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Abstract

The Estrada index of a graph/network is defined as the trace of the adjacency matrix exponen-
tial. It has been extended to other graph-theoretic matrices, such as the Laplacian, distance,
Seidel adjacency, Harary, etc. Here, we describe many of these extensions, including new
ones, such as Gaussian, Mittag—Leffler and Onsager ones. More importantly, we contextual-
ize all of these indices in physico-mathematical frameworks which allow their interpretations
and facilitate their extensions and further studies. We also describe several of the bounds and
estimations of these indices reported in the literature and analyze many of them computation-
ally for small graphs as well as large complex networks. This article is intended to formalize
many of the Estrada indices proposed and studied in the mathematical literature serving as a
guide for their further studies.

Keywords Estrada indices - Matrix functions - Algebraic graph theory - Eigenvalues of
graphs - Complex networks

Mathematics Subject Classification 05C12 - 05C22 - 05C35 - 05C50 - 05C80 - 05C82 -
05C92 - 15A16 - 15A42

1 Introduction

At the dawn of the XXI century the current author proposed an index to quantify the “degree
of folding” of a linear chain in a three-dimensional space [70]. The motivation of this work
came from the fact that many scientific articles make claims like that the structure A “is more
folded than” the structure B (see examples at: [44,67,128,237]), or that certain structure is
“highly folded” (see for instance: [42,129,142,246]), etc. These expressions could be referring
to protein or polymer structures, but also to brain regions or even geological structures (see
previous refs.). However, in neither of these works there was an index that quantifies how
folded a linear chain is. Thus, the author proposed the index I3 = Z;’-zl exp (A j (W)), where
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Aj (W) are the eigenvalues of certain tridiagonal matrix W whose diagonal entries are related
to the cosines of the dihedral angles between adjacent planes and W; ;1 and W;; ; are equal
to one. This index characterizes very well the degree of folding of a geometric chain and it
has been mainly applied to the study of the degree of folding of proteins (see for instance
[71,73,211]), although it can be applied to the folding of any linear chain.

Five years after the publication of the “folding degree” paper, the authors of [88] proposed
the “subgraph centrality” as a way to characterize the importance of the nodes in a complex
network. “Complex networks” are large graphs representing the skeleton of complex systems
in social, ecological, cellular, molecular, infrastructural, semantic and other scenarios [78].
The subgraph centrality of anode v in a network is defined as SC,, = Z’}:l w}zv exp (A j (A)),
where A; = A; (A) are the eigenvalues of the adjacency matrix of the graph and v}, is the
vth entry of its jth normalized eigenvector. Then, the so-called subgraph centralization of
the networkis ) ° SC, = Z?:1 exp (Aj (A)) [88], which is similar to the folding degree /3.

In June 2005 the current author presented the lecture “Topological characterization of
complex networks” at the International Academy of Mathematical Chemistry in Dubrovnik,
Croatia. As a consequence Ivan Gutman proposed to organize a small seminar at a park near
the port of Dubrovnik to discuss some of the mathematical aspects of the index ), SC, =
Z’;:l exp (A j) for general graphs. As a result, a paper was published in 2006 in Croatica
Chemica Acta introducing ), SC, as a molecular structure descriptor [113]. A year later
the paper “Estimating the Estrada index” was published, where the authors proposed to call
EE(G) = Z'}:] exp (A j) the Estrada index [54]. The same year a statistical mechanics
interpretation of E E (G) as the partition function of a graph [83] appeared. A year later, in
2008, there were more than 30 papers published in the mathematical literature containing
“Estrada index” in the title.

It seems a priori that EE (G) has emerged in different, apparently unrelated, scenarios:
folding of linear chains, subgraphs in networks, and partition function in statistical mechanics.
This reminds us the story told by Eugene Wigner in the first paragraph of his paper “The
unreasonable effectiveness of mathematics in the natural sciences” [233] where a fellow asked
a former classmate, now a statistician, about a symbol in a paper dealing with population
trends. The statistician replied that the symbol was “7” and to clarify the skepticism of the
other he added that it is “the ratio of the circumference of the circle to its diameter.” The
fellow then replied more skeptical: “Well, now you are pushing your joke too far, surely
the population has nothing to do with the circumference of the circle.” The situation of the
Estrada index seems murkier than the one in that story, particularly after the ad hoc definition
of several other variations of the index based not on the eigenvalues of the adjacency matrix,
but of the graph Laplacian, distance matrix, resolvent of the adjacency matrix, Hadamard
pseudo-inverse of the distance matrix (a.k.a. Harary matrix), Mittag—Leffler matrix functions
of A, etc.

The goal of this paper is to make an account of the different facets of the Estrada indices.
In doing so we will provide contextualization of several of these indices, many of which have
been proposed in an ad hoc way. Therefore, we will provide a physical and/or mathematical
context and interpretation of these indices. They include a combinatorial interpretation based
on counting subgraphs, a statistical mechanics approach, a probabilistic interpretation in the
context of walk-regular graphs, an interpretation on the basis of oscillations in (quantum and
classical) systems of ball-and-springs, a contextualization on the basis of epidemiological
models (normal and fractional) on graphs, diffusive processes with negative diffusiveness,
nonlocal processes on graphs, quantification of graph radius of gyration. Although this paper
does not intend to describe all the results published in the literature on this topic we make
an account of many of the different bounds and estimations of the Estrada, Seidel Estrada,
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The many facets of the Estrada indices of graphs and networks 59

Harary Estrada, Laplacian Estrada, resolvent Estrada, Mittag—Leffler Estrada, and distance
Estrada indices. For this purpose we include some numerical analysis of these bounds in the
set of 11,117 connected graphs with 8 nodes and in five real-world networks representing
a variety of complex system scenarios. The paper is written in a way that intend to be self-
contained and make the necessary definitions for understanding the concepts used in it. The
paper is then intended as a guide for further studies and developments in this area of spectral
graph theory.

2 General definitions

Here we present some definitions which are used across the paper and settle down the notation.
We consider here simple, connected graphs G = (V, E) with n nodes (vertices) and m edges.

Definition 1 A walk oflength k in G is aset of nodes and edges vy, €1 2, U2 - - - Ug—1, €k—1 k> Vk
such that forall 1 <[ <k, (v, vi4+1) € E. A closed walk is a walk for which v = vgy1.

Definition 2 A path of length k in G is a walk in which neither vertices nor edges are repeated.
A cycle is a closed path. The length of the shortest path connecting two vertices v and w is
the (topological) shortest path distance d,,,, between the two nodes. The diameter of G is the
longest distance between two vertices of G.

Definition3 A subgraph G' = (V', E’) of G is a graph such that V/ € V and E’ C
EN (V/ X V’). An induced subgraph is a subgraph formed by a subset of the vertices of the
graph and all of the edges connecting pairs of vertices in that subset.

Definition 4 A graph G = (V, E) is connected if there is a path between every pair of nodes
v, w € V. If the graph is directed we said that it is strongly connected if there is a directed
path between every pair of nodes v, w € V. A (strongly) connected component in a (directed)
graph is a subgraph in which any two vertices are connected to each other by (directed) paths,
and which is connected to no additional vertices in the rest of the graph.

Definition 5 The degree of a node v is the number &, of edges incident with that node. A
graph is regular if the degree of all its nodes is the same.

The following matrices will be considered (Table 1):

Other matrices such as the Seidel adjacency matrix and Harary matrix, are defined in situ
in the corresponding sections of the paper. The following types of graphs are used in this
work.

Table 1 Definition of some matrices used in this paper

Name Symbol Definition Spectrum
: [ GpeE _
Adjacency A Aij = {O G.j)¢E A > > Ay
-1 (@(,j)eE
Laplacian L Lij=1 ki i=j 0=y < - <
0 otherwise
Distance D D;j = {dif i fj 61> > op
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60 E. Estrada

— Complete graph of n vertices K,,: the graph having an edge between every pair of vertices.

— Empty graph of n vertices K, : the graph having n vertices and no edges.

— Complete bipartite graph K, ,,: the graph with n = n| 4 ny vertices in which the vertex
set is partitioned into two disjoint subsets of cardinalities 71 and nj, respectively, such
that every vertex in one set is connected to every vertex in the other set.

— Star graph S,,: the particular case of K, », in whichn; =l andny =n — 1.

— Path graph of n vertices P,: the connected graph in which every vertex has degree 2,
except two vertices which have degree one.

— Cycle Cy,: a connected graph in which every vertex has degree 2.

Finally we consider two kinds of random graphs.

— Erd6és-Rényi (ER) G (n, p) [68] graph with n nodes: constructed by connecting nodes
randomly in such a way that each edge is included in G (n, p) with probability p inde-
pendent from every other edge.

— Barabdsi and Albert (BA) one [21]: created on the basis of a preferential attachment
process. The graph is constructed from an initial seed of m vertices connected randomly
like in an Erd6s—Rényi G (n, p). Then, new nodes are added to the network in such a
way that each new node is connected to ¢ < mq of the existing ones with a probability
that is proportional to the degree of these existing nodes.

3 Estrada index and subgraph centralization

The main goal in proposing the Estrada index was for the structural characterization of
networks. This index corresponds to the “centralization”, a global structural index, derived
from the node centrality known as “subgraph centrality. In network theory a centrality measure
(see [78] Chapter 7 and refs. therein) is any graph-theoretic quantity that captures the relative
“importance” of a node in the network. Here “importance” means a relevant—mainly from
applications point of view—structural feature such as connectivity, closeness to the rest of the
nodes, position of a node in relation to the shortest paths connecting other others, etc. The
simplest of these centrality measures is the degree of a node, which counts the number of
connections that a node has. Let us first introduce the following result.

Theorem 1 Let G = (V, E) be a simple graph with adjacency matrix A. Let v, w € V, then
the number of walks of length k between the nodes v and w is given by (Ak)vw .
Remark 1 The roots of Theorem 1 can be traced back to the paper “The analysis of sociograms
by matrix algebra” by Leo Festinger in 1949 [93], although Festinger mentioned it only for
the case of walks of length three. Then, Leo Katz in his seminal paper “A new status index
derived from sociometric analysis” extended it to longer walks in 1953 [141]. The result
appeared formally in the book of Claude Berge in 1962 in the form of Corollary 1 on page
131 [29].

Then, from a walks perspective, the degree is defined as the number of closed walks of length
two starting at the given node. That is, let v € V, then the degree of v is given by:

ky = (A?) 3.1

v’

The degree of a node can be seen as a first order approximation of centrality measures
that accounts for the walks of all length in the graph. That is, in a graph without self-loops
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the following measures can be defined

Cp—1= ick (Ak>w , (3.2)

k=2

where ¢y are coefficients which give more weight to the shorter than to the longer walks.
Then, if ¢ = (k)™ "

EE,—1=3 (k! (Ak) = (exp (A)),, — 1, (3.3)
k=2 Vv

where E E,, is known as the “subgraph centrality” of the node v [88]. The term “subgraph”
in the name of this centrality is due to the following.

Lemma 1 Let G be a (directed) graph. Then, every closed walk of length k starting at the
node v € V encloses one (strongly) connected subgraph having at most k (directed) edges
and at most k vertices including v.

Proof A (directed) graph G is (strongly) connected if there is a (directed) path connecting
every pair of vertices G. By the definition of walk it is clear that a walk of length k between
two nodes v and w cannot visit more than k& + 1 vertices. Therefore, a closed walk, where
the initial and final nodes coincide, can visit no more than k& nodes. In a closed walk of
length k& without backtracking the number of edges visited is %, i.e., in a cycle. For a given
length k, backtracking reduces the number of edges that can be visited. Therefore, a closed
walk of length k cannot visit more than k edges. Obviously, the nodes and edges visited
by the closed walk form the sets V/ € V and E' C EN (V/ x V/ ) , which implies that
G’ = (V',E’) is a subgraph of G = (V, E). Finally, because the walk of length k is a
SEqUENCe Vy, €y y41, Uy4+1 -+ - Uy—1, €y—1,i, Uy there is a (directed) path connecting every pair
of nodes in the subgraph, which means that G’ is (strongly) connected. O

The previous result implies that we can express EE, as a weighted sum of subgraphs,
which gives the index its name. However, as we are focused here on the Estrada index let us
move to the fact that the Estrada index is the sum of the subgraph centralities of all nodes in
the graph:

EE(G)=) EE,. (3.4)
v=1

The sum of node centralities in a graph is known as the corresponding centralization of
the graph, or simply as a graph-theoretic invariant. Therefore, the Estrada index of the graph
can be seen as its subgraph centralization.

Theorem 2 Let G be a (directed) graph and let % be the set of all (strongly) connected
subgraphs of G, and let us designate the cardinality of the set % by n. Then,

n
EE (G) = Zc,F,, (3.5)
=1

where F; € Z and ¢; € Q.
Proof Using Lemma 1 we can show that that M} = tr (Ak) can be expressed as a weighted
sum of (strongly) connected subgraphs. The weight of each subgraph is given by the number

of closed walks of length k in the given subgraph. Then, grouping together all identical
subgraphs and summing their weights we obtain the final result. O
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Fig.1 Illustration of the small subgraphs appearing in the first seven spectral moments of the adjacency matrix
of simple graphs

For instance, let us consider the first seven powers of the adjacency matrix. Then,

tr(A?) = 2P, (3.6)
tr (A%) = 6Fy, (3.7)
tr (AY) = 2F, + 4F; + 8F, (3.8)
tr (4%) = 30F; + 10Fg + 10Fo, (3.9)
tr (A®) = 2F; + 12F; + 24F4 + 6F5 + 12Fs + 48 F

+36Fy + 12Fpp + 12Fje, (3.10)
tr (A7) = 126F4 + 84 Fg + 112Fy + T0F o + 28Fy; + 14Fy3

+14F14 4+ 56F5 + 14F 17 + 84F13 + 28 F19 + 14 F, 3.11)

where the subgraphs are illustrated in Fig. 1.
Then, we have the following result.

Lemma 2 Let G be a simple graph. Then, the Estrada index of G is bounded as

BEG o Fe O M 157 L L2 L
=360 T P T 1260 YT 1200 Te0 T T 08
B LRt P+ L Ft —Fy o F

180 272719 180 M T 60 2T 360 B T 360

1 | 1 1 1 1
— Fis+ —Fig + — F17 4+ — Fig + — Fio + —— Fx.
T T e T 360" T T oo 8T 150" 0 T 360" 0
(3.12)
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Proof Based on the relations shown before for tr (Ak) for k <7 and calling F| = n we have

k
that the right-hand-side part of Eq. (3.12) is ZZ:O tr(]?! ) from which the inequality follows.

[m}

The expressions for calculating these subgraphs are given in the Appendix as adapted
from [9]. The formula for F;g is given here by the first time.

3.1 Some elementary properties of the Estrada index

Before proceeding to more complex properties of the Estrada index let us state a few ele-
mentary ones that could be helpful in understanding the structural nature of this index. The
reader is referred to the following references [54,57,112,116] for details and references.

Lemma 3 Let G be a simple graph and let G — e the same graph from which edge e has been
removed. Then

EE(G—e) < EE(G). (3.13)

Corollary 1 Let G be a simple graph and let T be a tree with the same number of nodes as
G. Then

EE(T) < EE(G). (3.14)
Theorem 3 [53,56] Let G be a simple connected graph with n nodes. Then
EE (P,) < EE(G) < EE(K,). (3.15)
Theorem 4 Let G be a simple graph with n nodes. Then
EE (K,) < EE(G) < EE (K,). (3.16)
The Estrada indices of some elementary graphs are given below.
—EEKy)=e¢"14+m—-1el;
— EE (Kp,ny) =n1+ny — 2+ 2cosh (nin3z);
— EE(Sy) =n—2+2cosh(vn—1);
1
— limy— o0 EE (Cy) = nly, where Ip = — [ ¢2“**dx;
b4
— lim,— o EE (P;) = (n — 1) — 2 cosh (2).

3.2 Numerical analysis

We consider here two datasets which will be used in the rest of the paper for the numerical
evaluation of the different indices and bounds. The first one consists of the 11,117 connected
graphs with 8 nodes. The second one is formed by five real-world networks, which correspond
to a food web at Stony stream, a network of the neurons in the worm C. elegans, the protein—
protein interaction network of yeast, a representation of the Internet at the autonomous system
(AS) level, and a network of the USA western power grid system. The number of nodes 7,
of edges m, the maximum degree of the nodes k., and the diameter d,,,, of each network
are given in Table 2.

The main goal of these numerical experiments is to show how close the bounds reported
in the literature are to the actual values of the Estrada index. This is done because in most of
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Table 2 General characteristics,

number of nodes n, of edges m, " " kmax dmax References
the maximum d.egree of the nodes Stony 112 830 45 4 [17]
kmax, and the diameter dy; 4, of
the five real-world networks Neurons 280 1973 77 6 [232]
analyzed in this paper Yeast 2224 6829 65 11 [224]
Internet 3015 5156 590 9 [90]
Powergrid 4941 6594 19 46 [231]
Fig.2 Histogram of the relative 700
deviation of the bound given in
Lemma 2 for all 11,117 600+
connected graphs with 8 nodes
500
o)
5 400
=]
o
© 3007
[

200

0 10 20 30 40 50
Relative error (%)

the papers where these bounds are proposed there are no numerical experiments to illustrate
this relation. When possible we will find some connection between structural characteristics
of the networks studied and the corresponding bounds analyzed to understand why are they
close or far away the actual values of the Estrada index.

First, we consider the deviation of the bound from the actual value as | E Ecxact — E Ebound|
/ E Ecxact expressed as percentage. We do this calculation considering the bound given in
Lemma 2 for all the connected graphs with 8 nodes. The histogram illustrating the number
of graphs having a given relative deviation (frequency) among the 11,117 connected graphs
with 8 nodes is illustrated in Fig. 2. We should remark that we use here the terms “good
bound” or refer to a bound as “better than” another just on the basis of the deviation of this
bound relative to the actual value of the index. This is used only as a guide as for many cases
there is large room for improvement as some of the bounds reported are orders of magnitude
further from the real values of the indices.

The mean deviation is 5.768 +4.169, which indicates that this bound is a good estimation
of the Estrada index for these small graphs. The largest deviation is 40.352 obtained for
the complete graph Kg. In general, the most densely connected graphs are richer in small
subgraphs than the poorly dense ones, which increases the relative deviation of this bound
for these graphs.

In Table 3 we illustrate the results for the five real-world networks. The largest deviation
occurs for the Internet at AS indicating that in this network there are many larger subgraphs
with important contribution to the Estrada index. On the other hand, the bound is very close
to the actual value for the power grid of western USA, which points out that the Estrada
index of this network is well approximated by counting the number of the 21 subgraphs
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Table 3 Values of the bound for

the Estrada index in Lemma 2 Lemma 2 Actual
it sl vl AUy
the five real-world networks Neurons 1.095 x 10° 1.306 x 1010
considered in this work Yeast 5.057 x 109 3.038 x 108
Internet 7.142 x 106 6.174 x 1013
Powergrid 1.961 x 10* 2.135 x 10*

described by Lemma 2. These differences point out clearly to the differences in the subgraph
richness contained in different networks, which is what the Estrada index characterizes at the
structural level.

4 Estrada index and matrix functions

Soon after the definition of the Estrada index and the subgraph centrality several authors
started to be interested in these indices due to their clear relation to functions of the adjacency
matrix. The study of matrix functions is an active area of research in (numerical) linear algebra
[25,97,127,222]. The topic of matrix functions in network theory has been recently reviewed
by the authors of [28]. Therefore, we will not give too many details here and the interested
reader is directed to the excellent review [28]. The goal of this section is then to establish the
connection between the Estrada indices and functions of the corresponding matrices which
pave the way for further sections of the article. Here we will follow the book [127].

Let M be any graph-theoretic matrix, e.g., adjacency, Laplacian, distance, etc. Then, its
Jordan canonical form is given by

Z7'Mz =J =diag (N1, 1o, ..., Jp), .1
where
A 1
Ji=Jg O) = Me e Cmomk, “2)
1
Ak

where Z is nonsingular and m +mp + - - - +m, =n.

Definition 6 Let A1, ..., A; be the distinct eigenvalues of M and let and let n; be the order
of the largest Jordan block in which X; appears, which is called the index of ;. The function
f is defined on the spectrum of M if the values

FPO0), j=0....,ni—1i=1,...,s (4.3)

exist, which are called the values of the function f on the spectrum of M. Here f/) represents
the jth derivative of f.

Then we have a definition of matrix function via the Jordan canonical form.
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66 E. Estrada

Definition 7 Let f be defined on the spectrum of M and let M have the Jordan canonical
form given before. Then, the matrix function f (M) is given by

fM) :=2f () Zz™" = zdiag (f () 27", (4.4)
where
N " £ g
f k) = fox . : . 4.5)
1 )
S )

Another, equivalent, definition is given via the Cauchy integral.

Definition 8 Let M € C"*", then
1
.HMMZ—f/f@NH—MYWL 46)
2mwi Jr

here f is analytic on and inside a closed contour I” that encloses the spectrum of M.

5 Estrada index and spectral graph theory

An obvious connection exists between the Estrada index and the area of algebraic graph
theory. Algebraic graph theory [24,30,105] deals with the use of algebraic methods to solve
problems about graphs. Of particular interest is the use of the spectra of graph theoretic
matrices to understand the structure of graphs, which is known as spectral graph theory
[46,50-52,213,214]. This area of research started in an applied context when Collatz and
Sinogowitz published their paper entitled: “Spektren endlicher grafen” motivated by appli-
cation problems such as the vibrations of a membrane [223]. Let us consider a simple example
of the connections between structural properties of graphs and their spectra: counting trian-
gles in a graph. The number of triangles, which is a combinatorial property of the graph,

can be obtained from the spectrum of the adjacency matrix as: — Z;lz 1 A?, where A; are

the eigenvalues of the adjacency matrix. The field of spectral graph theory had a tremendous
impulse in the 1970s due to its connection with electronic properties of conjugated molecules
[59,95,124,215,216,219].

The relation between the trace of a matrix and its eigenvalues immediately implies that
the Estrada index of a graph can be expressed in terms of the eigenvalues of A as follows:

EE(G) =) exp (). (5.1
j=1

In general, the exponentiation of A enlarges the spectral gap A; — A, and contracts the
negative part of the spectrum. On the contrary, exp (—A) largely contracts the positive part
of the spectrum and enlarges its negative part. These simple dilation/contraction effects of
the main parts of the spectrum of A have important consequences on the Estrada index of a
graph as we will see in the next parts of this review.

The analysis of the relation between the spectrum of a graph, i.e., the eigenvalues of its
adjacency matrix, and the structure of the graph is the main goal of spectral graph theory.
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The many facets of the Estrada indices of graphs and networks 67

One of the first results on spectral graph theory related to the Estrada index was the following
bounds obtained by the authors of [54].

Theorem 5 Let G be a simple graph with n nodes and m edges. Then, the Estrada index of
G is bounded as

V2 +4m < EE(G) <n —1+exp (@) (5.2)

with equality attained if and only if G = K,,.
These bounds were further improved in [166] where the following was proved.

Theorem 6 Let G be a simple graph with n nodes and m > 1 edges. Then, the Estrada index

of G is bounded as
5
,/nz—i—gm<EE(G)<n—1+exp(«/m). (5.3)

Based on Gauss—Radau quadrature rule the authors of [27] obtained the following bounds.

Theorem 7 Let G be a simple graph and let a,b € R be such that the spectrum of A is
contained in [a, b]. Then, the Estrada index of G is bounded as

n 2 n 2
b”exp (ki /b) + ki exp (—b) a”exp (ki/a) + ki exp (—a)
<EE(G) < , (54
; ok < (>_; L (5.4)
where k; is the degree of the node i.
Remark 2 Two examples of the use of this bound are (i) consideringa = —Aj and b = —A,;;
(b) considering @ = —kpax and b = kyqx.-

Another set of bounds was obtained in 2016 [156] by using the number of triangles ¢ and
tr (A*) in addition to the number of nodes and edges of the graph.

Theorem 8 Let G be a simple graph with n nodes, m edges, t triangles and let Q = tr (A4).
Then, the Estrada index of G is bounded as

1
m+n5\/n2+mn+2nt+ﬁnQ+m2§EE(G)§n—1+exp({4/§), (5.5)

with equality attained if and only if G = K,,.

Other bounds have been proposed, specially lower bounds, for the Estrada index. Some
examples are given below.

Theorem 9 [247] Let G be a simple graph with n nodes and let Z = Y _, k?. Then, the
Estrada index of G is bounded as

EE (G) > exp (\/Z/n> (- Dexp (— (‘/Z/n) /(n— 1)) , (5.6)
with equality attained if and only if G = K, or G = K,,.

Theorem 10 [110] Let G be a simple graph with n nodes and m edges either without isolated
vertices or having the property 2m/n > 1, then, the Estrada index of G is bounded as

EE (G) > ncosh (,/2m /n) , (5.7)
with equality if and only if G is a regular graph of degree 1.

@ Springer



68 E. Estrada

Theorem 11 [110] Let G be a simple graph with n nodes and m edges, such that 2m/n < 1.
Then, the Estrada index of G is bounded as

EE(G)>n—2m+2mcosh (1), (5.8)

where equality holds if and only if G consists of n — 2m isolated vertices and m copies of
K>.

Theorem 12 [110,119] Let G be a simple graph with n nodes, m edges and graph nullity no.
Then, the Estrada index of G is bounded as

2
EE (G) = 1o+ (n — 10) cosh ( i ) , (59)
n—=mno
where equality is attained if and only if n — ng is even, and if G consists of copies of complete
bipartite graphs K,, s;,i = 1,...,(n —no) /2, such that all products r; - s; are mutually
equal.

Theorem 13 [190] Let G be a simple graph with n nodes, m edges and minimum degree
kmin. Then, the Estrada index of G is bounded as

2(m_kmin)
EE (G) > 2cosh -1 +n—-2, (5.10)
n—

with equality if and only if G = K[, , U K| withn = 2p + 1.

Theorem 14 [190] Let G be a simple graph with n nodes, m edges and minimum degree
kmin. Then, the Estrada index of G is bounded as

EE (G) > 2cosh <2cos<L>> -2, (5.11)
n+1
with equality if and only if G = P, or G = Pjy.

Theorem 15 [19] Let G be a simple graph with n nodes, m edges and t triangles. Then, the
Estrada index of G is bounded as

EE (G) > vVn? +mn + 2nt, (5.12)

with equality if and only if G = K.

Other bounds reported in the literature are based on different graph-theoretic indices and
properties or for specific classes of graphs. A non-exhaustive resume is provided in Table 4.

5.1 Numerical analysis

We now do some calculations to show how close to the actual values of the Estrada index are
some of the bounds studied in the previous sections. In particular, we consider the following
five bounds: Bound 1 (Theorem 5); Bound 2 (Theorem 6; Bound 3 (Theorem 7 usinga = —X
and b = —A;); Bound 4 (Theorem 7 using a = —k;;4x and b = k45 ); Bound 5 (Theorem 8).
First, we study these bounds for the 11,117 connected graphs with 8 nodes. The histograms
of the relative deviations of these bounds are illustrated in Fig. 3, where the lower bound is
always drawn in blue and the upper one in red. The means and standard deviations of the
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Table4 Examples of studies

reported in the literature for some Type of graphs References
classes of graphs General [10,38,63,101,121,189,198,201,238]
Weighted general [197,200]
Trees [55,62,159,188,244]
Molecular trees [115,134]
Unicyclic [64]
Bicyclic [228]
Tricyclic [252]
Tetracyclic [186]
Pentacyclic [185]
Bipartite [91,120,245,250]
Line graphs [4,208]
Strongly quotients [33]
Folded hypercubes [165]
Cacti [157]
Cayley [103]
Specific graphs [104]
Ramanujan [199]
Benzenoids [118]
Phenylenes [187]
Fullerenes [14]
Mobius [96]

lower, upper bounds are as follow: Bound 1 (79.672 4 9.485, 259.948 + 44.555); Bound 2
(82.588 £ 8.499, 19.205 + 14.198); Bound 3 (57.915 &£ 13.701, 30.466 £ 5.860); Bound 4
(73.741£12.359,239.2494+156.52); Bound 5 (54.629+14.214, 18.276£8.812). Therefore,
the best lower and upper bounds are Bound 5 (Theorem 8) for these small graphs.

In Fig. 4 we illustrate the results for the five real-world networks considered in this work.
In general, with the exception of Bound 3, which is based on eigenvalues, and Bound 5,
which uses tr (A4), the rest of the bounds are very far from the actual values for these
four networks. With these two exceptions, the upper bounds exaggerate dramatically the
estimation, in particular the Bound 1. Bound 4, performs very badly when the maximum
degree of the network is very high and not close to the spectral radius, which is the case for
instance of Internet, but also of many real-world networks. All in all, these results point out
to the necessity of improving the bounds for the Estrada index of large graphs.

We then consider simple bounds based on the spectral radius of the adjacency matrix .
That is,

" < EE(G) < né™. (5.13)

The results are given in Table 5. As can be seen the bounds are very close to the actual
values of the Estrada index. This is a consequence of the relatively large values of the spectral
radius and of the spectral gap observed in most of the real-world networks, which when
exponentiated are significantly enlarged. Notice that the largest deviation is obtained for
powergrid, where the spectral radius is significantly smaller than in the rest of the networks
and the spectral gap is very small.
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Fig.3 Histograms of the relative deviations in percentage for: a Bound 1 (Theorem 5), b Bound 2 (Theorem
6, ¢ Bound 3 (Theorem 7 using a = —A and b = —AX;), d Bound 4 (Theorem 7 using a = —kjqx and
b = kimax), e Bound 5 (Theorem 8). In blue we illustrate the histogram for the lower and in red for the upper
bounds. As usual for histograms, frequency stands for the number of graphs in each bin

Table5 Naive bounds based on the spectral radius of the adjacency matrix for the Estrada index of real-world
networks

network exp (A1) Real nexp (r1) r Ao
Stony 7.2343 x 10° 7.2343 x 10° 8.1024 x 10! 22.70 6.38
Neurons 1.36061 x 1010 1.3062 x 1010 3.6569 x 1012 23.29 14.06
Yeast 2.9021 x 108 3.0383 x 108 6.4542 x 1011 19.49 16.13
Internet 6.1745 x 1013 6.1745 x 1013 1.8616 x 1017 31.75 20.08
Powergrid 1.7777 x 103 2.1347 x 10* 8.7834 x 100 7.48 6.61

5.2 Random graphs

In the study of real-world networks it is desired to investigate how unique are their structural
and dynamical properties in relation to some null model. For instance, suppose that we
have found that certain network displays relatively large Estrada index in relation to other
networks of the same size. Is this a characteristic feature of the topological organization of
this network or just an artifact emerging from a random interconnection of their nodes? A way
to investigate this is by comparing the Estrada index of these networks with those of random
realizations of such networks with the same number of nodes and edges. Then, the use of
random graphs is frequent in the analysis of real-world networks [220]. Two classical models,

@ Springer



The many facets of the Estrada indices of graphs and networks 71

10%° 10% 1050
10"
1020 10%
g o g g
310 s &
> > >
1010 77777777777777777777777777777 1020
5
10
4._/40‘./‘ | S i
S
10° 10° 10°
1 2 3 4 5 1 2 3 4 5 1 2 3 4 5
Bound Bound Bound
(a) (b) (c)
1050
10%
10200
30
3
8 8"
=1 3
g S
10100 10
10'°
,,,,,,,,,,,,,,,,,,,,,, o
10 10°
1 2 3 4 5 1 2 3 4 5
Bound Bound
(d) (e

Fig. 4 Plot of the estimates of the lower (blue circles) and upper (red squares) for the bounds: (1) (Theorem
5), (2) (Theorem 6, (3) (Theorem 7 using a = —Aq and b = —Xy,), (4) (Theorem 7 using a = —kyqx and
b = kmax), (5) (Theorem 8). The results are for (a) Stony, (b) neurons, (c) yeast, (d) internet and (e) powergrid.
The dashed lines represents the “exact” value of the Estrada index for the networks. Very large values are
obtained by using variable-precision floating-point arithmetic (vpa) in Matlab

although not the only ones, to do such studies are the Erd6s—Rényi random graphs [68] and
the Barabasi—Albert preferential attachment model [21]. For instance, the Estrada index of the
network “neurons” studied here is EE (Grea) ~ 1.3062 x 10'0 and that of an Erd6s—Rényi
random graph with the same number of nodes and edges is E E (Ggr) ~ 3.4688 x 10%, which
indicates that the large Estrada index of this network is not due to a random interconnection
of the neurons of C. elegans. However, the consideration of a Barabasi—Albert network with
the same number of nodes and edges than those in the network “neurons” gives EE (Gpa) ~
1.2131 x 10'°, which clearly points out that the relatively large Estrada index of this network
may be explained by its skewed degree distribution.

For the Estrada index of random graphs, only the Erd6s—Rényi model has been consid-
ered so far, indicating the necessity of extending these studied to other classes of random
graphs such as the Barabasi—Albert one. The following estimates were found for Erd6s—Rényi
random graphs based on the number of nodes and the probability of connection.

Lemma4 [196] Let G, be an Erdds—Rényi random graph with n nodes and probability

Inn Inn
— <Lp<l—-—. (5.14)
n n
Then, the Estrada index is
EE (Gnp) = (1+0(1)e™, (5.15)

almost surely as n — 00.
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Theorem 16 [43] Let G, ), be e an Erdds—Rényi random graph with n nodes and probability
p. Then, the Estrada index is

EE (Gn,p) = (eo(ﬁ) +o(1)) e, (5.16)

almost surely (a.s.) if and only if lim,_, oo n2/n; = 1.

In the case of Erd6s—Rényi random bipartite graphs the author of [206] proved the fol-
lowing bounds for the Estrada index.

Theorem 17 Let Gy, n,,p be an Erdés—Rényi random bipartite graph with n = ny + np
nodes, such that lim,_, o, ny/ny:=y € (0, 1], and probability p. Then, the Estrada index is
bounded as

(2D +0)) e < EE (Guyp) = (20D + 0 (M) P as.  (517)

provided that y = 1.

6 Estrada index and statistical mechanics

The analogy of the Estradaindex EE (G) = tr (eA) with the partition function of a quantum

system Z = tr (e_tH> (see further for definitions) is remarkable, and was noticed soon after

the definition of this index [83]. The importance of establishing this connection is twofold.
On the one hand, the index can be interpreted in a physical context which at the same time
facilitates its interpretation in other contexts where it is applied. On the other hand, new tools
and techniques from statistical mechanics can be used to enrich the theory behind this index.
Here, we will describe the statistical mechanics interpretation of the Estrada index.

Let us consider a physical system S that can be represented by a graph G, such that the total
energy E of S can be obtained by the time-independent Schrédinger equation: HY = EW,
where W is the wavefunction and 7{ is the Hamiltonian describing the interactions between
the elements of S. In certain approaches in physics and chemistry, it is customary to use an
effective Hamiltonian which describes the interaction between nearest-neighbors (NN) in the
system

ﬂNN =ol +1yNA, (6.1)

where « is a self-energy parameter for the elements of S and #yy is the energy of the
interaction between pairs of adjacent elements. In Chemistry this model is known as the
Hiickel Molecular Orbital (HMO) method [154,239], while in Physics it is better known
as the tight-binding approach [184]. The parameter ¢y y is negative as it is supposed to be
an attractive interaction. Therefore, it is common to set « = 0 and tyy = —1, such that
H = —A. Therefore, the energy levels of the system are E; = —A; and the wavefunctions
correspond to the eigenvectors associated to the eigenvalues of A.

In the statistical mechanics framework [23,69], the Boltzmann probability p; (7) of finding
the system in a state with energy E; when the inverse temperature of the system is 7 =
(kgT)~' > 0 with kp being a constant and T being the temperature' is

e—‘L’Ej

Z ’

pj(¥) = (6.2)

Uris typically represented by S in statistical physics, but this letter is already reserved here for a different

variable.
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where Z = tr (e*TﬂN N ) Therefore, the Boltzmann probability of the system is given by

efkj

EE(G,1)’ ©.3)

pj(t) =

where the Estrada index plays the role of the partition function of the graph.
We now can define the entropy of the graph as [83]

1
S(G.1)=—kgy_ pj(t)Inp; (1) = -7 > (pj () xj)+ksIEE (G, 1), (64)
j j

which in general is bounded as follows.
Lemma5 Let G be a simple graph. Then, the free energy of G is bounded as

nexp (n)

0< (1n(exp(n)+n—1)—W

) <S(G,t) <Inn, (6.5)
where the upper bound is attained for the null graph K ,, and the lower bound is reached for
the complete graph K.

From the general expression of the entropy one can obtain the graph “enthalpy” H (G, t) =
-y ;j pj*j and the graph free energy, which is sometimes named the natural connectivity
of the network [83]:

F(G,1)=—-1t 'InEE (G, 7). (6.6)
We can write the logarithm of the Estrada index as follows,

NEE (G, 1) =t +1n Y ™74, 6.7)
j

which implies that

InEE (G, 1) < tA; +1n (1 +e_fA), (6.8)

where A = A — X is the spectral gap. Therefore, we have proved the following.

Lemma 6 Let G be a simple graph. Then, the free energy of G is bounded as
FGo==[a+r In(1+e7)]. 6.9)

More generally, the free energy of a graph can be bounded by using the many bounds obtained
for the Estrada index which have been previously reported in the literature. One important
example is the following [83].

Lemma 7 Let G be a simple graph. Then, the free energy of G is bounded as
n—D<l—t'In(e"+n-1)<F(G,1)<—1 'Inn, (6.10)
where the lower bound is obtained for the complete graph K, and the upper bound for the

null graph K ,,.
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Fig. 5 Plots of the entropy (a), enthalpy (b) and free energy (c) versus the number of edges in all connected
graphs with 8 nodes

6.1 Numerical analysis

We consider here numerical experiments to illustrate some general characteristics of the
indices described in the previous section. We report the change of the entropy, enthalpy and
free energy of all connected graphs with the increase of the number of edges in the connected
graphs with 8 nodes, i.e., its edge density. It can be seen in Fig. 5, as expected, that the three
parameters decay with the increase in the edge density. However, it should be noticed that for
graphs with exactly the same number of edges there is a wide variability in these parameters,
particularly for the entropy. The readers interested in more details about the implications of
these parameters on the structure of graphs are referred to [83].

We then computed the three statistical mechanics parameters for the five networks studied
here. The results are in Table 6 where we also give the values of the edge density of these
graphs: § (G) = 2m/ (n(n — 1)) where n and m are the number of nodes and edges of
the graph. The most densely connected network, Stony, displays the lowest entropy and the
least dense, powergrid, displays the largest one. However, as can be seen for the intermediate
values of § (G) this trend is not always followed as there are other structural factors influencing
these statistical mechanics parameters. For instance, the network of Internet at AS displays
the second smaller entropy of all the networks and the lowest free energy of all, although it
is not very dense.

Table 6 Values of the entropy, enthalpy and free energy of the five real-world networks analyzed here

S(G) H (G) F(G) 3 (G)
Stony 4.447 x 1070 —22.704 —22.704 0.134
Neurons 0.0011 —23.292 —23.293 0.0505
Yeast 0.227 —19.304 —19.532 0.0028
Internet 1.149 x 1074 —31.754 —31.754 0.0011
Powergrid 6.806 —3.162 —9.969 5.403 x 1074
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7 Marginal probability, walk entropy and walk regularity

Having in mind the importance that the probability p; (7) has in the definition of statistical
mechanics properties of networks we propose to explore it further in this section. That is, we
consider here the role of the Estrada index in defining some probability-based measures for
graphs. Let us start with two definitions from basic statistics (see for instance [49, Ch. 2]).

Definition 9 The conditional probability P (A | B) is the probability that the event A occurs
given that the event B occurs.

Definition 10 The marginal probability is the unconditional probability of one event A. That
is, the probability that A occurs regardless of whether B occurs or not.

To obtain the marginal probability of an event A one should sum all possible configurations
of the other event to obtain a weighted average probability

P(A):ZP(AIB)-P(B). (7.1)
B

Let us then return to the time-independent Schrodinger equation:

Y = Ejv;, (72)

where E; are the energy levels of the system and v/; are the corresponding eigenfunctions.

As usual, [V, |2 represents the probability of finding a quantum particle at a given vertex v
and time conditional to the system to be at the energy level described by the wave function
Y. Thatis, |¥; ’2 = P (v |j) using the notation defined before.

On the other hand, p; (t) which was defined in the previous section accounts for the
probability that the system is at the jth energy level for a given 7. Then, fixing 7, p; () =
P (j) . Therefore, the marginal probability that the node v is occupied by the quantum particle
independently of the energy level in which the system is, is given by:

Py =Y Pwlj) P =Y vl pi@, (7.3)
J J

which can be expressed as [86]:

Yivi.e™  EE
Py ==Y " _ EE@ (7.4)
EE (G, 1) EE (G,7)
The corresponding entropy, known as the walk-entropy of the graph [86], is defined using
Shannon formula:

SY (1) = —ZP(v,r)lnP(v,r). (7.5)

We now consider a graph property known as walk-regularity and the role that the walk
entropy play in its characterization. Let us introduce the concept of walk regularity first (see
for instance [106]).

Definition 11 A graph is walk-regular if Vi, j € V and for every nonnegative integer r,
[A"]ii = [A"]};.

The following conjecture was formulated in [86] as an extension of the conjecture related
to the subgraph centrality which had been previously stated in [88].
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Conjecture 1 A graph is walk-regular if and only if S¥ (t) = Inn forall T > 0.

Let us then introduce some necessary concepts for the further developments in the proof of
this conjecture.

Definition 12 Two vertices i, j of G are t-subgraph equivalent if [e"4);; = [e”‘]jj.

Definition 13 A graph is t-subgraph regular if all pairs of vertices are t-subgraph equivalent.
The following result was a step forwards the proof of Conjecture 1.

Theorem 18 [26] A graph G is walk-regular if and only if G is t-subgraph regular for all
T € Z C R, where T is any set of real numbers containing an accumulation point.

In the saga, in [151] the authors found some counterexamples to a new conjecture proposed in
[26] and stated a new conjecture. The final proof of Conjecture 1 came from an elegant Theo-
rem in 2021 [18] where the authors used results from the Lindemann—Weierstrass Theorem.

Theorem 19 [18] Let T > 0 be an algebraic number and let G be a connected undirected
graph with adjacency matrix A.

1. G is t-subgraph regular if and only if G is walk-regular.

2. Iftwo vertices i, j are T-subgraph equivalent, then the degree and eigenvector central-
ities of i and j are equal.

3. If G is t-subgraph regular, then the degree and eigenvector centralities are also identical
for all nodes.

Walk regular graphs can be constructed by using Kronecker product of the adjacency matrices
of two walk-regular graphs [106]. That s, if G| and G, are walk regular graphs, then G| ® G,
is also walk regular. Therefore, we have the following result.

Proposition 1 [86] Let G| and G, be two simple graphs with ny and ny vertices, respectively.
Then,

SY(G1 ® G2, 1) =1Inny +1nny, (7.6)
forall T > 0if Gy and G, are walk-regular.

8 Bipartivity, signed graphs and Seidel Estrada index

A graph G = (V, E) is bipartite if its set of nodes V can be split into two subsets V| and
V5 such that there are edges only between the two sets but no edge connects vertices in
neither V| nor V, . Therefore, a graph is or is not bipartite. However, in certain real-world
situations a graph can be “close to bipartite”, meaning that by removing very few edges the
graph become bipartite. This is the case, for instance, of human sexual contact networks and
human romance or partnership networks as remarked in [130]. In 2003 the authors of [130]
proposed to quantify the “bipartivity” of a graph. The first of their measures is defined by

mf
by =1 - (8.1)

where m ¢ is the number of edges that if removed the network becomes bipartite.> The
calculation of this index is computationally intractable as it is NP complete. The authors

2 Physicists call these edges “frustrating” edges.
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[130] then proposed another index in which m 7 is assessed computationally. Here we will
show how the use of the Estrada index of graphs allows the calculation of an index of
bipartivity which depends only on the eigenvalues of the graph. The first of these approaches
was published in [87] and will not be discussed here. Instead we will consider the index
studied in [82]. Another measure of bipartivity was also proposed in [180]. We will start with
some basic definitions for the sake of completeness of this section.

A bipartite graph is characterized by the following result proved by Konig in 1916 [153]
(see also [15]).

Theorem 20 A graph is bipartite if and only if G has no cycles of odd length.
Corollary 2 A graph G is bipartite if and only if it contains no closed walks of odd length.

The Estrada index of a graph can be expressed in terms of the hyperbolic matrix functions
as

EE (G) = tr(cosh (A)) + tr (sinh (A)) . (8.2)
The tr (sinh (A)) counts the odd-length closed walks in the graph:

o0

tr (sinh (A) = 3 ﬁu (A2k+1) . (8.3)

k=0

Similarly, tr (cosh (A)) counts the even-length closed walks. An odd closed walk of any
length in the graph exists if and only if the graph contains at least one odd-length cycle.
Therefore, we can reformulate the previous Corollary as.

Corollary 3 A graph G is bipartite if and only if tr (sinh (A)) = 0.
Based on this result the authors of [82] proposed the following.

Definition 14 The bipartivity of a graph is defined as the relative difference between the
number of closed walks of even and odd length,

__tr(cosh (A)) —tr(sinh (A))  tr(exp(—A)) EE(G™)
"~ tr(cosh (A)) +tr(sinh (A))  tr(exp(A))  EE(G)’

b (G) 8.4)

where G~ is the graph in which all the edges are weighted by —1.

It is easy to see that tr (exp (—A)) reaches its minimum for the complete graph, which is also
the graph for which E E (G) is maximum (see an example in Fig. 6). In this figure the reader
can also visualize how the bipartivity index changes monotonically with the increase of the
number of edges “frustrating” the bipartition.

Then, we have the following result.

Lemma 8 Let G be a simple graph. Then, its bipartivity is bounded as

- (nen —et 1
e - -

pr— >§b(G)§l, (8.5)

where the upper bound is attained for any bipartite graph and the lower bound is reached
for G = K,.

Therefore, we have that

lim b (K,) =0. (8.6)
n—oo
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Fig.6 Illustration of the change in the bipartivity index with the increase in the number of edges in a complete
bipartite graph
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8.1 Signed graphs

In order to understand why the index b (G) quantifies the bipartivity of a graph we should
start by recognizing that the numerator of b (G) is the trace of the adjacency matrix of a
fully-negative signed graph. For an exhaustive compilation of mathematical results about
signed graphs the reader is referred to [241]. Let us introduce here the necessary concepts
for understanding the connections between bipartivity and signed graphs. We will start with
the following.

Definition 15 A signed graph is the 4-tuple Gt~ =(V,E, X,¢),where V = {vy, ..., v,}
is the set of nodes or vertices representing individual social entities, £ C V x V is the set of
edges formed by (ordered or unordered) pairs of nodes, X = {4, —} is a set of signs, positive
and negative relations,? and ¢ : E — ¥ is a mapping assigning one sign to each edge.

Therefore, the numerator of b (G) counts the number of negative cycles in G, where a negative
cycle is any cycle in which the product of the sign of its edges is negative. In a fully-negative
graph, the negative cycles are the odd-length cycles, which are indeed those that break the
bipartivity of the graph. In the theory of signed graphs we have the following important
concept (for a list of references and some critical account see [79]).

Definition 16 A signed graph G1~ is balanced if all its cycles are positive.
Then, it is obvious that a fully-negative graph is balanced if and only if it is bipartite. In
the general case of any signed graph the following result is well-known.

Theorem 21 A signed graph G~ is balanced if and only if its nodes can be separated into
two mutually disjoint sets, such that positive edges joint nodes only inside the subsets and
negative edges joint nodes from different subsets.

The adjacency matrix of a signed graph can be expressed as: A = AT — A~ where
AT represents the adjacency between pairs of nodes connected by positive edges, and A~
represents the adjacency between pairs of nodes connected by negative edges.

3 Inthe study of social signed networks, positive edges are used for friendship relations and negative ones for
enmities.
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Definition 17 [79,81] The balance of a signed network with adjacency matrix A = AT — A~
can be quantified by
At — A~ EE (Gt~
K (G) = tr (exp ( ) _ ( ) 7 87
tr(exp (|At —A~|)) EE(|Gt|)

where |-| represents the entrywise absolute of the corresponding matrix.

The following result was proved in 1980 [2].

Theorem 22 For any signed graph, the matrices At — A~ and |AT — A~| are isospectral
(cospectral) if and only if the signed graph is balanced.

Then, we have the following.
Theorem 23 Let G~ be a signed graph with adjacency matrix At — A~. Then,
n_ oty
A () k(6 <1, (8.8)
e"+n—1

where the upper bound is attained for any balanced graph and the lower bound is reached
for a fully-negative complete graph.

Then, we also have that

lim K (K, ) =0, (8.9)

n—o0

which is a maximally unbalanced graph.

8.2 Seidel Estrada index

Let us focus now on a particular kind of signed graph. Let J and 7 be the all-ones and identity
matrices, respectively. The following matrix was introduced in [221] and it is nowadays
known as the Seidel matrix.

Definition 18 The Seidel matrix of a simple graph G with adjacency matrix A is defined as
S(G)=J—-1-2A. (8.10)

Obviously, S (G) = AT — A~ is the adjacency matrix of a signed graph G, where
AT=J — I — A and A~= — A. Therefore, we have the following result.

Theorem 24 Let G~ be a signed graph with adjacency matrix S (G). Then, G is balanced
if and only if S (G) is isospectral to A (Kp).
Proof The balance index of a signed graph with adjacency matrix S (G) is
t J—-1-2A t S(G
K (G+) = T ) _ wEp($G)) G0
tr (exp (J — 1)) EE (Kpn)

which immediately implies the result. O

Remark 3 The term tr (exp (S (G))) =: SEE (G) was denoted in [122] as the Seidel Estrada
index of the graph. The name Seidel honors mathematician Johan Jacob Seidel (1919-2001).*

4 A biography of Johan Jacob Seidel can be found at: https://mathshistory.st-andrews.ac.uk/Biographies/
Seidel_Jaap/.
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We can prove here the following result.

Theorem 25 Let K, n, be a complete bipartite graph. Let S (Km,nz) be the Seidel matrix
of Kn, ny. Then, S (Knlm) and A (K,,1+n2) are cospectral.

Proof Using the structural balance theorem we can show that the signed graph whose adja-
cency matrix is S (K n, n2) is balanced. That is, we can split the set of nodes into two disjoint
sets containing n1 and n; nodes, respectively, in which the inter-set edges are negative and
all intra-set edges are positive. Then, using Theorem 24 we prove the result. O

Remark 4 The previous result implies that any signed graph with adjacency matrix

AZ(A(_K;I) A(—Kfm)), (8.12)

is balanced. Also that SEE (K, n,) = EE (Kp4n,) = €xp(n) + (n — 1) e .
In [122] it was proved the following results for the Seidel Estrada index.

Theorem 26 Let G be a simple graph withn > 2 nodes, m edges, t trianglesand Z =), kiz.

Then,
SEE(G)>\/'; <n3—n+12<Z+4t—nm+%>>. (8.13)
Theorem 27 Let G be a simple k-regular graph. Then,
SEE(G) > ¢" "2 4 (n — 1)exp (% - 1) . (8.14)
Theorem 28 Let G be a simple k-regular bipartite graph. Then,
SEE (G) < &"~172% 4 é (EE (G) — e—k)z. (8.15)

In this subsection we have shown that although the so-called Seidel Estrada index was pro-
posed and studied in a completely ad hoc way, it can be connected with the theory of signed
graphs. This may facilitate further studies of this index, its extension to consider statistical
mechanics parameters and its applications to the study of real-world signed graphs.

8.3 Negative absolute temperatures and the Onsager Estrada index

In the definition of the bipartivity index we have considered in the numerator of Eq. (8.4)
the term EE (G_) = tr (exp (—A)) . In the context of statistical mechanics which we have
analyzed in Sect. 6 this corresponds to consider the inverse temperature t = —1. So far,
we have considered the inverse temperature 7 to be positive. So, what a negative inverse
temperature could mean? Let us first analyze what is the physical definition of 7. Let S be
the statistical entropy, which is a function of the possible microstates of the system, and let
E be the system’s energy. Then, the absolute temperature is defined as:

1dS
TiI=—=—.

TdE
Graphically, it corresponds to the slope of the curve of entropy versus energy at a given
point. Therefore, as can be seen in Fig. 7 the inverse temperature can be negative. In a system

(8.16)
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Fig. 7 Sketch of the plot of entropy versus energy used to illustrate the definition of the inverse temperature
which is given by the slope of the curve in a given point. The scale of inverse temperature is given on top of
this plot

at negative temperature the high-energy states are more occupied than low-energy states.
Such systems have been created by physicists in the real-world [35].

From a graph-theory perspective what it means that “the high-energy states are more
occupied than low-energy states”? In the Sect. 6 we have considered that the Hamiltonian
describing the graph as a quantum system is given by the negative of the adjacency matrix
Hyn = —A, such that the energy levels of the system are E; = —A; and the wavefunctions
are the eigenvectors associated to the eigenvalues of A. In this case the partition function of
the graph is given by Z = 37_; (¢"*/) with t > 0. Therefore, for z — o0, we have that
7 = e™1. In the current case, where T < 0, we have that when T — —o0, the partition
function is: Z = e"™». This means that we have changed the “importance” given to the
different eigenvalues in the Estrada index, giving now more weight to the contributions of
the smallest ones. Because Lars Onsager (1903-1976) was the scientist who first study the
negative absolute temperatures in [178] we propose to name the following index in his honor.”

Definition 19 The Onsager Estrada index of G is defined as
OEE (G) = trexp (—A)]. (8.17)

First let us consider some elementary results, which are presented here by the first time.
First, because tr [exp (—A)] = tr[cosh (A)] — tr[sinh (A)], and due to the fact that a graph
is bipartite if and only if it has no odd cycles, we have the following result.

Lemma9 Let G be a simple graph. Then, OEE (G) = tr[cosh (A)] if and only if G is
bipartite. In this case OEE (G) = EE (G).

Remark 5 Some graphs for which O EE (G) = EE (G) for which we can write explicitly
the indices are

— OEE (Kpyny) = EE (Kyy.ny) = n1 4 na — 2+ 2cosh (y/nn2);

5A biography of Lars Onsager can be found at: https://www.nobelprize.org/prizes/chemistry/1968/onsager/
biographical/.
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— OEE (Sy) = EE(Sy) =n—2+2cosh (vn —1);

1
— lim,— o0 EE (C,) = nly, n even, where Iy = — fon €208 X gy
— lim,— o EE (P,) = (n — 1) — 2 cosh (2).

Lemma 10 Let G be a simple graph and let A, be the least eigenvalue of A. Then,

e < OEE (G) < ne ™. (8.18)
The following result allows us to compare O E E (G) with EE (G) using Eq. (3.12).
Lemma 11 Let G be a simple graph. Then, the Onsager Estrada index of G is bounded as

OIZ“E(G)ZFHr”leJrE Fs+ 5 : Fs+i 6+2F7+LF9+LF12+1F16
360 60 120 60 5 36 60 60
<EF4+LF8+ ’ Fio +LF11 +LF13+LF14
120 10 72 180 360 360

1 1 1 1 1
—Fis+—F Fig + — —
+90 15+360 17+6O 18 + 180 19+360 20)

(8.19)

As we can see only bipartite subgraphs make a positive contribution to the Onsager Estrada
index.

8.4 Numerical analysis

Here we compute the bipartivity index for all connected graphs with 8 nodes. We select
two other network parameters to compare with the bipartivity. The first is the edge density
8(G) = 2m/ (n (n — 1)) where m is the number of edges. The reason for selecting this
parameter is that as the density of the graph increases the number of cycles of any length
will also increase. For instance, in Erd6s—Rényi random graphs we can find that the number
of triangles F4 (see Fig. 1) is bounded as

P> s 1 353
4 > (np) 8. (8.20)
6 6"

The second parameter is the clustering coefficient C (G), which is defined as C (G) =
3F4/ F3, where F3 is the number of paths of length 2 in the graph (see [78]). Here again
we would expect that the bipartivity and the clustering coefficient are negatively correlated
due to the fact that the increase in clustering means the relative increase in the number of
triangles. However, bipartivity is also related to other odd-cycles in the graphs and we want
to investigate their influence of this network parameter.

In Fig. 8 we plot the results of the bipartivity vs. the clustering coefficient where the points
are colored according to the number of edges that the graph has. As can be seen the most
dense graphs also have the highest clustering and lowest bipartivity, as expected. Although
there is a decaying trend between the bipartivity and the clustering coefficient, it is clear
that even for these small graphs, the contribution of longer cycles to the bipartivity is very
important.

In Table 7 we give the values of the bipartivity for the five networks studied in this work.
The networks of Stony and powergrid have significant bipartivity, while neurons and yeast are
highly non-bipartite. As can be seen in the Table there is not a clear trend between bipartivity
and edge density nor to the clustering coefficient of these graphs.
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Fig.8 Scatter plot of the 1 l

bipartivity and the clustering

coefficient of all connected 0.8 'ﬁ*lll ' 25
graphs with 8 nodes. The points R ;““l" ¢ |

in the plot are colored by the
number of edges that the
corresponding graph has

fint* |20

o
~

Bipartivity
o
(o]
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0 . \' .
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Table7. Values‘o.f the bipartivity, Network b(G) C (G) 5(G)
clustering coefficient and edge
density of the .ﬁveA reall—world Stony 6.3 % 101 2.0 % 10-2 1.3 % 101
networks studied in this paper
Neurons 1.2 x 1073 1.9 x 107! 5.1x 1072
Yeast 4.9 x 1074 1.6 x 107! 2.8 x 1073
Internet 43x1073 1.5 x 1072 1.1 x 1073
Powergrid 7.2 %1071 1.0 x 1071 54 %1074

In the case of Stony we have obtained a bipartition of the network using a technique also
based on matrix exponentials. The result is illustrated in Fig. 9 where the edges colored in red
or in blue are those that frustrate the bipartition of the network, i.e., those that, if removed,
make the graph bipartite.

9 Gaussian Estrada indices

As we have seen in the previous analysis there are situations in which the Estrada index
of a graph is mainly determined by the spectral radius of the adjacency matrix. That is,
when A1 3> 22 > 1 the sum )~ ; exp (2 ;) is approximated very well by exp (A1) . From the
structural point of view, this means that most of the information contained in the eigenvalues
Aj for j > 1 is making almost no contribution to the Estrada index. It is well-known that
structural information encoded by some other eigenvalues other than A is very important
for several kinds of problems [46,50-52,213,214]. For instance, the nullity of the graph (see
[111] for areview), i.e., the multiplicity of the zero eigenvalue of the adjacency matrix, plays
a fundamental role in explaining magnetic properties of materials [230]. In general, many
real-world networks have large multiplicity of A; = 0 (nullity) and of A; = —1 which
points to the fact that some important structural information on these networks is encoded in
eigenvalues different from A .

In this section we investigate Estrada indices that give higher weights to the contribution
of eigenvalues other than the spectral radius. In particular we use here a technique known
as spectral folding [36,229] to produce Gaussian Estrada indices [5,80]. In the following let
X be a given reference eigenvalue, / (z) be the modified Bessel function of the first kinds,
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Fig. 9 TIllustration of a bipartition of the network of Stony stream using the method developed by [82]. The
dotted lines joints the two partitions and continuous lines connect vertices inside the same partition, i.e., they
frustrate the bipartition of the network

erf (z) be the error function and erfc (z) = 1 — erf (z) be the complimentary error function
[5,80].

Definition 20 The Gaussian Estrada index of G is defined as
- 2
GEE; (G) =tr {exp [— (u - A) ]} . ©.1)

The idea behind this Gaussian Estrada index is explained graphically in Fig. 10. The name
Gaussian honors Carl Friedrich Gauss (1777-1855).°

First we give a few general results for the Gaussian Estrada index (see [5,80]).

Lemma 12 Let G be any graph. Then,
GEE; (G) =tr (E_XZC‘ZXAE_A2> = e_;\ztr (erAe_Az) . 9.2)
Theorem 29 Let G be a graph with n nodes and m edges. Then,

EE (K,,, i) if des = 0,
GEE; (G) < 9.3)
EE(Kin-t. k) if A =1,

where k; is the degree of the node i in the graph G .

6 A biography of Carl Friedrich Gauss can be found at: https://mathshistory.st-andrews.ac.uk/Biographies/
Gauss/.
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Fig. 10 Illustration of the gaussianized spectrum method. The eigenvalues of the adjacency matrix of the
- - 2

network are folded at A into the spectrum of (AI - A) . Then they are exponentiated to give more weight to

Aref

Lemma 13 Let K,, be the complete graph of n nodes. Then

i R )
GEE; (K,) = . 94
e +n—-1 ifA=—1.

Lemma 14 Let P, be a path having n nodes. Then, asymptotically as n — oo and for some
ce0,m)

e 2lhQ(n+1)—e if =0,
GEE): (Py) = 5 9.5)
eSe e (n+ I (2) —e?) ifh=—1

Lemma 15 Let C,, be a cycle having n nodes. Then, asymptotically as n — oo and for some
ce0,m)

e 2nly (=2) if . =0,
GEE; (Cy) = 9.6)
ne~3e~4coscp (=2) ifi=—1.

Lemma 16 Let K, ., be the complete bipartite graph of ni + na nodes. Then

27" 4 py+np —2 if A =0,
GEE; (Knyny) = 9.7

e~ (em™m cosh(Qy/mimy) +ny +ny—2) ifh=—1.
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Corollary 4 Let K1 ,,_; be the star graph of n nodes. Then

el 4+ —2 ifi:(),
GEE; (Kin-1) = ) 9.8)
e (e cosh@y/n —1) +n—2) if k= —1.
In [210] the authors studied several bounds for the Gaussian Estrada index when A = 0
which are resumed below.

Theorem 30 Let G be a simple graph with n nodes and m < g edges and let & = 0. Then,

GEE; (G) = n/2m, 9.9)
with equality if and only if G = K,,.
Theorem 31 Let G be a simple graph with n nodes and m < % + g exp (—4m/n)
edges and let }. = 0. Then,
GEE; (G) = \/n—4m+n(n— 1) exp (—4m/n), (9.10)

with equality if and only if G = K,,.

Remark 6 The previous bound can only be applied for very sparse networks where the density
8 (G) =2m/ (n (n — 1)) is bounded as

1
8(G) < - +emin, 9.11
G) = 557 +e ©.11)
Theorem 32 Let G be a simple graph with n > 2 nodes and m < % edges. Let M =), kl-z,
then,

GEEy(G) zexp(—=M/n) + (n — Dexp((M/n —2m) /(n — 1)), 9.12)
with equality attained if and only if G admits Ay = J/M/n , Ay = --- = I =
(n—2k+ 1" /M/n and Ayl = o0 = Ay = —(n—2k+ D~ /M]n for some
evelt)

9.1 Random graphs

In this subsection we consider the estimation of the Gaussian Estrada indices of random
graphs. The reasons for studying random graphs have been explained in Sect. 5.2. Here we
will consider both Erd6s—Rényi and Barabdsi—Albert random graphs.

Inn
n

Theorem 33 [5,80] For an Erdés—Rényi random graph G, , with & p for significantly

large r = 2/np (1 — p), we have

2 2 2
GEE; (Gy,p) = nexp (T) (10 (?> +1 (5» 9.13)

lf): =0, and
2nvr? — 1
GEE; (Gn,p) = N7 o erfe (r) 9.14)
r
ifA=—1,asn — oc.
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Theorem 34 [5,80] Let G g4 be a Barabdsi-Albert random graph and letr = 2/np (1 — p).
Then, when n — oo,

GEE; (Gga) = :iz (ﬁrerf(r) fe 1) , (9.15)
if =0, and

GEE; (Gpa) = g ((A=ryerf(l —r)y+ A +ryerf(l +r))
—Jmerf (1) —e_l)

(9.16)

ifh = —1.

9.2 Double Gaussian Estrada index

Another important situation appearing in many molecular systems is the existence of two
reference eigenvalues, typically located around the mid part of the spectrum, which are
of great relevance for understanding the behavior of these systems. In 1952, Fukui et al.
[99] calculated the chemical reactivity of molecules by using molecular orbital theory, but
their method neglects all molecular orbitals except two, the occupied one of higher energy
(HOMO) and the vacant one of lowest energy (LUMO). According to Fukui the HOMO gives
a molecule a character of electron donor, whereas the LUMO acts as an electron acceptor.
The theory was further applied by Woodward and Hoffmann [234] in the interpretation of
the stereochemistry of electrocyclic organic reactions. Both, the Frontiers Molecular Orbital
(FMO) theory of Fukui and the Woodward-Hoffmann rules are paradigmatic examples of
success of theoretical approaches in Chemistry. Both Fukui and Hoffmann won the Nobel
Prize in Chemistry for such works. Since then [98], FMO is widely applied for studying
chemical reactivity [176].

Let us consider here, for instance, molecular systems S where the energy E is obtained
by the time-independent Schrodinger equation: (¢l + tyyA) ¥ = EW, as described before.
Then, when o = 0 and tyy = —1, the energy levels of the system are E; = —A ;. Typically,
the states with energy levels E; < 0 are occupied by electrons, while those with energy
E; > 0 are empty. Then, the energy level just below E; = 0 is known as the highest
occupied molecular orbital (HOMO) and the one just over E; = 0 is the lowest unoccuppied
molecular orbital (LUMO). These two molecular orbitals are fundamental in understanding
the chemical reactivity of these molecular systems [182]. They can be described in the current
approach by the negative of two references eigenvalues A1 and X, of the adjacency matrix.
Then, we have the following [6] (Fig. 11).

Definition 21 The double-Gaussianized Estrada index of G is defined as

DGEE; ; (G)=tr {exp [— (111 — A>2 (121 - A)Z}} _ (9.17)

Lemma 17 Let G be any graph. Then,
roXe 725 7.32 (32,52 75 2 5 5 3
DGEE; ;. (G) = e <62(/\1)»2+M)»2)Ae (FF+ig+aniia)a? 2(Ti+a)a e_A4> '

(9.18)
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Fig. 11 Schematic illustration of the double Gaussianization of the graph spectra. The eigenvalues of the

adjacency matrix are folded at two different reference eigenvalues and then exponentiated as illustrated in the
right part of the figure

Lemma 18 Let &y = —1 and &> = 1, such that EE (G, =1, 1) = tr (exp [~ (4> = 1)’])..

Let K, Ky, n, and K1 ,_1 be the complete, bicomplete and star graphs of n nodes, respec-
tively. Then

DGEE_1 1 (Kp) =n — 1+ 0=2"

9.19)
DGEE_y 1 (Kuy.n,) = % 4 2o (mm=1? (9.20)
DGEE_1; (Kin1) = % 12122, 9.21)
Lemma 19 Let Gy, be connected bipartite graph of n nodes, then
DGEE_11(Gp) < DGEE_; 1 (Ky). (9.22)
Conjecture2 Let G be any connected graph of n nodes, then
DGEE_11(G) < DGEE_;;(K,). (9.23)

Claim 1 The double-Gaussianized Estrada index of a simple graph has the following Taylor
series expansion:

1 o0
_ 2k
DGEE,Ll = - ( agtrA )
¢ \imo
1 2 5
= - (trl +2trA? + rA* — gtrA6 — gtrA8
e

1 23
A a2 ).
5 Tt

(9.24)

b . .
where ay =) 4, opeop (=1 #, and a, b are non negative integers.
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Fig.12 Histograms of the relative deviations in percentage of the bounds given in Theorem 30 and in Theorem
32 for all connected graphs with 8 nodes

9.3 Numerical analysis

We consider here the bounds given in Theorem 30 and in Theorem 32 for all connected
graphs with 8 nodes. The bound given in Theorem 31 is not applicable in all the cases and
we do not considered it for this general case. We show in Fig. 12 the histogram of the relative
deviations for these two bounds in these small graphs. The mean relative deviations (in %) of
the two bounds are, respectively 89.84 +2.51 and 66.51 &£ 6.55, which points to the fact that
the second bound is a better approximation than the first one to the Gaussian Estrada index.

In Table 8 we give the values of the three bounds for the five networks studied here as well
as the values of the actual Gaussian Estrada index for 2 = 0. The bound given in Theorem 30
is extremely far away from the actual values and practically says the same as the trivial bound
GEE()(G) > 0. The same happens for Theorem 32 in the cases of Stony and neurons, but it
gives more decent estimations for the cases of the bigger networks of Internet and powergrid.

Table 8 Values of the bounds given in Theorems 30, 31 and in 32 for the Gaussian Estrada index GE Eq (G)
of the five real-world networks studied here. The bound given in Theorem 31 is not applicable (NA) for most
of the networks as they do not fulfill the necessary condition on the edge density

Network Theorem 30 Theorem 31 Theorem 32 GEE((G)
Stony 0.0675 NA 8.018 x 1074 41.360
Neurons 0.071 NA 6.260 x 10~4 69.083
Yeast 0.163 NA 4.998 1135.731
Internet 0.292 NA 109.2963 2148.635
Powergrid 0.375 309.576 342.947 1907.307
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10 Mittag-Leffler Estrada indices

As we have seen in previous sections of this paper, the Estrada indices of a graph may arise
as the solution of the linear dynamical system

%u(l‘) = Mu(t), (10.1)

where M is a given graph matrix, with initial condition u (0) = ug. The solution of this
system is given by u () = exp (t M) ug. The case in which M = A is the adjacency matrix
of the graph has been analyzed in the paper [172].

Let us consider that, instead of using the first derivative of u (¢) respect to time, we use a
fractional derivative. Then we have a system of the form:

Dfu (t) = Mu (1), (10.2)
for 0 < o < 1, where the Caputo fractional derivative [37] is given by

I CONE
F(al—a) Jo (@ —oeti-ed®

Du (1) = (10.3)

where f®) represents the kth derivative of f and I' (z) is the Euler gamma function:

') = fo*le*de, Re (z) > 0. (10.4)
The solution of this system is given by
u(t) = Eq,1 (1*M) uo, (10.5)
where
o0 k
*M
Eq1 (1*M) = 27( N (10.6)
= I' (ak + B)

which are the Mittag—Leffler matrix functions (for properties of Mittag—Leffler matrix func-
tion the reader is referred to [102,183]).
To catch the analogy with the standard Estrada index of a graph we can write is as

o k
EE(G) =tr <1§ F(k+1)> = tr (exp (A)), 10.7)

due to the fact that I" (k + 1) = k!,

Therefore we can generalize the Estrada index to account for a wider class of penalization
functions, such that we write

o0 Ak
EEyp(G) =tr — . 10.8
a.p (G) ;F(akﬂg) (10.8)

At the same time we keep in mind that E E, g (G) is the solution of a system of equations
of the form Dfu (1) = Au (¢) as we will explore later. We propose the name Mittag—Leffler
Estrada index for EE, g (G) in honor to the mathematician Gosta Mittag—Leffler (1846—
1927).7 Some examples of closed formulas are illustrated in Table 9.

7" A biography of Gosta Mittag-Leffler can be found at: https://mathshistory.st-andrews.ac.uk/Biographies/
Mittag-Leffler/.
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Table9 Examples of

Mittag—Leffler functions of the ¢ p Function
adjacency matrix 12 1 exp (Az) (I + erf (A))
1 1 exp (A)
2 1 cosh («/X)
3 1 % [exp (A1/3>+Zexp (—A1/3) cos(?AlB)}

A~
—
S

[cos (A174) + cosh (A1/4)]

One important aspect of these functions in general is that by controlling the parame-
ters o and B we can penalize the walks of k length in different ways. For instance, if
((a — 1)k + B) < 0 for all k, then the walks of any length are penalized less than in
EE; 1 (G). This is for instance, the case of EEj 2,1 (G) (see Table 9). In those cases where
((@¢ — 1)k + B) > 0 for all k, the penalization of all walks is heavier than in the exponential,
which are for instance the cases of EEg~1 g (G). There is a third case which occurs when
(¢ — 1) k+ B is negative for 0 < k < k. and positive for k > k., where k. is a given integer.

This is the case, for instance, of the matrix functions where k., < — < p I )
o —

Let us first consider the Estrada index EE| 5,1 (G) = tr (exp (A%) (I + erf (A))). A sim-
ilar index was defined and studied in the paper [89] in the following form:

k

i % =t (Sexp (&) (21 + Vorert (4))). (10.9)

k=0

where k!! is the double factorial of k. The goal of defining such index was to account for
less penalization of longer walks, which may play an important role in several applications
(for some examples see [1,89]) . For instance, if we compare the subgraph expansion of
EE;,3,1(G) with that of EE1 1 (G) (see Eq. (3.12)) we can clearly observe the differences
in the penalization of bigger subgraphs made by both indices. In the case of EE}/3,1 (G) we
have:

10 1674 5944
EE]/2,](G)A’V«Fl+?Fz+4F3+gF4+F5+2F6+12F7+WF8

L 3 A e ks O r OF

97 0T 37 10T qga T 2T 5 P35yt

+4F)5 + 7467 Fie+2F17 + 765 Fig + 71336F + 7467 Fyo + 765 F
15+ 57 F16 17+ gy Fs F es Flo g  Fao + o Far,
(10.10)

which points out that triangles are more than 20 times less penalized by this function that
by the exponential, squares are penalized 30 times less, pentagons, hexagons and heptagons
are penalized 93, 120 and 433 times less by EEy/2,1 (G) than by EE 1 (G). Let us show a
practical example on how these different penalizations influence the Estrada indices of cycle
graphs. In Fig. 13 we illustrate three graphs with 8 nodes but having different length of their
main cycles. In Gy there is a triangle and an heptagon, in G a square and a hexagon, and in
G 1 two pentagons. The index EE; 1 (G) of the three graphs are: 21.68, 20.64 and 20.38,
respectively. That is, there is a difference of 4.8% between Gy and Gy and of 1.25% between
Gy and Gyyy. On the other hand, the index EE; 31 (G) is 672.24, 540.58 and 507.13 for

@ Springer



9 E. Estrada

G G, G,

Fig. 13 Examples of three graphs with 8 nodes and chordless cycles of different lengths: G has a triangle
and an heptagon; G has a square and a hexagon; G has two pentagons

Gy, Gy and Gy, respectively, which represent 19.6% of difference between the first pair
and 6.2% between the second one.
Finally, we consider the Mittag—Leffler Estrada indices defined as follow:

MTEEL/S+1 (G) :tr<zw> :tr(ZW) ,ﬂ = 1,2,3,....

k=0 k=0
(10.11)

These indices were developed and studied in 2010 in the paper [75], as a way to penalize
more heavily the longer walks than in the matrix exponential. The indices EE g1 (G) are
also the trace of the so-called matrix ¥ functions:

MTEE; g11 (G) = W (A), (10.12)

where

1
¥, (A) : /0 eU=DAx =gy, (10.13)

CER)

which obey the following recurrence formula:

1
P (A) = A¥g41 (A) + El. (10.14)
When the adjacency matrix is not singular we can represent these Estrada indices as follow
MTEE), (G) = tr (¥ (A))., (10.15)
MTEE) 3(G) = tr (¥5 (A)), (10.16)

and so forth. Other Mittag—Leffler matrix functions in the context of network theory have
been recently studied in [13].

10.1 Resolvent Estrada index

The context of Mittag—Leffler Estrada indices also allow the consideration of other indices
that were previously proposed in the literature. This is the case of an index proposed in 2010
in [85]. The goal of introducing this index was to change the penalization of the different
powers of the adjacency matrix from k! to (n — 1)* to increase the contribution of walks of
longer lengths. The index proposed in [85] corresponds to the trace of the resolvent of the
adjacency matrix:

X Ak 1 -l
REE(G)=1tr (,; (n—l)k) = tr<<l - 1A> ) , (10.17)
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which eventually was proposed in [27] to be named as the resolvent Estrada index of the
graph. It can be seen that the resolvent Estrada index is a particular case of Mittag—Leffler
Estrada index:

B (& @mk A\
REE (G) = MTEEy (G) =tr (,; F(ak+ﬂ)> _tr<<l — ;> ) (10.18)

Remark 7 The use of the normalizationc; = 1/ (n — 1) in (¢ A)kis just one of the many pos-
sibilities that exist. In reality this normalization is not a good one, because the corresponding
Estrada index is very close to the number of nodes of the graph, as can be inferred from the
bounds presented before. Then, other general choices of the type (QA)k where o < (A1)~}
are more appropriate here.

A nice result relating the resolvent Estrada index and the characteristic polynomial of the
adjacency matrix was proved by in [41] and is given below.

Theorem 35 Let G any graph with n nodes and let P (G, x) be the characteristic polynomial
of the adjacency matrix of G, aka its characteristic polynomial. Then,

P’ (G,n)

EEo1(G) =) 5 Gon)’

(10.19)

where P’ (G, n) is the first derivative of P (G, x) evaluated at x = n.

To illustrate the previous result let us consider the three graphs in Fig. 13. Their characteristic
polynomials are, respectively:

P (G, x) = x® —9x0 — 2% 4+ 24x* + 8x3 — 19x? — 8x, (10.20)
P (G x) =x3—ox0 +22x* —16x% + 1, (10.21)
P (Grrp,x) = x5 —9x0 4+ 24x* — 4x3 — 20x2 + 8x, (10.22)

which give EE¢ 1 (Gy) = 4023/484,EEo,1 (Grr) = 2980/359, and EEy 1 (Grr1) =
2191/264. That is, the difference between the first pair of graphs is only 0.13% and between
the second pair is only 0.02%. This is a direct consequence of penalizing more heavily the
longer walks than in the exponential matrix function.

Some other inequalities have been reported for the resolvent Estrada index in terms of the
number of nodes, edges, maximum degree, etc.

Lemma 20 [41] Let G be a simple graph with n nodes and m edges. Then,

n?(n— 1)2

REEG)> ———
( )_n(n—1)2—2m

(10.23)

with equality if and only if G = K,,.
Lemma 21 [114] Let G be a simple noncomplete graph with n > 3 nodes and m edges.
Then,

4m

REE (G)<n+ ——,
@ (n—1)2—2m

(10.24)
with equality if and only if G = K,,.
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Fig. 14 Illustration of a system
formed by three balls of mass M
tied to the ground with springs of
constant K connected by springs
of constant M >

! '\'Iﬁ'lil'illlll
ks
2

H

Lemma 22 [175] Let G be a simple graph with n nodes, m edges and maximum degree
kmax #n — 1. Then,

kmax
REE(G) <n (1 + Do 1o kmax)) , (10.25)
2m
REE (G) <n+ (10.26)

(n_l)(n_l_kmax)'

11 Estrada indices and network of oscillators

The study of vibrations on regular graphs, known as lattices, is standard in solid-state physics
(see for instance Chapter 4 in [144]). The techniques of classical as well as of quantum
mechanics are used in the analysis of such vibrational problems. In 2003 this analysis was
extended to consider non-regular networks [146] where the vibrations where analyzed in the
context of a quantum system. Here we investigate the connections existing between some
of the Estrada indices and the network vibrations, used in a metaphorical sense. That is,
although some physical systems represented by non-regular graphs can be analyzed using
the techniques developed here we consider the current approach as an appropriate tool for
giving a physical meaning to the indices involved.

Let us consider a system S consisting of ball of mass M which are connected by springs
with the spring constant M w?. Let us consider that the ball-spring system is submerged into
a thermal bath at the temperature t. Then the balls in the complex network oscillate under
thermal disturbances. We will consider that every ball is tied to the ground by a spring which
has spring constant satisfying K > max, k, (see Fig. 14). This guarantees that the system
can oscillates but do not translate from a fixed position. In this way we can analyze how a
given ball can transmit small oscillations to the rest of the balls of the system.

The general Hamiltonian of this system is written as

2 2,2 2
Dy Mw~x; Mo )
H = K —ky —_ Ay (Xy — X))~ 11.1
EU[ +( ) ]+ S (%0 — Xw) (11.1)

2M 2

i<j

where the first term represents the kinetic energy of the corresponding balls and the second
term represents the potential energy of the system, with p, being the momentum and x, the
coordinate of the ball v.

11.1 Quantum oscillators
In this setup we consider that the system obeys the laws of quantum mechanics. Then, the

momenta p,, and the coordinates x,, are not independent variables but they are operators that
satisfy the commutation relation: [x,, py] = i hdyw,Where i = 4/—1, his the Dirac constant
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and §,,, is Dirac delta. Additionally we will use second quantization to express the creation
and annihilation of oscillations at the given balls of the system. That is, we use the boson
creation and annihilation operators defined by [184]

1 i
T NML — —— U>7 11.2
@ m(’“ Nk (-2
1 i
v = — W MS2 v - 11.3
“ v 2h (X +«/M.Qp> ( )

With the use of these operators, the Hamiltonian of a network of quantum harmonic
oscillators is given by [84]

. 1 ho?
A S =Y he <a3av + 5) - % (al +ay) Ay (al, +an).  (11.4)
v v,w

where 2 = /K /Mw and K is a constant such that K >> max, k.
Since A is symmetric, we can diagonalize it by means of an orthogonal matrix O as in

A=0(KI—-A) 0T, (11.5)

where A is the diagonal matrix with the eigenvalues A, of (K1 — A) on the diagonal. This
generates a new set of boson creation and annihilation operators as

bu=Y Opay=Y a, (OT)W, (11.6)
v v

bl =3 Opal =3 dl <0T)W, 11.7)
v i

We can then decouple the Hamiltonian as

H(S) = Hy(S), (11.8)
with !
H, (S)=hQ <bLbu + %) + %2 (A — K) (b], +bu)2
= h2 [1 + % = K):| (b;bﬂ + %) + Z—“;j (o = K) [(01)” + (0)°]

(11.9)

‘We now introduce an approximation in which each mode of oscillation does not get excited
beyond the first excited state. In other words, we restrict ourselves to the space spanned by
the ground state (the vacuum) |vac) and the first excited states b[t |vac). Then the second term
in the last line of the Hamiltonian (11.9) equals zero and we have

2
H, (S) = h2 [1 + 2‘”? (h — K)] (b;bﬂ + %) . (11.10)

Remark 8 This approximation is justified when the energy level spacing 12 is much greater
than the energy scale of external disturbances, (specifically the temperature fluctuationkp T =
1/7), as well as than the energy of the network springs hw, i.e. Th§2 >> 1 and 2 >> w.
This happens when the mass of each oscillator is small, when the springs to the ground,
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M 22, are strong, and when the network springs Mw? are weak. Then an oscillation of tiny
amplitude propagates over the network.

We are going to work in this limit hereafter. The thermal bath represents here an ’external
situation” which affects all the links in the network at the same time, e.g., economic crisis,
social agitation, extreme physiological conditions, etc. After equilibration, all links in the
network are weighted by the parameter T = (kgT) ™.

Let us now compute how much an excitation at the node p propagates throughout the
network before coming back to the same node and being annihilated. This information is

obtained through the diagonal thermal Green’s function, which is given in the framework of
quantum mechanics by

1 5 .
Gu (8, 7) = — (vac| aye ™ Sal |vac) (11.11)

where the partition function is given by
th§2 w?
Z(S) = — |1+ =—(r,— K .
S) ];[eXp{ 5 [ + 557 (hu )]} (11.12)
The diagonal thermal Green’s function can then be obtained as [84]

1 5(S),+
Gu (8.1 = 52 (07), (vaclbue™™ (Db] fvac) v
7R

= % 3 {(0T) (0T> {vac| bue™ b [vac) O,y [ tvacl e ™ |vac>}
H " h V(£
> (o
n
2
= Z <0T " exp {—tﬁ.Q |:1 + 260? ()»,4 — K)]} O
I

A 2
= ¢ Ph% exp the A
2022 .

(vac| be~"n b vac)
—tHy,

|vac) H

>vu (vac| e
),

(11.13)
where we have used the spectral decomposition of A in the last line.
Let us consider i =1 and K = %MwS. Then, [84]
G (S, 7) = e ™V (exp[A]),, = ¢ VG, (G, 7). (11.14)
Remark 9 In [84] it is remarked that
EE(G. 1) =Y Guw(G, 1) =V G,y (S, 1), (11.15)
v v

which indicates that the Estrada index represents the sum of the excitations started at every
node of a graph, which propagate throughout the network before coming back to the same
node and being annihilated in a network of quantum harmonic oscillators.
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11.2 Classical oscillators

Here we consider a system S like the one described before but obeying the laws of classical
mechanics. In this case we can write the Hamiltonian of the system by considering only the
potential energy (for justification see [84]):

KMa? Ma?
H = Z 2_ XpApwXy
v,w
Ma? T
= 2 x' (KI —A)x,
(11.16)
where x = (x1, x2, ..., xn)T and [ is the n x n identity matrix.

We can now diagonalize A as before and by taking a sufficiently large value of the constant
K, we can make all eigenvalues 1, positive. By defining a new set of variables y, as y = Ox
andx = OT y, we can transform the Hamiltonian in the form

Ma? 2 Ma? 2
%”-Ty —Z —~ ;kﬂyu. (11.17)

Here again we focus of the quantification of those oscillations that start at a given ball of
the system, navigates the whole system and return to the corresponding ball. Namely,

1
I (S B) = (x7) = E/xﬁe*”f [Tdxw. (11.18)
w

where the partition function is given by

Z(S) = /e*f%” []dx = /dx exp (—

where the integral is n-fold.
Now, because the Jacobian of the orthogonal matrix O is unity wehave [ [, dx; =[] wdyu.
Therefore, the multi-fold integration in the partition function is decoupled to give

M 2
2z =T] [ / exp (—rkauyﬁ) d)’u]

%

- B TMw?),’

2
O T (KT — A)x>, (11.19)

(11.20)
which can be written in matrix form as
ot ,\"? 1
ZS =0’ ——. (11.21)
™™ Jdet (KI — A)

Since we have made all the eigenvalues of (K I — A) positive, its determinant is positive.
Similarly, we have

2
Ly (S, 1) = %/ [Z (OT)W y(,} e T dyn (11.22)
%

o
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In the integrand, odd functions with respect to y, vanish. Therefore, only the terms of
yg survive after integration in the expansion of the square parentheses in the integrand. This
gives

Iy (S, 1)

1 TMo?
3 ][ S0y o (-5 D) T
o v "
1 TMw?
Z Z Osv / yfzr exXp <_T)eryc21> dys
o

I1 (f exp (—Tﬁéwzkuyi> d)’u)-

u(#o)
(11.23)
Comparing this expression with that of the partition function we have [84]
2 2 27”3
2 —TMw )L,,yg/Zd [tMw?hs]
_ 2 [ [yze Yo\ _ 2V
I (S, 1) = Z 05y < fe_waZAayé/Zdy ) B Z Oov 2
o v o TMw? iy
-y _ 05,
TMw?y (11.24)

o

[(KT -],

TMw?
1 A\ !
- |(71=-=Z
1K Mw? K

Remark 10 In [84] it is remarked that if K = n — 1 then we have

-1
REE(G,t):Z[(I—A) i| :T(n—l)MwZZFvv(S,T),(11.25)

v

vV

which indicates that the resolvent Estrada index represents the sum of the excitations started
at every node of a graph, which propagate throughout the network before coming back to the
same node in a network of classical harmonic oscillators.

12 Estrada indices and epidemics on networks

In continuation with the previous line of research in which the Estrada index is derived from
a given dynamical systems context we analyze here its connection with epidemiological
models on networks. The field of mathematical epidemiology has a long tradition in applied
mathematics (see for instance [7,34,169]. In 2001, the authors of the seminal work [179]
discovered the tremendous influence of network topology on epidemic spreadings. Since then,
the use of network-theoretic approaches together with epidemiological models have become
anecessary combination [143,149]. Here we will show that such networked epidemiological
models have a clear connection with the Estrada index of a graph.

For that we will briefly introduce the Susceptible/Infected (SI) model on networks. The
reader should be aware that this is a generalist model that can be used in many different
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scenarios, not only on the analysis of diseases propagating on a network. Let G be a graphs
whose nodes can be in either of two states: either susceptible or infected one. An infected
node can transmit the infection to any other node in the graph to which it interacts with. Then,
if ¢ is the rate at which such infection is transmitted between nodes, and if s, (¢) and x,, ()
are the probabilities that the node v is susceptible or get perturbed at time 7, respectively, we
can write the dynamics [170]:

dxy (1) _
dr

C(=xy (1) Y Apwxy (), 1 = 10, (12.1)
weN

where A, are the entries of the adjacency matrix of the graph for the pair of nodes v and
w, and N is the set of nearest neighbors of v. In matrix-vector form becomes [170]:

d
ZE’) = ¢ [Iv — diag (x ()] Ax (1), (12.2)

with initial condition x (0) = xg.
The SI model can be rewritten as

1 dxy (t
X (1) _ ¢y A (1 _ef(flog(lfxw(l)))>7 (12.3)
eN

1 —x,(t) dt

which is equivalent to

dy, (1)
dt

=0 Y Awf Ou ), (12.4)
weN

where y, (1) =g (x, (1)) = —log (1 — x, (1)) € [0,00], f (y) ;=1 —e™> =g~ (y).
Lee et al. [155] have considered the following linearized version of the previous nonlinear
equation

dy (1)
dt

= ¢ Adiag (1 — x (0)) ¥ (1) + ¢b (x (10)) , 12.5)

where X (1) = f ()7 (t)) in which X () is the approximate solution to the SI model, ¥ (zp) =
g (x (t)) and b (x) :=x + (1 —x)log (1 — x). They have found that the solution to this
linearized model is [155]:

$ (1) = e{(t—zo)Adiag(l—x(to))g (x (10))

o0

(& (t — to))*T! . k (12.6)
> Gl-n) [Adiag (1 — x (10))]" Ab (x (10)) -
(k+ 1)!
k=0
Whenty = 0,x; (0) =c/N,i =1,2,..., N forsome c, the previous equation is transformed
to
() =1y —De’"1—(1/y — 1 +log(y)) 1, (12.7)

where y = 1 —c¢/N and 1 is the all-ones vector. In [155] the authors proved that this solution
is an upper bound to the exact solution of the SI model.
Therefore, if we take the sum of the entries of ¥ (¢) at a given r we have

. _ CtA _ ca\\] _ .
;yv(t) Cl[tr(e” )+u~((1 1)(eV ))] nCs, (12.8)
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where C; = (1/y — 1) and C, = (1/y — 1 4+1log(y)). Obviously the first term in the
square bracket is the Estrada index of the graph in which edges are weighted by y ¢¢. This
term represents the circulability of the infection around the nodes of the graph, while the
term tr ((J — I) (e7¢'4)), where J is the all-ones matrix, accounts for the transmissibility of
the disease between the nodes.

12.1 Fractional S| model on networks

In recent years there have been an explosion of works in which the classical derivatives used
in the epidemiological models have been substituted by fractional ones [8,11,12,133,192].
There have been several reasons for adopting fractional epidemiological models. They include
for instance

1. the fact that the fractional parameter can be tuned to adjust the output of the model to real
data [8] and so they can be more accurate that models using standard derivatives;

2. the fact that a fractional differential operators may be derived from epidemiological models
whenever the recovery time from the disease is power-law distributed [11];

3. the fact that fractional derivatives capture the history of the variable, that is, they have
memory, and the effect of recent memory is more important than the effect of older
memory [12,192].

In general, fractional derivatives are nowadays widely used to model biological processes
[136] to incorporate different aspects of the dynamics in such systems. Here, we will describe
a model which naturally gives rise to the Mittag—Leffler Estrada index in the context of
epidemiological models.

We proceed by considering fractional time-derivatives in the modified SI model proposed
in [155]. That s, in [1] the authors considered the following linearized fractional SI equation

Di'§ (1) = ¢“ Adiag (1 — x0) § (1) + ¢“ Ab (x (0)) 12.9)

where X (1) = f ()3 (t)) in which X (¢) is an approximate solution to the fractional SI
model, y is the solution of (12.9) with initial condition y (0) = g (x (0)) and b (x) :=
x+ (1 —x)log (1 —x).Here DY f (¢) is the fractional time derivative in the Caputo formu-
lation [37], which was previously given in Eq. (10.3).

For convenience, we write §2 := diag (1 — x¢), and A = AQ. It was then proved that
this solution is an upper bound to the exact fractional ST model.

Let us fix the following notation. Let x and y be two vectors of the same length n. Then,
we say that x < yisx; < y; foralli = 1,...n. Let X() be the solution of the linearized
fractional models of the form: D{*x(t) = ¢ Ax(t), which is exponential unstable.

Theorem 36 [1] For any t > 0, we have
x(t) 2X@) = f(3(1) 2 X(1),

under the same initial conditions xy := x(0) = x(0) = X(0), where the solution y of (12.9)
is given by

{[)a(n'H)AA"Ab (x0)

(12.10)
F@mn+1)+1)

50 = Ean (0% A) g o)+ 3
n=0
Furthermore, || x(t) — x(t)|| — 0and ||X(t) — x(¢)|| — 00 as t goes to infinity.
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Corollary 5 [1] Let xo < 1, xo = % where c € R, let y =1 — x¢. Then
1- 1-
$(t) = <J> Ea,l(t“;“yA)l— (7” +1ogy> 1, (12.11)
Y Y
where E 1 () is the Mittag—Leffler matrix function of the corresponding matrix.

Therefore, here again if we take the sum of the entries of y (¢) at a given ¢ we have

Xn: Yo () = C [tr (Ea,l (r“;“yA)) Fr ((J s (Ea,l (z“g“yA)))] — G,
v=I1
(12.12)

Thus, again the Mittag—Leffler Estrada index, which is the first term in the squared bracket,
represents the circulability of the infection around the nodes of the graph in the fractional
SI model, while the second term represents the transmissibility of the disease between the
nodes.

13 Estrada indices from piecewise walk penalization

In the same work [75] in which the author proposed the use of the matrix ¥ functions as a
way to increase the penalization of longer walks in graphs, a different strategy was proposed
to drop such penalization relative to the exponential matrix function. This strategy can be
formulated as a piecewise penalization as follows. Suppose that we do not want to penalize
the walks of lengths smaller than certain value r € Z. Then, we define the following stepwise
function:

1 ifk <1,
fz(k)={k! - (13.1)

such that the piecewise Estrada index of the graph G is defined as:

0 Ak t—1 L ooA]<
EE, (G) = = A — . 13.2
o-(S /) (T y) e

In the case that the adjacency matrix has no unity eigenvalue we can write this Estrada
index as [75]:

EE, (G) = tr[([ — 4! (1 — A (1 +et - AeA)>] . (13.3)

For computational purposes this expression can be adapted for any network as follows.
Let r be a constant sufficiently close to one, such that » % 1/A for all A, which are the
eigenvalues of A. Then,

EE, (G) ~tr [(1 —ra)~! (1 —(rA) (1 LA rAe’A))] . (13.4)

14 Nonlocal adjacency, Harary Estrada index and beyond

There are physical situations in which the entities of a system not only interact if they are
nearest neighbors, but also through nonlocal interactions. These long-range interactions have
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been documented in physical, chemical and biological systems [3,39,148,164,177,194,195,
235,240]. In a physical context, like the tight-binding kind of models described before, these
nonlocal interactions corresponds to the case where the Hamiltonian of the system describes
not only NN interactions but also next-nearest-neighbor (NNN) and other interactions beyond
them [31,168,174,193]:

H=Hyn+Hyvn+ . (14.1)

In this framework we have that the system can be described by the weighted sum of
higher-order adjacency matrices:

A

H=oal +tNnNA+INNNAL+ -, (14.2)

where Aj is a matrix with entries (A2);; equal to one if i and j are not adjacent and are
separated by two edges or zero otherwise. We can extend this concept to any other separation,
such that [77]

1 ifd; =d,

(Aaij = {0 otherwise, (14.3)

where d;; is the length of the shortest path between the two nodes. The parameters 7y,
INN N, etc. are expected to decay with the length of the separation between the corresponding
entities. That is, the strength of the interaction decays with a given law of their separation d,
i.e., f (d). In this way we can write [72,218]

diam

H=oal +tyyA+tnynAr+-=al + Y f(d)Aq, (14.4)
d=1

where diam is the diameter of the graph. Let us see how we can construct H.

Here we will use a min-plus algebra to define what otherwise is the shortest path distance
matrix of the graph. We do that because it is a mathematically elegant approach, which may
also open some possibilities for studying other kinds of functions for graphs.

Let (R U {400}, &, ®) be the min tropical semiring with the operations [32,131,139]:

x @ y:= min{x, y},
Y add (14.5)
XQy:=x+Yy.

The identity element for @ is 400 and that for ® is 0. Then, we can define the tropical

adjacency matrix power as

AR — A®k & A, (14.6)

where A®0 = | , which is the tropical identity matrix, i.e., a matrix with zeros in the main
diagonal and oo outside it.
Let us fix any o with 0 < o < 00 and let us define the matrix M = [m;;] : m;; € (—a, @)

foralli, j=1,...,n.Let f be a real function on the open interval (—o, ) . We define the
pseudo-entrywise (pseudo-Hadamard) matrix function f (M) as
~ L f (ml-.,') ifml-_/ 75 0

(7 (M))ij = { 0" imilo- (14.7)

Here, the function f could be an exponential, a trigonometric function or simply the
power function. Let us hereafter focus only on the negative power function, such that (—s)
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represents the entrywise power. We can now write:

o0 (=)
H=A = <EB A®k> . (14.8)
k=0

The tropical sum is carried out up to infinity as it converges in all cases where there are no
negative cycles in the graph. A negative cycle is a cycle where the product of the weights
of all its edges is negative. Typically, except for signed graphs, we consider positive edge
weights, which always avoid such negative cycles. The infinite sum €2, A®F is known as
the Kleene star operator of A [32,131,139]. Obviously, Ay = [A,' | (s)], where [72,218]

d;* ifi # j,

14.
0 ifi=j, (14.9)

Aij (s) == {

which are the entry-wise powers of all nondiagonal entries of the shortest path distance matrix
of the graph. The parameter s accounts for the strength of the nonlocal interaction. Notice
that

lim A, = A (K,,) .
s—0

Here again, in the statistical physics context, the partition function of the system containing
nonlocal interactions is:

Z=u (e*”%), (14.10)

where 7 is the inverse temperature as before. Because the parameters fyy, ¥y y, €tC., are
negative we have that

Z=tr(e™) = EE (A, B), (14.11)

Then, using the same definitions as the ones given before we can define the entropy, enthalpy
and free energy of the system having local and nonlocal interactions.
It is important to notice that

diam
Ag=A+ Y dAqg, (14.12)
d=2
which implies that
lim A; = A(G). (14.13)
§—>00

Let A := ZZ’:"? d~*A4. Then, because A and A, do not commute in general, we have
according to the Golden-Thompson inequality that

EE (A7) =tr <eT<A+A‘)) <tr (e”‘e““s). (14.14)

When s = 1, the corresponding matrix As—1 is known in mathematical chemistry as the
Harary matrix [137,167,181] in honor to mathematician Frank Harary (1921-2005).8

Nowadays there are not many results about the HEE index. Hereafter we collect some of
the existing ones for simple graphs [109], HEE (G) = EE (As=;, T =1).

8 A biography of Frank Harary can be found at: https://mathshistory.st-andrews.ac.uk/Biographies/Harary/.
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Theorem 37 [109] Let G be a simple graph with n vertices and m edges. Then, the Harary
Estrada index of G is bounded as

\/n2+2<3m+n(n4_1)>SHEE(G)Sn—1+eXp< 3m+n(n—1)>

2 2 4
(14.15)

with equalities attained if and only if G = Kj.

Theorem 38 [138] Let G be a simple graph with n > 2 vertices and let k = %tr (Af:l).
Then, the Harary Estrada index is bounded as

2K 2K

14.1 Numerical analysis

In Fig. 15 we illustrate the histograms of the relative deviations of the lower bounds given
in Theorem 37 and in Theorem 38 as well as of the upper bound given in Theorem 37. We
consider all connected graphs with 8 nodes.

For both lower bounds, the values obtained with these bounds are about 20—40 times
smaller than the actual values. The mean relative deviations are, respectively 93.16 + 2.19
and 96.59141.52. The upper bound is as average 10'” times bigger than the actual H EE (G)
indices for these small graphs, which is an extremely poor performance of this bound.

In Table 10 we give the values of the bounds previously considered for the five real-world
networks analyzed here as well as the actual values of H E E (G). As can be seen both lower
and upper bounds are extremely far from the actual values of the Harary Estrada indices of
these real-world networks. In particular, the upper bound is extremely higher than the actual
values.

15 Laplacian Estrada index and backward diffusion

In the study of graph properties, the function %" (G) = (e_’ L), where L is the graph
Laplacian, has found many applications [22,45,150,236]. The name “Laplacian” honors
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Fig. 15 Histogram of the relative deviations for the lower bounds Theorems 37 and 38 (in %) as well as of
the upper bound Theorem 37 (as logarithm) for all 11,117 connected graphs with 8 nodes
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Table 10 Values of the lower bounds Theorems 37 and 38 as well as the upper bound Theorem 37 for the
Harary Estrada index of the five real-world networks analyzed in this paper. The actual values of HEE (G) of
these networks are also given. We have used “very precise arithmetic” (vpa) in Matlab for these calculations

Network Theorem 37 Theorem 38 HEE (G) Theorem 37

Stony 165.738 84.257 3.714 x 102 1.366 x 101891
Neurons 403.037 228.631 1.320 x 1032 1.163 x 109767
Yeast 3148.113 2080.379 6.879 x 10242 2.908 x 10341231
Internet 4265.314 2751.873 1.062 x 10390 1.328 x 10989.990
Powergrid 6988.691 4912.604 1.927 x 10138 1.462 x 10%:654.419

mathematician Pierre—Simon Laplace (1749-1827).° The function .# (G) is known as
the heat kernel of the graph [125,191] and appears naturally in the solution u (t) =
exp (—tZL) uy of the diffusion equation on graphs:

du (1)
dt

where Z is the diffusivity (see Sect. 16). Therefore, the trace of the heat kernel would
correspond to a sort of diffusion Estrada index. However, in [92] the following index was
proposed and named “the Laplacian Estrada index” of the graph

=—9Lu(t), u (0) = uo, (15.1)

n
LEE (G) :tr(eL> =Y e, (15.2)
j=1
where 1 ; are the corresponding eigenvalues of L. Therefore, what the authors of [92] have
proposed can be though as an index related to the solution of the backward diffusion equation,
i.e., negative time, or as a diffusion equation with negative diffusivity 2 < 0 [65]. There
are physical situations in which such negative diffusivity appears [48,140,173,225,226]. For
instance, in the simultaneous diffusion of boron and point defect in silicon, the diffusivities
of interstitial could be negative [225]. That is, the diffusion process of interstitial or vacancy
could be a backward diffusion in silicon. In other scenarios, a backward diffusive model is
used to detect the potential location of sources in spreading processes.
In [92] the authors proved the following result.

Proposition 2 Let G be a simple graph with n nodes and m edges. Let Z = ), kl.2 be the
first Zagreb index of G. Then,

Vn(n—1)ye*m/n 4 n4+8m+2Z < LEE (G) 5n—1+ez’"+m—2m2+%z,
(15.3)
with equality if and only if G = K,,.
Further, in [249] the authors proved the following results.

Proposition 3 Let G be a simple graph with n nodes and m edges. Let Z = ), ki2 be the
first Zagreb index of G. Then,

LEE(G) <n—1+42m —~Z +2m +exp («/Z—I—Zm), (15.4)

oA biography of Pierre-Simon Laplace can be found at: https://mathshistory.st-andrews.ac.uk/Biographies/
Laplace/.
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with equality if and only if G = K, U K,_3 or G = K,,.

Proposition 4 Let G be a simple graph with n nodes and m edges. Then,

LEE(G) >2++/n(n—1)e" +4 —3n —4m, (15.5)
with equality if and only if G = K,,.
Other bounds were obtained in [248] on the basis of the degree sequence of a graph.

Proposition 5 Let G be a simple graph with n nodes and m edges. Let kyax, k2, . . ., kmin be
the nonincreasing ordering of the node degrees of G. Then,

n—1
LEE (G) = efret! 4 " ehi 4 ghmin =1, (15.6)
i=2
with equality if and only if G = §,,.

Proposition 6 Let G be a simple graph with n nodes and m edges. Let kyax, ka, . . ., kmin be
the nonincreasing ordering of the node degrees of G. Then,

k4
LEE@G)zn+Y P (ekf+1 - 1) , (15.7)
1

with equality if and only if G is a vertex disjoint union of complete subgraphs.

Several bounds have been proposed on the basis of the maximum and minimum degrees
of a graph. We resume some of them here.

Theorem 39 [160] Let G be a simple graph with n nodes and m edges. Let kyqy and kpyiy
be the maximum and minimum node degrees of G. Then,

1/(n=2)
LEE (G) > eknax+1=2m/n 4y _ 9y <e4m/n7kmaxfl) e min, (15.8)
with equality if and only if G = K,, or G = §,,.

Theorem 40 [40] Let G be a simple graph with n nodes and m edges. Let kyqx and kyin be
the maximum and minimum node degrees of G. Then,

LEE (G) > 1+ ekmux+1 + ekmin + (n _ 3) e(2m_kmux_kmin_1)/(7’_3), (159)

with equality if and only if G = 2KV K 2 0r G = Ky -1 0r G = Ki—1y2 U K1y 2
(n is odd).

Theorem 41 [161] Let G be a simple graph with n nodes and m edges. Let kyqy and ki
be the maximum and minimum node degrees of G. Then,

vVn?2+4m < LEE (G) <n—1+ exp <\/2m (kmax + kmin +1 —=2m/n) — nkminkmax) >
(15.10)

with equality if and only if G = K,,.

The following is an upper bound found in [163].
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Theorem 42 Let G be a simple graph with n nodes and m edges. Then,

VmJ . \\ZmJ ( Lsz
LEEG)<|—|e"+n—| — | —14+exp 2m —n| — | ), (15.11)
n n n

with equality if and only if G = K,, or G = K, — e.

Finally, we present the estimation made in [100] for the Laplacian Estrada index of Erd6s—
Rényi random graphs.

Theorem 43 Let G, be an Erdds—Rényi random graph with n nodes and probability p.
Then, the Laplacian Estrada index is given by

LEE (G,,) = " ((n — et 4, (1)) . a.s. (15.12)

In [132] the authors find estimations for the Laplacian Estrada index of random multipartite
graphs.

Remark 11 Other bounds and estimations have been reported for the Laplacian Estrada index
of specific graphs, or based on other graph parameters not considered here. Some non-
exhaustive examples are: [20,58,60,61,117,135,145,162,207,242,243,251].

Remark 12 The normalized Laplacian Estrada index defined as
NLEE (G) = (K *H677) (15.13)
where K is the diagonal matrix of node degree has been studied in [47,123,158,203,207].
Remark 13 The signless Laplacian Estrada index defined as
SLEE (G) = tr (eK+A>, (15.14)

has been also studied in [16,117,227].

15.1 Numerical analysis

In Fig. 16 we illustrate the histograms of the relative deviations (in %) of the lower bounds
(Proposition 2), (Proposition 4) (Proposition 5), (Proposition 6), (Theorem 40) and (Theorem
41) for all connected graphs with 8 nodes. The best performance is obtained from the bound
(Proposition 6) followed by (Proposition 5).

We also analyzed the upper bounds given in Proposition 2, Proposition 3, Theorem 41 and
Theorem 42 for the same set of graphs. In these cases the best performances were obtained
for Theorem 41 and Theorem 42, while 2 give very high upper bounds (Fig. 17).

In Table 11 we give the lower bounds for the Laplacian Estrada index of five real-world
networks. In general, the bounds (Proposition 5), (Proposition 6) and (Theorem 40) perform
very well, while (Proposition 2), (Proposition 4) and (Proposition 41) are several orders of
magnitude below the actual values of the Laplacian Estrada indices of these networks.

The case of the upper bound is much more contrasting with values several orders of
magnitude over the actual values of the Laplacian Estrada indices of these five networks.
We have used variable-precision floating-point arithmetic” (VPA) to evaluate each element
of the symbolic input in Matlab for these calculations. It is used to evaluate symbolic inputs
with variable-precision floating-point arithmetic, calculating values to 32 significant digits.
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Fig. 16 Relative deviations (in %) of the lower bounds (Proposition 2), (Proposition 4) (Proposition 5),
(Proposition 6), (Theorem 40) and (Theorem 41) for all connected graphs with 8 nodes

Table 11 Values of the lower bounds (Proposition 2), (Proposition 4) (Proposition 5), (Proposition 6), (Theo-
rem 40) and (Theorem 41) for the five real-world networks analyzed and well their actual values of LEE (G)

Bound Stony Neurons Yeast Internet Powergrid

Real 2.137 x 1022 9.561 x 1033 6.848 x 1028 4718 x 10256 7.740 x 108
Proposition 2 3.049 x 108 3.688 x 108 1.033 x 10° 9.218 x 10% 7.128 x 10%
Proposition4  3.049 x 108 3.688 x 108 1.033 x 10° 9.218 x 104 7.128 x 10%
Proposition 5 9.498 x 1019 7.636 x 1033 2717 x 1028 4.656 x 102¢  5.593 x 108
Proposition 6 9.295 x 1019 7.771 x 1033 4405 x 1028 4.648 x 102°  6.512 x 108
Theorem 39 3.473 x 1013 3.682 x 1027 3.648 x 105 1.523 x 10253 3.363 x 107
Theorem 40 9.496 x 1019 7.498 x 1033 1.649 x 1028 4.656 x 1020 4.852 x 108
Theorem 41 125.95 293.75 2.230 x 10 3.018 x 103 4.944 x 103

Table 12 Values of the upper bounds given in Propositions 2, 3, Theorem 41 and Theorem 42 for all connected

graphs with 8 nodes for the five real-world networks analyzed and well their actual values of LEE (G)

Bound Stony Neurons Yeast Internet Powergrid
Real 2.137 x 1022 9.561 x 1033 6.848 x 1028 4718 x 10256 7.740 x 108

2 4482 x 1070 5321 x 101713 3027 x 109931 2784 x 1078 2.989 x 105727
3 1.999 x 1087 1.653 x 10132 1.006 x 10210 2.063 x 1042 1.192 x 10110
41 3.323 x 109 2.170 x 10210 7.351 x 10356 3.852 x 1089 1.006 x 10167
42 6.125 x 10%° 5.605 x 10122 4.457 x 10960 7.499 x 101309 2,989 x 102146
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Fig. 17 Relative deviation (in logarithmic scale) of the upper bounds given in Propositiosns 2, 3, Theorems
41 and 42 for all connected graphs with 8 nodes

The results are given in Table 12.

The following bounds based on the largest Laplacian eigenvalue j; perform very well
for the four real-world networks analyzed as can be seen in Table 13. The reason is that the
largest eigenvalue of the Laplacian matrix dominates the spectrum of this matrix, i.e., it is
very large and separated from the second largest eigenvalue.

16 Radius of gyration and distance Estrada index
When presenting the diffusion equation on graphs, Eq. (15.1), we mentioned in passing

the diffusion coefficient 2, which appears in the equation and in its solution. The diffusion
coefficient is related to the radius r of the spherical particle diffusing on a medium of viscosity
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Table 13 Values of lower and

Network Real

upper bounds based on 1 for etwor exp (1) ca nexp (1)

LEE (G) of the fivereal-world o 21362 x 1022 2.1370 x 1022 2.3925 x 10?4

networks analyzed based on the

spectral radius of the Laplacian Neurons 9.121 x 1033 9.561 x 1033 2.554 x 1036

matrix Yeast 3.112 x 108 6.848 x 1028 6.922 x 1031
Internet 4717 x 10256 4.718 x 102% 1.422 x 10260
Powergrid 5414 x 108 7.740 x 108 2.375 x 1012

n by the Stokes-Einstein equation [66]:

1
9 = , (16.1)
6tnr

where t is the inverse temperature. In the case of small molecules like drugs, or macro-
molecular systems like proteins, the particles cannot longer be considered spherical. In these
cases it is customary to replace the radius of the spherical particle by the radius of gyration
of the corresponding molecule [94,107,126,152,171]. The radius of gyration is defined as
follows. Let S = (p1, ..., pn) be a system formed by n particles or points p;, which are
located in a given region of the three-dimensional Euclidean space. Let r;; be the Euclidean
distance between the particles p; and p;. Then, the radius of gyration of & is defined as

R% == Zi’ j rizj [94]. However, it has been shown that even when the radius of gyration

based on Euclidean distances is used, there are cases of undesired degeneration of the index
for pairs of clusters [74]. That is, there are pairs of nonisomorphic clusters which have the
same radius of gyration. Some examples in 2- and in 3-dimensions are given in Fig. 18.

(a) (b)

(©) (d)

Fig. 18 Examples of Euclidean objects in 2- (a, b) and 3-dimensions (¢, d), which have the same radius of

gyration: (a, b) Ré = %, (c,d) ng = % Every edge has length equal to one in each of the objects
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(a)
(b)
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(c) I I

<]

. . . . . 2
Fig. 19 Example of four nonisomorphic graphs with the same value of R

The radius of gyration is widely used in organic chemistry, polymer sciences, proteins,
and RNA, in general, for the study of their compactness. Most of these molecular systems
can be represented as graphs. For instance, molecules are typically represented by molecular
graphs [217], proteins can be represented by “protein residue networks” [76,212], and the
secondary structure of RNA is also represented by graphs [147]. Then, it is important to
extend the concept of “radius of gyration” to graphs.

Definition 22 Let G be a simple graph. Let d;; be the shortest path distance between the
nodes i and j. The graph radius of gyration is defined as

1
2 2
RG =5 > 3. (16.2)
i)

Let D be the shortest path distance matrix of G. Then, it is straightforward to realize that

r(D?) =2 dj; =4n’Rg,. (16.3)
i

Then, if o1 > 02 > --- > oy, are the eigenvalues of D, the graph radius of gyration is the
second spectral moment of D, i.e.,

1 n
2 2
RG =159 (16.4)
j=1

Therefore, we can say that the second moment of the shortest path distance matrix is a
measure of the packing of the graph. In the case of the graph we can have a similar degeneracy
of the index Ré for nonisomorphic graphs. For instance in Fig. 19 we give an example of
four nonisomorphic graphs with the same value of Ré = %.

In order to ameliorate this degeneracy problem we can think on extending the packing

measure to higher moments of D as

P (G) = cotr (D?) + cstr (D) + - - . (16.5)
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Let us include the term cotr (D°) + ¢y tr (D') (the first is the weighted number of vertices

and the second is zero in simple graphs) and let us consider ¢ = (k")~!. Then, we get the
following index, first defined in [108].

Definition 23 Let G be a simple graph. Let D be the shortest path distance matrix of G with
eigenvalues o1 > 09 > - -+ > 0,. Then the distance Estrada index of the graph is

DEE (G) =tr(exp(D)) = » %, (16.6)
j=1

which is an index of the packing of the graph.

For instance, for the graphs in Fig. 19 we obtain the following values: DEE (a) ~ 318.467,
DEE (b) ~ 300.616, DEE (c) ~ 284917, and DEE (d) ~ 281.697. This means that
among the graphs in Fig. 19, (d) is the most “packed” one in terms of its shortest path
distance and the one in (a) is the least packed.

Several bound have been obtained for the distance Estrada index, some of which are
resumed below.

Theorem 44 [108] Let G be a simple graph with n nodes and m edges. Then, if the diameter
is dpax, the distance Estrada index is bounded as

Vn?2+4m < DEE(G) < (n—1)exp (dmax\/n (n— 1)) , (16.7)

where equalities are attained if and only if G = K.

Theorem 45 [202] Let G be a simple graph with n nodes and m edges. Then, if dyqy,
g= (]_[l D,-)l/n and W = Zij d;j stand for the diameter, the geometric mean of the graph
distances and the Wiener index of G, the distance Estrada index is bounded as

WEond”) n-l < DEE (G) < (n — 1) + ¢V
nin—1) 1 [aw? —pg?
n—1 nn-—1)

exp

(16.8)
where upper bound is attained if and only if G = K| and the lower one ifand only if G = K,,.

Theorem 46 [204] Let G be a simple graph with n nodes with maximum and second maximum
degress kiax and kyqy, and diameter dyqx. Then, the distance Estrada index is bounded as

L))

DEE (G) = eV @2 man 0n—2koans) o _ 1) n—1/\ n=2/ (169
DEE (G) < (n — 1) + V"0~ D=1, (16.10)

where equality is attained if and only if G = K>.

Theorem 47 [204] Let G be a simple graph with n nodes and m edges, the distance Estrada
index is bounded as

DEE (G) Z ez(ﬂ—l)—zm/l‘l + e—(2(n—1)—2m/n) + n— 2 (1611)

where equality is attained if and only if G = K.
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16.1 Random graphs

The distance Estrada index has been studied for random graphs where some bounds have
been reported in [205,209].

Theorem 48 Let G, be an Erdés—Rényi random graph with n nodes and probability p.
Then, the distance Estrada index is bounded as

(1 +0(1)+2D=w=0WN < DEE (G, ) < (14 0(1)) + " DVE3P,
(16.12)

almost surely (a.s).

Theorem 49 Let G, 1, p be an Erd6s—Rényi random bipartite graph withn = ny+na nodes
and probability p. If n1 = © (ny) , then the distance Estrada index is bounded as

(1+0(1) + 200N < DEE (G, ) < (1 + 0 (1)) + > +2mp=0(/m),
(16.13)

asymptotically almost surely (a.a.s.) which, when n1 = ny becomes

(140 (1) +"O27P=0W1) < DEE (G, ) < (1 4+ 0(1)) + "GP0 g a5,
(16.14)

16.2 Numerical analysis

We analyze here the lower bounds in Theorems 44, 45, 46 and 47. The relative deviations (in
%) are illustrated in Fig. 20. As can be seen the closest values are obtained by the bound given
in Theorem 45. The distributions of the relative deviations for Theorems 46 and 47 appears
to show some dependencies with the structure of the graphs, which produce the multi-peak
structures observed in the histograms.

We also considered the upper bounds given in Theorems 44, 45 and 46 were we observe
that these bounds are several order of magnitude over the actual values of DEE (G) even
for small graphs like the ones studied here (Fig. 21).

In Table 14 we give the values of the lower and upper bounds as well as the actual values
calculated with very precise arithmetic (vpa) in Matlab for the five real-world networks
studied. As can be seen in the Table 14 the bound given in Theorem 45 gives the best lower
and upper estimates of the distance Estrada index. It is also interesting to remark that the
network of the western USA power grid displays an extremely large value of DEE (G),
indicating that it is a very poorly packed network. Indeed, this network is planar as the power
stations are embedded in the landscape of the western USA

The results obtained for Erd6s—Rényi random graphs G, , with 1000 < n < 4000 and
p = 0.5 are illustrated in Table 15, showing good agreement between the actual values and
those predicted by Theorem 48. The values were computed in [209] using variable-precision
floating-point arithmetic (VPA) in Matlab.

17 Conclusions

We presented an account of the many different facets of the Estrada indices of graphs.
Starting from the “classical” Estrada index we give several interpretations of the index based
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Fig. 21 Relative deviations (in logarithmic scale) of the upper bounds given in Theorems 44, 45 and 46 for
all connected graphs with 8 nodes
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Table 15 Actual values for Erd6s—Rényi random graphs Gy, , as well as the lower and upper bounds found
in [209]

n Lower bound Actual value Upper bound

1000 (1+0(1)) ¢1498-00G1.62) 21531.29 (1 + 0 (1)) e1579:56
2000 (1 + 0 (1)) €2998-0(44.72) £3022.48 (1 +0(1))3160:70
3000 (1 4+ 0 (1)) H98-0G47) 51371 (140 (1)) 474184
4000 (1 +0(1)) >98-0(63.25) £6005.90 (1 + 0 (1)) 632297

on (i) combinatorics of subgraphs, (ii) statistical mechanics, (iii) marginal probability in a
quantum system, (iv) oscillations models on networks, and (v) epidemiological models on
networks. Then we move forward to the analysis of other kinds of Estrada indices. First
we contextualize these indices originally introduced in an ad hoc way in the mathematical
literature. For instance, the Seidel Estrada index is placed in the context of signed graphs,
the theory of balance and the concept of network bipartivity. The resolvent Estrada index is
analyzed as a case of Mittag—Leffler Estrada indices which appear in the context of fractional
epidemiological models on graphs. The Harary Estrada index is understood as a particular
case of nonlocal operator on graphs. The Laplacian Estrada index is now pondered on the
basis of the diffusion equation with negative diffusivity or a backward diffusive process.
Finally, the distance Estrada index is considered in the context of the radius of gyration of a
graph, which can be connected to the diffusion coefficient of graphs via the Stokes-Einstein
equation. In all cases we have provided numerical analysis of several of the bounds and
estimations made for these indices. Such results have revealed the necessity of investigating
more robust bounds, particularly upper bounds, for most of the indices studied. In many
cases the bounds, although correct, are very far away from the actual values of the indices,
which leaves large rooms for improvements. We encourage authors searching for new bounds
to compare them with the existing ones with the challenge of improving them for general
classes of graphs.

Finally, we have not considered many of the results obtained in the literature for specific
classes of graphs, which would make this paper too long to be digested. We advice the reader
that such bounds exist for several of the indices described in this paper and for several classes
of graphs of importance in specific areas of applications.
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Appendix

The following result allows the calculation of the 21 different subgraphs which are used in
the expressions of spectral moments of the adjacency matrix.

Theorem 50 Let k; and t; be the degree and the number of triangles at the node i. Then, the
number of subgraphs illustrated in Fig. 1 are obtained as follow:

1
= Ezk"’ (17.1)
i
1
F; = 3 ki (ki — 1), (17.2)
i
1 3
Fy= cur (A4°%), (17.3)
Fs= Y (ki—1)(kj — 1) = 3F,, (17.4)
(i,j)eE
1
Fo=¢ Z ki (ki = 1) (ki —2), (17.5)
ki>3
1
Fr=g (r (A%) —4F; —2F,), (17.6)
Fy= ) i (ki —2), (17.7)
ki>2
1
Fy = ZZ((Az),~,»A,~J-)((A2),,~-A,~,-—1), (17.8)
ij
1 5
Fio = 15 (ir (4%) = 30 — 1053, (17.9)
1
Fii= 5 ) titki =2 (ki = 3), (17.10)
ki>4
1 A2 ..
F12=22(ki—2)><2<( 2)”>—2F9, (17.11)
ki>2 i,j
Fiz= Y (A% (ki —2) (kj —2) —2F, (17.12)
(i,))eE
Fia=Y_t; | Y (A%;j | — 6F4 — 2Fg — 4F, (17.13)
i \i#j
Fis= Y (A%)ij(A%)ij —9Fs—2Fy — 4Fo, (17.14)
(i.))eE
1
Fig = o (tr (A®) — 2m — 12F3 — 24F4 — 6F5s — 12F;
—48F; — 36Fy — 12Fy — 24Fy5) (17.15)
1
Frp =5 ) (i —2) Bi = 2Fis, (17.16)
ki>2
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where

Fi9

Fx

(A5>,'i—201i—8[,‘ (k,‘—2)—2 Z (Az),'j (kj—2)—2 Z (tj—(Az),‘j),
@i,j)eE (i,j)eE
(17.17)

=Y <(A;) if), (17.18)

(.J)EE
=Sy (4%)i7) _ 6Fy — 2F16 — 6F19, (17.19)
‘ —~\ 2
i i
1
= — (tr (A7) — 126F4 — 84Fg — 112Fy — T0Fyg — 28Fy1 — 14Fy3

14
—14F4 — 56F16 — 14F g — 84 Fj9 — 28 Fx) . (17.20)
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