x)
= — 1, €4 = -
n(y-) n(y+)
where y_ € V5 and y; € V4. (Note that u(z) depends only the generation of
z.) Using the results in [7, Section 12], a tedious but straightforward calculation
shows the following: The matrix A = 4u (x)?T(x) is of the following block
structure A = (A;j)1<i,j<6c Where the blocks correspond to an ordering of
B> (x) into the vertex sets {x}, V3\{x}, V4, V2, V5, V1:

’

Ay =dy(dy +3) +3be_ + 3dey,

A = (—(dy +3)+be_ +dey)Ji o1,
Apn=(—dx+3+e)—2L+c+e)p)Jia,
Ay =(—dy+3+a)— 2+a+c)e_)Jip,
Ais=(d+dep) e,

Ate = (b +be_)J1 4,

A = (B(dy + 1)+ be_ +de)lde—1 — 2.1,
Ay =—2+2)Jc 14,

Ay = —242€e-)Je—1ps

Azs = 0c—1e,

A26 = Oc—1,a,

A3z =(—=b+3c+3d +3e+ Bc+4d +3e)e;)ldg — 2 + 4e4) Jyg,
Azq =2J4p,

Azs = —(2+2e4)ae,

A3z6 = 04,4,

Aga = Ba+3b+3c—d+ Ba+4b +3c)e)Idy — 2+ 4e€_)Jp,
Ays =0p e,

Ay = — (2 +2€_)Jpa,

Ass = (d + dey)Id,,

Ase = 0¢,4,

Ags = (b + be_)Id,.
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Let Aeq be the corresponding reduced symmetric 6 X 6 matrix Apq =
(@ij)1<i,j<6, as defined in Lemma 2.4.1.

Recalling the equivalence at the end of Section 2.3.2, K¢ ((c0) > 0 is
equivalent to A being positive semi-definite and having one-dimensional ker-
nel. Lemma 2.4.1 provides the following eigenvalues and multiplicities of
A.

® Sincee_,e; > —landdy, =b+c+d—1,
oy = 3(dx + 1+b6_ +d€+) >0
is a positive eigenvalue of multiplicity ¢ — 2 > 0.

® Note that in both normalized and non-normalized case we have e, >

btctd—1 _
c+d+e—1 l'and

a3 = —b+3c+3d +3e+ (3c +4d + 3e)ey >
3¢ +4d +3

> h—d+ T cha—1y =0
c+d+e—1

is a positive eigenvalue of multiplicity d — 1 > 1.
® Note that in both normalized and non-normalized case we have e_ > 0 and

o4 =3a+3b+3c—d+ Ba+4b+3c)e_ >3a+3b+3c—d >0

if d < 3(a 4+ b + ¢). This eigenvalue has multiplicity b — 1 > 0.
® Since e_, €4 > —1,

as=d+dey >0 andag=b+be_ >0

are both positive eigenvalues of multiplicitiese — 1 > 1l anda — 1 > 0,
respectively.

Moreover, it is easily checked that Al,ipyc14+e = 0. The orthogonal
complement of the direct sum of the corresponding eigenspaces E; and
R1,4p+c+d+e 18 5S-dimensional and given by W = {w | w € W}, where
(dy,d>,d3,dy,ds,dg) = (1,c—1,d,b, e, a)and

6
W= {we R > wid; =0}.

i=1

Under the assumption d < 3(a + b + ¢), Kg.x(c0) > 0 is then equivalent to
Al being positive definite, which is equivalent to

D AD=w' Areqw >0 forall w € W\{0}. (2.4.3)
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Now we choose (a,b,c,d,e) = (n,n+1,n+2,n+3,n+4),n € N. Then
we have d < 3(a + b + c) and we consider the characteristic polynomial of
Ared, which is of the form

Xn (1) = det(t1dg— Areq) = 18— ps(m)t>+pa(n)t*— p3(n)t3 4 pr (n)t*— p1 (n)t,

where p;(n) are polynomials in the variable n. (We do not have a constant term
since R - 1¢ lies in the kernel of Areq.) A Maple calculation shows that all the
pi(n) are strictly positive for any value of n € N (see Appendix A for more
details). This shows that we have x,(f) > 0 for all t < 0, s0 Arq is positive
semi-definite. Since pj(n) > 0, Arq has a one-dimensional kernel R - 1¢.

Now we can show (2.4.3): Let wg = 16, wy, ..., w5 € R be a basis of
eigenvectors of Apeg, i.€., Areqw; = Ajw; with A; > O for j € {I,...,5}.
Any vector w € W\{0} is of the form w = Z§=o cjw; with some cj, # 0,
joef{l,...,5},since wo ¢ W. This implies

5
wTAred w = Z)»jci > Ajoci) > 0. O]
j=1
Theorem 2.4.3 Let x € V» be a vertex of the finite antitree G =
AT ((b,c,d,e)). If (c,d,e) = (1,2,3), we have in both the normalized and
non-normalized case:

K:G,x (OO) > 0.

Proof. We consider again the matrix A = 4 (x)ze(x) and choose right from
the beginning (b, c,d,e) = (1,2, 3,4). It can be checked that this time the
matrix A is of the form A = (A;j)1<;,j<5 with A;; as in the previous proof
and a = 0. As in the previous proof, we conclude that A has eigenvalues
a3 = 27 4 30e4 > 0 of multiplicity 2 and a5 = 1 + €4 > 0 of multiplicity
3 and that Aljp = 0. In this case, Aeq IS @ symmetric 5 X 5 matrix and its
characteristic polynomial of Aeq is (see Maple calculations in Appendix B)

(1) = det(tlds — Aneq) = 15 471 A 118743t3 593811 24 3082725t
= e —_ — o 3
X 5 red 2 0 T o

in the normalized case and
x () =10 — 1321* + 36841> — 25632¢% + 86401

in the non-normalized case. The same arguments as in the previous proof
show that A is positive semi-definite with one-dimensional kernel, that is,
Kg.x(00) > 0. O
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Theorem 2.4.4 Let x € V| be a vertex of the finite antitree G = AT (¢, d, e).
If (c,d,e) = (1,2,3), we have in both the normalized and non-normalized
case:

K. x(00) > 0.

Proof. As in the previous proof, we consider the matrix A = 4 (x)2 T (x)
and choose (c,d,e) = (1,2,3). This time A is of the form A = (A;}); jer
with I = {1, 3,4} and A;; as in the proof of Theorem 2.4.2 witha = b = 0.
As before, we conclude that A has a simple eigenvalue a3 = 18 + 20e; > 0
and a double eigenvalue as = 2 + 2¢4 > 0 and Alg = 0. Apeq iS NOW a
symmetric 3 x 3 matrix with characteristic polynomial (see Maple calculations
in Appendix B)
112 , 144

3
t) =t — —1t —1
x (@) 5 + 3

in the normalized case and
x (1) =13 — 44¢* + 72t

in the non-normalized case. Similarly as before, this implies that A is positive
semi-definite with one-dimensional kernel, that is, K¢ x(c0) > 0. ]

Remark 2.4.5 Alternatively, Theorem 2.4.4 could be proved, in the non-
normalized case, by employing the fact that the root of A7 ((1, 2, 3)) is S Lout
regular. For the definition of this notion and the corresponding curvature
calculation, see [7, Definition 1.5 and Theorem 5.7].

The above theorems imply that the infinite antitree A7 ((k)) has strictly pos-
itive Bakry—Emery curvature in all vertices. We finally prove that there is no
uniform positive lower curvature bound.

Theorem 2.4.6 Let G = AT ((k)) be the infinite antitree with vertex set V. =
R Vk. Then we have both in the normalized and normalized setting

inf K¢ (00) = 0.
xeV

Proof. Let us first consider the normalized setting. If we had inf,cy g , (00) =
K > 0, then the discrete Bonnet—-Myers theorem (Theorem 2.1.2 of the Intro-
duction) would imply that G has bounded diameter, which is a contradiction.
This argument does not work in the non-normalized setting. Let us now show
in the non-normalized setting that

lim  Kg.(00) =0.

n—oo,xevV,



38 David Cushing, et al.

For § > 0, let A(§,n) = 4(I'x(x) — 61" (x)) for an arbitrary vertex x € V, 42,
n € N, with respect to the vertex order

Ba(x) = {x} U (Vp2\{xH U Vs U Vi U Vg U V.

The entries of 2I"(x) in the non-normalized setting are given in [7, (2.2)], and
using this information, we see that that matrix A (S, n) is of the following block
structure A(8,n) = (A;;(8,n)1<i, j<6:

A11(8,n) = Bn+5)(3Bn + 8) — (6n + 10)6,

A12(8,n) = (=3n — 8+ 28)Ji n+1,

A3(8,n) = (—4n — 12+ 28) J1 ny3,

A48, n) = (—4n — 8+ 28)Ji n+1,

A15(8,n) = (n +3)J1,n+4,

A8, n) = (n+ 1)J1a,

A2 (8,n) = On + 18 — 28)Idy g1 — 2Jpsi1,

A28, n) = =2Jp 11,043,

A48, n) = =2Jpt1 041,

Az5(8,n) = Ong1,n+4,

A6(3,n) = Ont1.n

A33(8,n) = (8n +26 — 28)Id, 43 — 2J,43,

A34(8,n) = 213,041,

A3s(8,n) = —2Jn43.n+4,

A36(8,n) = O0py3.5,

Agq(8,n) = Bn + 6 —28)Idy+1 — 2Jp41,

A45(8,n) = Op1,n+4,

A6, n) = =2Jnt10,

Ass(8,n) = (n + 3)Idp4,

As(8,n) = Opt4,n,

Ae6(8, 1) = (n + DId,.
Letd > 0. Let A;(8,n), j € {1, ..., 5} be the eigenvalues of the 6 x 6 matrix
A(8, n)req. The characteristic polynomial of A(S, n),eq is of the form
X5.,0(0) = 10— ps(8,m)1° + pa(8, mr* — p3(8, )t + pa(8, m)i* — p1 (8, nt,

with polynomials p1, p2, ..., ps5, and a Maple calculation shows that

pi(8,n) = —2408n° + gs()n® + - + q1(5)n + go(8), (2.4.4)
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with polynomials qo, q1, . .., qg (see Appendix C). By Vieta’s formulas, we
have

5
pi@&,my = []r@m],
j=1

where A;(8,n), j = 1,...,5 are the eigenvalues (in ascending order) of
A(8, n),eq restricted to the orthogonal complement to the eigenvector 1¢. We
conclude from (2.4.4) that there exists kg > 0 with p1(§, n) < Oforalln > ny,
i.e., A1(8, n) < 0. Applying Lemma 2.4.1, we conclude

@) TAG, W =wT AG, n)reqw = 21 (8, n)||w|* < 0.

This implies that g «(c0) € (0, §) for every x € V42 with n > ny. O

2.5 Ollivier—Ricci Curvature of Antitrees

In this section, we calculate Ollivier—Ricci curvature for all idleness p € [0, 1]
and the Lin—Lu—Yau curvature of all types of edges in antitrees.

Theorem 2.5.1 (Radial root-edges of an antitree) Let 1 <a < b < c, {x, y}
a radial root edge of the antitree AT ((a, b, ¢)), thatis, x € Vi, y € V. Then
we have:

(a) Ifa=1,
b—1 b+2c+1 . 1
_ b+c b-fC p lf‘p € [Oa b+C+1]’
kp (X ) =1 11 - i
e =p). ifp €l 11
Therefore,
. y) b+1
K X,y) = .
LLy(Xx,y btc

(b) Ifa>3o0or(a=2andb < ¢),
1
K[’(x’ y) = (a+b—1)(a+b+c—1)
(a+b—1*—cla—1)+cb+2a—2)p ifpel0, 5]

((@+b)a+b—1)—cla— 1)1 - p), if p € lamre 11
Therefore,

(a+b)ya+b—1)—cla—1)
(a+b—D@+b+c—1)

kppy(x,y) =
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(c) Ifa=2,b=c,

b 3b42 : 1

1 + 21 P ifpell srmmoernt)

_ b’ 4b+1 b2+2b . 1 1
kp(X.¥) =\ mrnen T wmem?: ¥P € lgmernr e b
b2 42b+2 . 1

@nen =P ifp € gy 1

Therefore,
b*+2b+2
kpLy(x,y) =

b+ Db+ 1)
Proof. (a) Consider the following graph

with associated probability measures uf , ,uf , defined as

1 bh—1
wi &y =p, Mf(y/)=z(1—p), Mf(v)=7(l—p), ul(z) =0,

1 b—1
uh(x") = b_-i—c(l —p). myON=p, wh = b_-l—c(l -p)
» c
wy(2) = b_—l—c(l - D).

One can verify that, due to the high connectivity of A7 ((a, b, ¢)), we have
Wi(ul, uh)y = Wi(ut, ub), where x’ represents the root x, y’ represents
the vertex y, the vertex v represents all neighbours of y in V,, and the
vertex z represents all vertices in V3.

Note that 117 (x') < uh (x') if and only if p < ﬁ. We will distinguish
the cases.
Case p < b+lT+1 :
Note that
iy () < ph (), uf @) < uh @),

w0 > (), pmfw) > phw).

Thus when transporting ,uf to [Lg the only vertices that gain mass are x’
and z. Note further all this mass can be transported over a distance of 1.
Thus
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Wiul, uhy = wiul, uh)
<)+ ub @) — p (") = ui @)
_c+1 b+2c+1
T b+t b+c p-

We verify that this is in fact equality by constructing the following ¢ €
1—Lip,

d(x")=0,90()=1,0w) =1,¢(z) =0.
Then, by Theorem 2.3.5,
Wil 1) = Wiy, nh) = Z¢><v><u1<v> 15 )

c+1 b—|—2c+1
b+c b+c

Therefore,
c+1 b+2c+1
b+c b+c

Wipl, nh) =

and
b—1 b+2c+1

b+c+ b+c

kp(x,y) = P, 2.5.1)

for p € [0, Wl,ﬂ). By continuity of p +— «,(x, y) this also holds for

_ 1
P = prerT

1 .

Case p = jroo7

By [3, Theorem 4.4], k, (x, y) = b+c+1Kh i 1(1 —p)forpe [ﬁ, 1].
+c+

b+c
Thus

b— b+2c+1 p lfp c [O

1
b+c “btc > btc+1 I,

Kp(x,y) =
! 1.

btc+1 _
btec Kb+l+l(1 p), ifpe [b+c+1’

Therefore it only remains to show that b+c+l = bl

We have, using (2.5.1),
b+c+1 b+c+1/b—-1 b+2c+1 1
“btec mer btc <b+c b+c b+c+1>
_b+1
b+c’




42

David Cushing, et al.

(b) Similar to above we consider the simplified graph representing

AT ((a, b, c)),

u v

2! y/ z

with associated probability measures p, u5, defined as

W6 = po 10 = —— (=) wPwy =21 p)
1 P a+b—1 P a+b—1 ’
Wy =" 1 p) we=o
1 a+b—1 » 7 ’
Py — 1— Poyy — p — _ — (1—
My (x5 —a+b+c_1( P, 1y (Y)=p, ;) a+b+c_1( P,
b — c
)4 — _1_ p :—1— .
My (V) a+b+c_1( P, My (2) a+b+c_1( p)

Again, one can verify that, due to the high connectivity of A7 ((a, b, ¢)),
we have Wy (u?, Mf) =W (Mf, ,ug), where x’ represents the root x, y’
represents the vertex y, the vertex u represents all neighbours of x in Vi,
the vertex v represents all neighbours of y in V,, and the vertex z repre-
sents all vertices in V3.

Let p € (O, ). One can check that

1
a+b+c

wl (" < pd ), ul@ < ul@,

w7 > (), wy @) > uh @), pf @) > ul ).

Thus the vertices x’ and z must gain mass and the vertices u, v, and y must
lose mass. We now show that some mass must be transported from u to z.
Suppose that no mass is moved from u to v. Then the mass available to
move from v and y’ will be sufficient when moved to z. Therefore

wy )+ puf () = w0 = ph ) = wh @) — i @).

Substituting in the values of the measures and rearranging gives p <
% < 0, a contradiction. Therefore some mass must be trans-
ported from u to z over a distance of 2 and all other mass can be transported

over a distance of 1.
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Thus,
Wi, uy) = Wiuy, nd)
< (b ()= pf () + 2] () — ph () — () (x) — pf (x)))
+ (] O+ uf ) = pd (0 — b ()

_a ) a—1 n c+1—a

B P aFb—1 " axb+e—1)
We verify that this is in fact equality by constructing the following ¢ €
1-Lip,

p(x)=0,000)=0,0) =1,¢(v) =0,¢(z) = —

Therefore,

xp(x,y>=1—(1—p)( a1 ctl-a )

a+b—1 +a—|—b+c—1
_(@+b—1)%*—cla—1))+ (bc+2c(a—1)p
- (a+b—1Da+b+c—1)

)

for p € (0, a+b+c)
As before, by [3, Theorem 4.4], k,(x,y) = ai—liy_—}t)-jcl (1 — p) for
p € [a+b+c’ 1]. Therefore,

a+b+c _(a+b)(a+b—1)—c(a—1)

d+btc—1 aw @+b—l)atbtc—1)

thus completing the proof.
As in part (b) we consider the simplified graph representing A7 ((a, b, ¢)),

AN

/ / z

2

with the same associated probability measures uf , ug , defined as

W) = py 1) = —— (= p), 1Py = - (1= p)
1 v M a+b—1 B a+b—1 ’

ry= "1 ), i@ =0
Ay P e =5
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1
Py — (1 — Py —
My (x5 a+b+c_1( pP), Uy (y)=p,
p(u)_“;(l_ )
H2 T a+b+c—1 Pl
Wwy=————(1=p), h@)=———(1-p).
2 a+b+c—1 2 a+b+c—1

Again, one can verify that, due to the high connectivity of A7 ((a, b, ¢)),
we have Wy (u¥, n) = Wi(ul, 1), where x’ represents the root x, y’
represents the vertex y, the vertex u represents all neighbours of x in Vi,
the vertex v represents all neighbours of y in V>, and the vertex z represents
all vertices in V3.

We will distinguish the cases.

Case p € (0, (2b+1)(b+1)1)
One can check that

ui () < (), 1y @) < ph (),

pi O = pd ), w@ > phw), wlw) > uhw),
and
wy )+ puf ) = w0 = ph ) = wh @) — ui @.

Thus the vertices x’ and z must gain mass and the vertices u, v, and y must
lose mass and it is possible for all mass to be moved over a distance of 1.

Thus,

Wi(ut, uh) = Wiul, ud)
< py () +pf (@) — () — i @)
b+1 3b+2
w+1 2+17

We verify that this is in fact equality by constructing the following ¢ €
1-Lip,

p(x)=-1¢()=0,¢u) =0,¢(v) =0,4(z) = —

Therefore,

b 3b+2

O =T T ?



Curvature Calculations for Antitrees 45

1 1 .
Case p € (@rnern1 7640
One can check that we still have
wl ) < ph @), ul@ < uh @,

wi o) > w0, wh @ > pd@, pnhw) > ufw)
However we now have
w )+l ) = b o) = nh @) < wh @ — wl @.

Thus, as in part (b), some mass must be transported from u to z over a
distance of 2 and all other mass can be transported over a distance of 1.

Therefore,

Wi, uf) = Wiuy, 1)
Prey_ P Py Py — (1P () — 1P
= (py () =y () + 2(uy () — py () — (pgy (x) — py (x)))
+ (] O) + ) = 5y () = 15 ()
—=p) (o
TP\ Tt )
We verify that this is in fact equality by constructing the following ¢ €
1—Lip,
P(x)=0,00")=0,90w) =1,¢() =0,¢4(z) = —1.
Therefore,
b2+b+1 N b +2b
b+ Dhb+1) " e+ hb+ Y

Case p € (m, 1): As before, by [3, Theorem 4.4], «,(x, y)

2(b+1)
25+1 €

Kp(x» y) =

(1——p)ﬁn176[7@%ﬁ,111hus

2(b+1)
2(b+1) b*+2b+2
21)—-1-1Kz(h]+1> T 2hrhb+1)
thus completing the proof.

Theorem 2.5.2 (Inner radial edges of an antitree) Let 1 <a < b <c¢ <d,
{x, y} an inner radial edge of the antitree AT ((a, b, c,d)), thatisx € V,,y €
V3. Then we have:

Kp(x,y) =<

2b+c—1 2a+b—1 a )
b+c+d—1 a+b+c—1 P
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Proof. We first calculate ko(x, y). We consider the simplified graph represent-
ing A7 ((a, b, c,d)),

u v

w .,1;/ y/ z

with the associated probability measures 11, (42, defined as

1 a
/:O’ /:—, =,
mi(x7) my) = ) = e
w = —2—1 (W)= — <~ ) =0
Mlu_a+b+c—1’ Mlv_a+b+c—1’ulz_ ’
Mz(X’)=; u2(y") =0, pa(w)=0
b+c+d—-1 ’ ’
b—1 c—1 d
e D e N

Again, one can verify that, due to the high connectivity of A7 ((a, b, ¢, d)),
we have W, (ug, ,ug) = Wi(u1, u2), where x’ represents the vertex x, y’ rep-
resents the vertex y, the vertex w represents all the vertices in V7, the vertex u
represents all neighbours of x in V5, the vertex v represents all neighbours of
y in V3, and the vertex z represents all vertices in Vj.

Observe that

w1 (x) < wa(x, wi(2) < pa(z), piu) < pou), pi(v) < ua(v),

wi1(y) > ua(y)), wi(w) > pa(w).

Therefore the only vertices that gain mass are x’ and z. Now, 11 (w) —u2(w) =

1 o, . . .
T 2 b = u2(x") — w1 (x"), and so it is possible for x” to receive
all of its needed mass from w. If we do this plan and send all other surplus
mass to the vertex z we obtain

Wiy, uf) = Wiul, ub)
< (ua(x") — 1 (x") 4+ 31 (w) — [p2(x)
— w1 (xN] = pa(w)) + 2(w1 () — pa(u))

+ (11 (v) — 2 (V) + (1 () — 2 (")
_3a+2b+c—2 2b+c—1
T a+4+b+ce—1 b+c+d—1
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We verify that this is in fact equality by constructing the following ¢ € 1—Lip,

p(w) =3, ¢(x) =2, ¢w) =2, ¢(y) =1, ¢p(v) =1, ¢(z) =0.
Thus,
2b+c—1 2a +b—1
b+c+d—-1 a+b+c—1
Observe that ¢ (x’) — ¢ (y") = 1 and thus, by [3, Lemma 4.2], we have that
p > kp(x,y) is linear. Since k1 (x, y) = 0, this gives
2b+c—1 2a +b—1
- (1—-p)
b+c+d—-1 a+b+c—1

Ko(x, y) =

Kp(x,y)<

Theorem 2.5.3 (Spherical root edges of an antitree) Let 2 < a < b, {x, y}a
spherical root edge of the antitree AT ((a, b)), that is x,y € Vi. Then

+b-2 +b . 1

aio—T + P P el o5l
ep(x, ) = ath : 1

at+b—1 (1 - p)? l.fp € [my 1]

Proof. Since dy = dy, by [3, Theorem 5.3], we have

Kkp(x,y) =
((@+b—Drrry(x,y) — (a+b)o(x, y)p +ko(x, y). if p € [0, =51,
(1 - p)KLLY(-xs y)v lfp € [a+b’ ]

Therefore we will calculate kp (x, y) for p =0and p = ﬁ

Observe that Mg (y) = Hﬁ and 0 otherwise, and ug), x) = Hﬁ and 0
otherwise. Thus we have

Wi, 1) =

a+b—-1’
and so
) a+b—-2
ko(x,y) = ———.
olx,y atb—1
Note that
1 1
M;+b—,bb;+b,
)
. y) a+b LG y) = a+b
K X,y) = ——« X, _—
LY = @& Y T a1

Substituting these values into the above formula completes the proof. O
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Theorem 2.5.4 (Spherical inner edges of an antitree) Let 1 < a < b < c,

{x, y} a spherical inner edge of the antitree AT ((a, b, ¢)), that is x,y € V.
Then

a+b+c—2 a+b+c . 1
atbre—1 T avbre—1P P €0, gl
kp(x,y) =

thte , 1
aib+cil(l - p)v l\fp € [m’ 1]

Proof. The proofs follows in the same way as in the proof of Theorem 2.5.3.
O
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Appendices
A Maple Calculations for Theorem 2.4.2

In the normalized case, the Maple code to construct the matrix Apq =
4/1)2( [ red(x) forx € V3 = K. of AT ((a, b, ¢, d, e)) is the following:

I S U < ek )
with(Lineardlgebra) : dx == b +c +d — 1 : eminus atbte—1"
all = dx-(dx+3) +3-b-eminus + 3-d-eplus :

al2 = (c—1)-(-(dx +3) + b-eminus + d-eplus) : a2l = al2:

al3 =d-(-(dc+3+e) —(2+c+e)eplus) a3l == al3:

ald :=b-(-(dx+3+a) = (2+a+c)eminus) a4l = ald:

alj = e (d +d-eplus) a5l = al5:

al6 = a- (b + b-eminus) : a6l = al6:

a22 = (c—1)-(3-(dx+ 1) + b-eminus + d-eplus) —2- (¢ — 1 )
a23 =-(c—1)-d-(2+2eplus) :a32 = a23:

a2d ==-(c—1)-b-(2 + 2-eminus) : a42 = a24:
a2f:=0:a52:=10:

a26:=0:a62:=0:
a33:=d-(-b+3-c+3-d+3e+ (3-c+4d+3-¢)eplus) —d (2 +4-eplus) :
a34:=2-b-d:a43 == a34:

a3 =-d-e (2 +2-eplus) :a53 == al35;

a36:=0:a63:=0:

ad4 i=b-(3-a+3-b+3-c—d+ (3:a+4:b+3-c) eminus) —bz‘(2 + 4-eminus)
ad5 =0:a54:=0:

ad6 i=-a-b-(2 + 2-eminus) : a4 = a46 :

a’ds i=e (d +d-eplus)

a’6 =0:a65 =0:

ab6 = a- (b + b-eminus)

Ared =

Matrix([

lall,al2, ai3, al4,al5, al6],
[a2l,a22,a23, a24, a5, a26),
la3l, a32, a33, a34,al3s, a36],
[adl, a42, a43, a44, a43, ad46],
laSl, a2, a53, a54, a5s, a56],
[a6l, a62, a63, a4, abs, a66]
):

Figure 2.4 Maple construction of Areq in the normalized case

For the generation of the coefficients of the characteristic polynomial yx; (¢)
of Ajeg fora = n,b = n+1,c = n+2,d = n+3,¢e = n+ 4, see
Figure 2.5. Note that there are no negative coefficients in the polynomials
p1(n), p2(n), p3(n), pa(n), and ps(n).

The only modification of the above code in the non-normalized case is
to set the variables eminus and eplus equal to 0. The coefficients of
xn(t) fora = n,b = n+1,c = n+2,d = n+3,e = n+4 are
given in Figure 2.6. Again, all coefficients of p;(n), j = 1,2,3,4,5, are
non-negative.
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p = CharacteristicPolynomial (Ared, 1) :
pl =-simplifv(subsia=nb=n+l,e=n+2,d=n+3,e=n+4 coeff (p.1,1))) :
p2 = simplifv(subs(a=n,b=n+ 1, c=n+2,d=n+3,e=n+4,coeff(p,1,2))) :
p3 = -simplifi(subs(a=nb=n+l,e=n+2,d=n+3,e=n+4,coeff (p,1,3))) :
pd = simplify(subs(a=n,b=n+ 1, c=n+2,d=n+3,e=n+4,coeff(p,1,4))) :
p5 =-simplifp(subs(a=n,b=n+1,c=n+2,d=n+3,e=n+4, coeff (p.,5))) :
simplifyicoeff (p, t,0)); pl; p2; p3i p4; p3; simplify(coeff (p, 1, 6));

0

1
(3n +2) (3n +8]
+ 104895 n° +20196 1® + 16200 ) n (n+1)2 (1 +3)* (n+4) Bn+3))
1
(3n +2} (3n +8]
+3051173765 n* + 3290645589 r* + 2490470475 n® + 1339378389 1" + 509792130 n®
+ 134257176 n° + 2383830 ' + 23262390 #'° 4+ 109350 2'2) (0 4+ 1) (n +3))
1
(3n +2) (3n+8
+ 4830046104 n* + 5095272832 n° + 3809906879 n° + 2036918817 n” + 773639954 n®
+203785362 n” + 3636981 n'" + 35374239 2'° + 167670 n'?) )
1
Grn+2)2(3n+8)
+ 6959448 n° + 2048544 n® + 333558 n” + 23085 ")
2 (942 + 2684 1 +2532 5" + 981 #° + 135 1)
(3n+2)(3n+8)
1

5 (72 (45670 + 223332 n + 446788 nt+476273 n° + 293466 n*

(4 (16441200 + 175285020 n + 773219090 »° + 1922518396 n’

(4 (38003904 + 340621920 n + 1354291480 n” 4 3161194328 n’

5 (949944 + 5548092 n + 13510888 ” + 17941498 n” + 14250855 n*

Figure 2.5 Coefficients of x, (t) = det(tIdg — Areq), normalized case

0
10368 1 + 72648 1° + 63432 n* + 8496 n® + 30960 1° + 1224 n’ + 72 n® + 43200 A

8640 + 101376 n + 509588 n° + 434316 n™ + 61832 n® + 215556 1° + 9480 1" + 600 #°
+330612 n°

25632 + 97488 1 + 118508 1° + 50100 n* + 920 n° + 10756 #° + 150100 »>
3684 + 8100 n + 2218 n° + 285 n* + 6421 1’

30m+ 1180 + 132
1

Figure 2.6 Coefficients of x,(t) = det(tIdg — Ared), non-normalized case

B Maple Calculations for Theorems 2.4.3 and 2.4.4

For the Maple calculations needed for the proofs of these theorems, the code of
Figure 2.4 is used again, followed by the code in Figure 2.7 (in the normalized
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# Maple Calculations for Theorem 4.3
Ared = subs(a=0,b=1,c=2,d=3,e=4,
Matrix([

lall,al2 al3, al4, al5),

[a2l,a22, a23, a24, a25),

[a31,a32 a33, a34, a35],

[adl, a42, a43, a44, a45),

la51,a52,a53, a54, a55)

D):
p = CharacteristicPolynomial( Ared, t);

s 471 4 118743 3 593811 - , 3082725
o T T e !

# Maple Calculations for Theorem 4.4
Ared = subs(a=0,b=0,c=1,d=2,e=3,
Matrix([

[all,al3, al5],

[a31,a33, a35],

[a51,a53,a55]

D):
p = CharacteristicPolynomial(Ared, t);

p_ 112

o)
——+—t
5 5

Figure 2.7 Calculation of x (t) = det(tId — Areq) for Theorems 2.4.3 and 2.4.4,
normalized case

case). The reduced matrices Ayeq are here of dimension 5 and 3, respectively,
and they can be extracted from the original 6 x 6 matrix as sub-matrices
with specific choices for a, b, ¢, d, e. The crucial observation here is that the
coefficients of the respective characteristic polynomials of degree 5 and 3 are
alternating, guaranteeing that all non-zero roots are strictly positive. As before,
the non-normalized case is treated analogously with the small modification to
set the variables eminus and eplus equal to 0. This leads again to char-
acteristic polynomials with alternating coefficients, given in the proofs of the
theorems as

x () = > — 1321* 4+ 368413 — 2563217 + 86401

and

x () =13 — 44t + 721.
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C Maple Calculations for Theorem 2.4.6

Using the information about (A;;(8, n)) in the proof of Theorem 2.4.6, the
Maple code to calculate the relevant polynomial p1 (8, n) is given in Figure 2.8.

# Maple Calculations for Theorem 4.6
with(LinearAlgebra) :

all = 3n+5)-(3-n+8&) —(6:n+10) delta:
al2:=(n t 1) ( 3n 8 12-declta) :a2! :==al2:
al3 = in+3)(-4n—12+2-delta) :a3! =al3:
ald:=in+1)(-4n—8+2-delta) :a4! =al4:
alf = (n+4)-(n+3):a5l :==all:

al6 ==n-(n+1):a6l = al6:
22:=in+1)-(9-n+18 —2-delta) —2-(n + 1)%:
a2l =-2-(n+1)-(n+3):a32 =al23:

@24 —-2-(n+1):ad2 :— a2 :

a2 =0:a52:=0:

a26 :=0:a62:=0:

a33 = in+3) (80 +26—2-delta) —2-(n +3)*:
a3d =2 (n+3)-(n+1):a43 == ai4:

a35 =-2-(n+3)-(n+4):a53 :=a35:

a36 :=0:a63 =0:

add = in 4+ 1) (80 +6 —2-delta) —2-(n + 1)%:
a5 =0:a54:=0:

ad6 :=-2-(n+1)-n:a64 = ad6:

ass = n+3)-(n+4):

a56 :=0:a65:=0:

a6b = in+1)-n:

Ared ==

Matrix([

lall,al2, al3,al4,als, al6],
la2l, a22, a23, a24, a25, a26],
[a31,a32,a33, a34, a35, alb),
[a4l, a42, a43, ad44, a45, ad6),
la51, a52, a53, a54, a55s, ai6),
la6l, a2, a63, ab4, a63, a66]
D:
p = CharacteristicPolynomial(Ared, t) :
pl = -simplifi(coeff (p,t, 1)) :
simplify(coeff (p, £, 0)): sort( pl, order=plex(n, delta), descending);
0

24008 +264n* 8 — 427285+ 72n° — 481" 5 + 4008 17 5 — 32208 n” &+ 12242
— 624158 +24912n°§ — 133968 n° 5 +8496 n° — 3168 n° & + 81840 > &
— 335184 1° 5+ 30960 #° — 7968 n* & + 152904 * & — 514896 n* & + 63432 n*
— 10416 1° 8 + 162216 ° & — 473136 1> 8+ 72648 n* — 6768 n* & +90720 n* &
— 237744 17 3+ 4320047 — 1728 n & +20736 1 & — 50112 n 5+ 10368 n

Figure 2.8 Calculation of p; (8, n) in the proof of Theorem 2.4.6
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