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we obtain the exact formulas for Ollivier’s Ricci-curvature for bipartite graphs and for the
graphs with girth at least 5. These are the first formulas for Ricci-curvature that hold for a
wide class of graphs, and extend earlier results where the Ricci-curvature for graphs with
girth 6 was obtained. We also prove a general lower bound on the Ricci-curvature in terms

Iéggg rcisr'vature of the sizg of the {na?(imum matching in an appropriate ;ubgraph. As a consequence, we
Optimal transportation characterize the Ricci-flat graphs of girth 5. Moreover, using our general lower bound and
Random graphs the Birkhoff-von Neumann theorem, we give the first necessary and sufficient condition
Wasserstein’s distance for the structure of Ricci-flat regular graphs of girth 4. Finally, we obtain the asymptotic

Ricci-curvature of random bipartite graphs G(n, n, p) and random graphs G(n, p), in various
regimes of p.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Ricci curvature is a fundamental concept in Riemannian geometry, which provides a way of measuring the degree
to which the geometry determined by a given Riemannian metric might differ from that of R". Ricci curvature plays an
important role in general relativity, where it is the key term in the Einstein field equations, and in the celebrated Ricci flow
equation, where a time-dependent Riemannian metric is deformed in the direction of its negative Ricci curvature. Bakry and
Emery [2] attempted to define Ricci-curvature through the heat semigroup on a metric measure space. In the recent years,
there have been several work on defining a synthetic Ricci curvature on general metric measure spaces by Sturm [27,28],
Lott and Villani [20], and Ohta [21].

In the context of graphs, Chung and Yau [5] developed the notion of Ricci-flat graphs, while proving log-Sobolev inequal-
ities. Later, Lin and Yau [18] generalized the notion of Bakry and Emery to the framework of graphs. Finally, Ollivier [23]
introduced a notion of coarse Ricci-curvature that extends to Markov chains on metric spaces. This was used to general-
ize a series of classical theorems in positive Ricci-curvature, such as spectral gap estimates, concentration of measure or
log-Sobolev inequalities [22,24]. Joulin and Ollivier [ 14] proved nonasymptotic estimates for the rate of convergence of em-
pirical means of Markov chains, together with a Gaussian or exponential control on the deviations of empirical means, under
the assumption of positive curvature of the underlying space. This assumption reduces to the well-known contraction under
path coupling when the underlying space is a finite graph, which has been used extensively to prove fast mixing of several
discrete Markov chains (refer to Chapter 14 of Levin et al. [ 15] for details on path coupling and its application to fast mixing
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and approximate counting of proper g-colorings of a graph). In Riemannian geometry, both Ollivier’s Ricci curvature and
Bakry-Emery curvature-dimension inequality give lower bound estimates for the first eigenvalue of the Laplace operator
[1,3,22]. For a detailed exposition on geometric methods concerning eigenvalue estimates in the study of Markov chains
refer to [6,8,11] and the references therein.

Recently, Ollivier’s Ricci-curvature has been studied in the context of graphs by Jost and Liu [13], Paeng [25], and Cho and
Paeng [4]. Very recently, Loisel and Romon [19] described a method for computing Ollivier’s Ricci-curvature for polyhedral
surfaces and discussed the connections with linear programming. Lin et al. [17,16] considered a modified definition of
Ricci-curvature of graphs, and proved several analogous results. In this paper we study Ollivier’s Ricci-curvature on graphs
using the Markov kernel of the simple random walk on the graph. We obtain exact formulas for Ricci-curvature for bipartite
graphs and for the graphs with girth at least 5. Previously, an exact formula was only known for graphs with girth at least 6
[4,13]. Our formulas extend these results and provide exact expressions for the Ricci-curvature for a large class of graphs.
Using these results we characterize Ricci-flat graphs of girth at least 5. We also prove several other bounds on the
Ricci-curvature, involving different graph parameters. The most interesting among them is the derivation of a general
lower bound in terms of the size of the maximum matching in an appropriate neighborhood subgraph. Using this we
give a necessary and sufficient condition on the structure of Ricci-flat regular graphs of girth 4. Finally, using results about
approximate matching in random graphs, we study the asymptotic behavior of Ricci-curvature of random bipartite graphs
G(n, n, p) and random graphs G(n, p), in various regimes of p.

1.1. Ollivier’s Ricci-curvature: definitions and notations

In this section we recall some basic facts about Ollivier’s Ricci curvature on graphs and introduce other relevant defini-
tions and notation.

For two probability measures 11, (4> on a metric space (X, d), the transportation distance (or the Wasserstein distance)
between them is defined as

Wipr, o) = inf f d(x, y)dv(x,y), (1)
veEM(u1,142) Jxxx

where M (11, t3) is the collection of probability measures on X x X with marginals 11 and ;. Another useful representation

of the transportation distance is through the celebrated Kantorovich duality (Theorem 1.14, Villiani [29]), which states that

Wi(w1, 42) = sup {/fdlil—/fdliz}, (2)
f,1—Lip X X
where the supremum is taken over all functions f : X — R which satisfy |f (x) — f(y)| < d(x,y), forallx,y € X.
The transportation distance between probability measure is used to define the Ricci-curvature of metric measure spaces.
A metric measure space (X, d, m) is a metric space (X, d), and a collection of probability measures m = {m, : x € X} indexed
by the points of X. The coarse Ricci curvature of a metric measure space is defined as follows:

Definition 1.1 (Ollivier [23]). On any metric measure space (X, d, m), for any two distinct points x, y € X, the coarse Ricci

curvature of (X, d, m) of (x, y) is defined as k (x, y) :== 1 — %Xy;ny)

Hereafter, we shall refer to Ollivier’s coarse Ricci curvature simply as Ricci curvature and we shall study it for locally
finite graphs. Consider a locally finite weighted simple graph G = (V(G), E(G)), where each edge (x,y) € E(G) is
assigned a positive weight wy, = w,,. The graph is equipped with the standard shortest path graph distance dg, that is,
forx,y € V(G), dg(x, y) is the length of the shortest path in G connecting x and y. The girth of G is the length of the shortest
cycle in G. For x € V(G) define the degree dy = Z(X’Y)GE(G) Wy, and the neighborhood Ng(x) = {y € V(G) : (x,y) € E(G)}.
For each x € V(G) define a probability measure

Wiy

—=, ify € Ng(x)
my(y) = | dy Y ¢
0, otherwise.
Note that these are just the transition probabilities of a weighted random walk on the vertices of G. If mg = {m, : x € V(G)},
then considering the metric measure space M(G) = (V(G), dg, m¢), we can define the Ricci curvature for any edge
x,y) € E(G)askg(x,y) =1 — ch(mx, my). Applying Eq. (1) for M(G) we get
Wy Gmemy) = inf > Y vz, 2)d@. 2), (3)

21€NG (%) 22€NG(Y)
where 4 denotes the set of all dy x d, matrices with entries indexed by Ng(x) x Ng(y) such that v(x',y) > 0,
ZzeNG(y) v(X,z) = wd—xx’",and ZZGNG(X) v(z,y) = deyy’ forall X € Ng(x) andy’ € Ng(y). Intuitively, the Wasserstein distance

measures the optimal cost to move one pile of sand to another one with the same mass. For a matrix v € A, v(x,y’)
represents the mass moving from x’ € Ng(x) toy’ € Ng(y). For this reason, the matrix v is often called the transfer plan.
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By the Kantorovich duality in Eq. (2) we can also write

Wi(memy) = sup { > f@m@ - Y f@m@}. (4)
FA=Lip | zeNg(x) 2eN(y)

Henceforth, we denote by .#; the set of all 1-Lipschitz functions on G, that is, the set of all functions f : V(G) — R such
that |[f (x) — f(y)| < d¢(x,y), forx,y € V(G). For any x € V(G) and any function f € .#;, define E,(f) = ZzeNG(x)f(z)mx(z).
With these notation, Eq. (4) now becomes ch (my, my) = supge o, {Ex(f) — Ey(f)}. By triangle inequality [23], if kg (x, y) > v
for all neighbors (x, y) € E(G), then k¢(x,y) > y, forall x, y € V(G). Therefore, it is reasonable to consider «¢(x, y) only for
neighboring vertices (x,y) € E(G).

Hereafter, the subscript and superscript G from k¢, ch, and d¢ will be often omitted when the graph is clear from the
context. For notational brevity, the main theorems will be stated for unweighted graphs, that is, wy, = 1, for (x, y) € E(G).
However, most of these results can be generalized to weighted graphs, as discussed in Section 3.3. Finally, for a,b € R,
define a, := max{a, 0}, a A b := min{a, b}, and a vV b := max{a, b}.

1.2. Prior work on Ricci curvature of graphs

Recently, there has been a series of papers on coarse Ricci-curvature when the metric space is a graph G. Jost and Liu
proved the following general bounds:

Theorem 1.1 (Jost and Liu [13]). For any locally finite unweighted graph G, with (x, y) € E(G),

|AG(X,)’)|_<1 11 |Ac(x,y>|) _(1 11 |Ac(x,y>|> < ety < 1A
+ +

dy v d, “d, d,  dyAd, =~ dyvd,

73 1 ) (5)
" y Vv d,

where Acg(x, y) is the number of triangles supported on (x, y).

They also show that the above lower bound is tight for trees. In fact, it is clear from their proof that the lower bound
is an equality whenever there are no 3, 4, or 5 cycles supported on (x, y). In particular, the lower bound is tight whenever
2(G) > 6, where g(G) is the girth of the graph G. Recently, Cho and Paeng [4] proved this independently, and also showed
that the girth condition and the tree formula, obtained by putting | A¢(x, y)| = 0 in the lower bound in (5), are equivalent
in the following sense: the tree formula holds for all (x, y) € E(G), if and only if g(G) > 6. Cho and Paeng [4] also proved
other Ricci-curvature bounds involving girth. In particular, they showed that if g(G) > 5, thenk(x,y) < —1+ % where
8 := §(G) is the minimum degree in G, and (x, y) € E(G). They also obtained interesting lower bounds on the clique number
and chromatic number of a graph with the Ricci curvature. Paeng [25] used Ollivier’s Ricci curvature to obtain upper bounds
on the diameter and volume of finite graphs. The relation between Ollivier’s Ricci curvature and the first eigenvalue was
studied by Bauer et al. [3].

Lin et al. [16] introduced a different notion of Ricci-curvature on graphs by modifying Ollivier’s definition. It is defined as
the differential limit of a lazy random walk on the graph, and we shall refer to it as the modified Ricci-curvature to distin-
guish it from Ollivier’s coarse Ricci-curvature. The modified definition has some properties which are similar to the original
definition, however, in several contexts they are very different. With this definition, Lin et al. [16] proved a theorem on the
modified Ricci curvature of the Cartesian product of graphs. They established upper bounds on the diameter and the number
of vertices for graphs with positive curvatures, and also proved asymptotic properties of the modified Ricci-curvature for
random graphs. Recently, Lin et al. [17] characterized the set of all modified Ricci-flat graphs with girth at least 5, where a
graph is called modified Ricci-flat whenever it has modified Ricci-curvature zero for every edge in the graph. They showed
that if G is a connected modified Ricci-flat graph with girth g(G) > 5, then G is the infinite path, or a cycle G, withn > 6,
the dodecahedral graph, the Petersen graph, or the half-dodecahedral graph.

1.3. Summary of our results and organization of the paper

In this paper we obtain exact expressions of Ollivier’s Ricci-curvature for bipartite graphs and for the graphs with girth
at least 5. For a bipartite graph G with (x, y) € E(G), we show that the Ricci-curvature has the form

1
KX, y) =—2 (1 ————— é“‘c(x,y))

+

The explicit form of &;(x,y) is given in Theorem 3.1, and can be interpreted as a non-negative correction term which
improves the lower bound in Theorem 1.1 to an exact equality.
Similarly, when G is a graph with girth greater than 4 and (x, y) € E(G), the Ricci-curvature has the form

(o= g ) A-( 5 )
K(x,y) = i 4 Zc(x,y X i 4 +.

The explicit form of Z¢(x, y) is given in Theorem 3.3, and as before, can be interpreted as a non-negative correction term.
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To the best of our knowledge, exact formulas for Ricci-curvature were only known for the graphs with girth at least six
[4,13]. Our results extend these to graphs with no odd-cycles and graphs with no cycles smaller than 5. As a consequence, we
characterize Ricci-flat graphs of girth at least 5, where a graph G is said to Ricci-flat if « (x, y) = 0 for all (x, y) € E(G). This
is in analogue to the result on modified Ricci-curvature of Lin et al. [ 17] in the context of Ollivier’s coarse Ricci-curvature.

In Theorem 5.1 we prove a general lower bound on the Ricci-curvature « (x, ¥) in terms of the size of the matching among
the non-common neighbors of x and y in the graph G. This bound is often tight, especially in regular graphs which have a
perfect matching between the non-common neighbors of x and y. As the set of all transportation matrices in d-regular graphs
is related to the famous Birkhoff polytope, our lower bound result combined with the celebrated Birkhoff-von Neumann
theorem gives a necessary and sufficient condition on the structure of Ricci-flat regular graphs of girth 4, which is detailed
in Corollary 5.3.

Finally, we also study the Ricci-curvature of random bipartite graphs G(n, n, p) (Theorem 6.2) and random graphs
G(n, p) (Theorem 6.3), in various regimes of p. Using a variant of the Hall's marriage theorem, and the existence of
near-perfect matching in random bipartite graphs, we obtain the limiting behavior of the Ricci-curvature in the regimes of p
where it has a constant limit in probability. We also show that when np, — A, that is, the graph is locally tree-like, the
Ricci-curvature converges in distribution to the tree formula of Jost and Liu [13]. These are the first known results for
Ollivier’s Ricci-curvature for Erdés-Renyi random graphs. The analogous version of these results using the modified
Ricci-curvature were obtained by Lin et al. [16]. They showed almost sure convergence to constant limits, but could not
capture all the different regimes of p.

In Section 2 we prove several important lemmas which build the foundations for proving the main results. We show that
the computation of Ricci-curvature on a graph can be formulated as a totally unimodular linear programming problem, and
so it suffices to optimize over integer valued 1-Lipschitz functions. We also prove a crucially important reduction lemma
where we identify the exact neighborhood of an edge (x,y) € E(G) that needs to be considered while computing the
Ricci-curvature « (x, ¥). In Section 7 we summarize our work and mention directions for possible future work.

2. Preliminaries

We begin by proving an extension lemma for Lipschitz functions on graphs. Let G = (V(G), E(G)) be a locally finite
weighted graph. Let U C V(G) be a fixed subset of vertices, and d; the shortest path metric on G.

Lemma 2.1. Any 1-Lipschitz functiong : U — R, thatis, |g(a) —g(b)| < d¢(a, b), for a, b € U, can be extended to a 1-Lipschitz
functiong : V(G) — RonG, thatis, |g(a) — g(b)| < dg(a, b), fora,b € V.

Proof. Defineg := gonU.Letz € V(G)\U be any point. Note that result follows by induction if we can construct a function
g : UU {z} — R which is satisfies |g(a) — g(b)| < dg(a, b), fora, b € U U {z}. To this end, let

A:=((a) — dg(a, 2), (a) + dg(a, 2)].

aeU

Observe that if A is empty, then there must exist a, b € U such that g(a) + dg(a, z) < g(b) — dg(b, z). This implies that
g(b) —g(a) > dc(a, z) + dg(b, z) > dg(a, b).

This contradicts the assumption that g is Lipschitz on U, and proves that A is non-empty. Therefore, we can define g(z) =,
for some r € A. Moreover, by construction |g(a) — g(b)| < dg(a,b) < dg(a, b), for any two vertices a,b € U U {z}. By
repeating this constructing inductively for every z € V(G)\U, the result follows. O

Next, we show that computing the transportation distance is a linear programming problem, with integral extreme
points. To prove this we use | the followmg result from lmear programming (Theorem 2.2, Chapter 4 Yemellchev etal.[30]):
The polyhedron & = {w : b] <Muw < bz d1 <w< dz} has integral extreme points, whenever b1, bz, dl, dz are integral
vectors and M is totally unimodular, that is, the determinant of every sub-matrix of M is 0, +1, or —1.

Lemma 2.2. Let G = (V(G), E(G)) be a locally finite weighted graph. For (x,y) € E(G), there exists g € #; such that g : V(G)
> Z,g(x) = 0, and g = argsupyc o, {Ex(f) — E,(f)}. Thus, while computing « (x, y) it suffices to optimize over integer valued
1-Lipschitz functions, and consequently « (x, y) is rational.

Proof. For (x,y) € E(G) andf € .#;, denote by Ty, (f) = Ex(f) —E,(f) = % Nt f @)W — % > seny) f @ wy,. Note that
T,y is location invariant, that is, T, (f) = Ty, (f + ¢), for any ¢ € R. Therefore, w.l.o.g. generality we can assume g(x) = 0.

Thus, computing the transportation distance is equivalent to
mfax T,y (f) subject to |[f(a) — f(b)| <1 for (a,b) € E(G), and f(x) = 0.
This is clearly a linear programming problem with |V (G)| — 1 variables and 2|E(G)| constraints.

The set of all feasible functions of this linear program forms a polytope in RIV©I=1 with finitely many extreme points.
Consider the digraph D(G) obtained by duplicating every edge of G and orienting one each in both directions. As each of the
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Fig. 1. Core neighborhood of (x, y): illustration for the proof of the reduction lemma.

constramts of the linear program are of the form |f (a) — f(b)| < 1for (a, b) € E(G), the set of constraints can be written
as M/f < 1and [f| < diam(G) - 1 where M is the incidence matrix of the digraph D(G), f is the vector of values of f with
f(x) = 0, and diam(G) is the diameter of the graph G. As M is totally unimodular (Theorem 13.9, Schrijver [26]), the set of
points of this linear program are integral, completing the proof of the lemma. O

2.1. Reduction lemma: removing large cycles

The transportation distance, and hence the Ricci curvature, of an edge (x, y) € E(G), is a local property depending only
on vertices which are close to x and y. In this section we prove a reduction lemma where we make the above statement
precise by exactly identifying the sub-graph of G which contributes to Ricci curvature of an edge (x, y) € E(G).

Before we proceed to state the lemma, we introduce some notation which will be used throughout the paper. Consider
a locally finite weighted graph G = (V(G), E(G)). For any two vertices x, y € V(G), such that (x, y) € E(G), we associate the
following quantities (refer to Fig. 1(a)):

Ag(x,y) This is set of vertices in V(G) which are common neighbors of both x and y, that is, Ag(x, ¥y) = Ng(x) N Ng(y). In
fact, | Ag(x, y)| is the number of triangles in G supported on (x, y)

Ps(x,y) This is the set of vertices which are at distance 2 from both x and y. That is, Pg(x,y) = {v € V(G) : dg(x,v) =
de(y, v) = 2}.

Define V(x ) := Ng(x) U Ng(y) U P;(x, ¥), and denote by H the subgraph of G induced by V(4 ).

Lemma 2.3 (Reduction Lemma). For a locally finite weighted graph G = (V(G), E(G)) and an edge (x,y) € E(G), kg(x,y) =
kn(x, y). Moreover, for computing « (x, y) it suffices to assume that there are no edges between Ag(x,y) and Pg(x, y).

Proof. To begin with observe that ds(a, b) < dy(a, b), for any a, b € V(H). Therefore, any function which is Lipschitz in d¢
is also Lipschitz in dy. Therefore,

W{-I (my, my) = W1G(mx» my)-

To show the other inequality it suffices to show that for any 1-Lipschitz function f : V(H) — R with respect to dy, we
can define a function g : V(G) — R which is 1-Lipschitz with respect to d; and agrees with f on Ng(x, y) := Ng(x) U Ng(y),
as the transportation distance between m, and m, only depends on the values of the function at Ng(x, y). To this end, define
g = f on Ng(x, y). Observe that if a, b € N¢(x, y), then by construction of H there is a path from a to b of length d¢(a, b)
in H, and so dg(a, b) = dy(a, b). Moreover, as f is Lipschitz with respect to d, we have |g(a) — g(b)| = |f(a) — f(b)| <
dy(a, b) = dg(a, b). Finally, applying Lemma 2.1 with U = N¢(x, y) proves that g can be extended to a Lipschitz function
with respect to d; on the whole of V (G). This proves that W1H (my, my) < WIG (my, my), and the proof of the first part of the
lemma is complete.

To show the second part, it suffices to show that ky (x, ) = ku\e(X, ¥), for a edge e between Ag(x, y) and P;(x, y). By the
dual definition (3) this means that the optimal transfer matrix + remains unchanged if we drop the edge e. This is equivalent
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to showing that for any z; € Ng(x) and z, € Ng(y) there is a shortest path connecting z;, z, without using e. The following
cases may arise:

dy(z1, z2) = 3 The shortest path not using e in this case is (z1, x, y, 22).

dy(z1,23) = 2 If z; € Ng(x) N N¢g(y) then a path of length 2 not containing e is (z1, y, z;). Similarly, for z, € Ng(x) N Ng(y)
a path of length 2 is (z;, X, z3). Therefore, consider z; € Ng(x)\Ng(y) and z, € Ng(y)\Ng(x). However, it is
easy to see that as e is an edge between A¢(x, y) and Pg(x, ¥), a path of length 2 containing e cannot connect
z1 and z,. Therefore, if dy; (z1, z,) = 2, then there exists a path of length 2 not containing e.

dy(z1,z2) = 1 The shortest path in this case is (z1, z;) and e # (z1, z3),as dy(z1,X) = 1,dy(z2,y) = 1. O

If pc(x, y) denotes the set of edges between A¢(x, y) and Ps(x, y) (red edges in Fig. 1), we denote the core neighborhood
of (x, y) in G as the subgraph

Gy = (V(H), E(H)\¢c(x, ¥)).

The above lemma shows that it suffices to consider only the core neighborhood subgraph G ) for computing the Ricci-
curvature of (x, y) € E(G), which greatly simplifies computations of « (x, y).
One of the few known exact formulas for Ricci-curvature for graphs is the following result of Jost and Liu [13] for trees:

Theorem 2.1 (Jost and Liu [13]). For any neighboring vertices x, y of a unweighted tree T,

.y =-2(1 ! 1)
kx,y)=-2(1————) .
y 4, d,/+

Animmediate consequence of Lemma 2.3 and the above theorem is the following corollary, which generalizes the formula
for Ricci curvature of trees to graphs with girth > 6. This generalization was clear from the proof of Theorem 2.1 in Jost and
Lin [13], and was also proved by Cho and Paeng [4].

Corollary 2.2 ([4,13]). For a locally finite unweighted graph G = (V(G), E(G)) and an edge (x,y) € E(G),

*,y) 41 ! ])
kKX y)==2(1————) ,
y 4, d/+

if there are no 3, 4, and 5 cycles supported on (x, y). In particular, the above formula holds whenever the girth of G is at least 6.

3. Bipartite graphs and graphs with girth greater than 4

Jost and Liu [13] obtained bounds on Ricci-curvature involving the number of triangles supported on (x, y), that is
| Ag(x, y)|. Their main result is stated in Theorem 1.1, which reduces to the following when there are no triangle supported
on (x, y):

—2<L~l—l) <k(xy) <0. (6)
de  dy/)

It is also known that the lower bound is tight for the graphs with girth at least 6 [4,13]. Cho and Paeng [4] also obtained
bounds on the Ricci-curvature of graphs with girth at least 5 in terms of the minimum degree of the graph. In this section,
using the reduction lemma and by a careful analysis of the structure of the core-neighborhood we improve all existing
bounds to obtain exact formulas for the Ricci-curvature in bipartite graphs and graphs with girth at least 5.

3.1. Ricci curvature of bipartite graphs

In this section we shall give an exact formula for « (x, y) whenever the graph G is bipartite, that is, there are no cycles
of odd-length in G. We know that Ng(x) and Ng(y) denote the set of neighbors of x and y, respectively. We partition
Ne(x) = No(x) N1 (x) U {y}, where

Ny(x) = {z € No(X)\{y} : dc(z, Nc(y)) = 1}, is the set of neighbors of x which are on a 4-cycle supported on (x, y).
No(x) = Ng(x)\(N1(x) U {y}), is the set of remaining neighbors of x, apart from y.

Similarly, we can define a partition Ng(y) = No(y) [ N1(¥) U {x}. Now, if we assume that G is bipartite, |A¢(x, y)| = 0 and
|Pc(x,y)| = 0. This simplifies the structure of the core neighborhood, and using that we now give the exact formula for
k(x,y) in bipartite graphs.

Theorem 3.1. Let G = (V(G), E(G)) be a locally finite unweighted bipartite graph and (x,y) € E(G). Suppose R(x, y) is
the subgraph of Gy, induced by N1(x) | N1(y), and Ri(x, ), R2(x, ¥), . .., Rq(x, ¥) be the connected components of R(x,y).
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Nl(ZE)

Fig. 2. Ricci curvature of bipartite graphs: structure of the core neighborhood.

If Ug(x) = V(Ra(x,¥)) N N1(x) and Uy (y) = V(Rs(x,y)) N N1(y), fora € {1, 2, ..., q}, then

q
L1 MO (M@LJ%WU). -
/+

N=—2(1——-——
€.y ( 4 d 4, d, dy

a=1

Proof. Using Lemma 2.3 we can replace G by its core neighborhood G y). As G is bipartite, there are no edges between
No(x) and N;(x), and between No(y) and N;(y). Therefore, the structure of the core neighborhood G, is as depicted
in Fig. 2.

Forany Z C V(G,)) and any function f € .#;, denote by W;(Z) = ) _,_, f (z). Therefore, for (x, y) € E(G),

fO) + Wy NoG)) + Wy (N1 ) f@) + Wr(No)) + Wy (N1 (X))

E,(f) — Ex(f) = d, 0.

(8)

Lemma 2.2 implies that it suffices to maximize E,(f) — Ex(f) over 1-Lipschitz functions f satisfying f(x) = 0, and f(y) €
{—1, 0, 1}. Therefore, fori € {—1, 0, 1} define

Ki(x,y) =1 —fegrrl%)zi(Ey(f) — Ex(f)),

and observe that k (x,¥) = k_1(X,y) A ko(x,y) A k1(x,y). Assuming f(x) = 0 we consider the following three cases
separately.

Case 1:
f(y) = —1.This implies that f(z) < 0forz € Ng(y) and f(z) > —1, for z € Ng(x). Therefore, from Eq. (8) we get

%m—ams%+ﬁﬁ¥gug:

1.

Moreover, this bound is attained by the function g : V(G y)) — R:

)1, ifz e Ng(x),
8@ = {0, otherwise,

which is 1-Lipschitz on the core neighborhood of (x, y) (refer to 2(a)). This implies, k_1(x, y) = 0.
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Case 2:

f(y) = 0. This implies that f (z) < 1forz € Ng(y) and f(z) > —1, for z € N¢(x). Therefore, from Eq. (8) we get as before,
INo@)| + Wr(N1(¥))  —INo(X)| + Wy (N1 (x))

Ey(f) — Ex(f) < 1 . ,
y X
_ INo)| n [No(x)] n Wr(Ni(y)) ~ Wr(N1(%))
- dy d)( dy dx '
N INo®)| | xS [WrUa(®) Wi (Ua(x))
== toa T ;{ ) } 9)

where Ug(x) and U, (y) are as defined in the statement of the theorem, fora € {1, 2, ..., gq}. For any 1-Lipschitz function

f 1 V(Gx,y)) > Z with f(x) = f(y) = 0 denote the restriction of f to Us(y) U Us(x) U {x, y} as fo, fora € {1, 2, ..., q}. This
implies that

1—rkox,y) <

INo ()]
d

INoX)| | Wi, (Ua(y) W, (Ua(%))
T +2—1:§n:y%)i{ P } (10)

y dx
Fixa € {1, 2, ..., q}, and consider a 1-Lipschitz function f; : U,(y) U Uy(x) U {x, y} — Z, with f,(x) = f,(y) = 0. Define
We (U, Wre, (U,
Wit o WalUa0) Wy (Ua)
d, dy

Now, if there exists z € Ny(y) such that f;(z) = —1, then for f; be to 1-Lipschitz f,(w) € {—1, 0}, for all w € Ng(z) N N1 (x).
Then the function f; : Uy(y) U Uq(x) U {x, y} — Z, with f/(z) = 0 and f/(w) = fa(w), for all w # z, satisfies W(f;) < W(f)).
Therefore, it suffices to assume that f;(z) € {0, 1} for all z € N;(y), and similarly f;(z) € {—1, 0} for all z € N;(x). This
observation and the bipartite structure of R, (x, y) immediately implies that there are two possibilities:

(i) fa(z) = 0forallz € Uy(y) and fy(z) = —1forall z € U, (x),
(ii) fo(z) = 1forallz € U,(y) and f,(z) = 0 for all z € U,(x).

This implies that

U [Ua(¥)]
max W(f,) = — 1 vl _ el + —— - 1 Ug 0] - Ug)] | -
s P A b
aly)=

U, Uq Uq
i R .

Noting that 2221 |Ug(x)| = [N1(x)|, and substituting Eq. (11) in Eq. (10) we get

INo@)|  INo@)| + NI S [ 10| [Ua®)]

ko(x,y) > 1— } 1 el _ wawi ) »
y dy dy dy {de =< Udy }

1 N, 1 Uq Uq
1IN :l diwl | d(:>|}.1[%<%}. (12)

dy dy
Now, consider the 1-Lipschitz function g : V(G,)) — R

a=1

-1, ifz € No(x);

)1, ifz € No(y);
8@ =Ng2), ifz € Uyx) UUL():
0, otherwise;
where fora € {1,2,...,q)},
U U
11 ";ﬂ > '0’”} ifz € Ug(%);

ga(Z) = U X U dy
1~1{| a(X)|<| a(V)|}’ if2 € U,y).
d, d,

It is easy to see that

N N N Uq
Ey(g)—Ey(g):l (;(V)| +| O(X)|;‘| 10)] +Z{| d(y)l
y X y

I
dx {\Ug)((x)\<\U?[}(ly)l .

a=1
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Therefore, g attains the lower bound in Eq. (12) and we have

1 N {|ua(y>|_ |Ua(®)|

) = — A a0l _ W@l 1- 13
A RS A T )

a=1

Case 3:
f(y) = 1. This implies that f (z) < 2forz € Ng(y) and f(z) > —1, for z € Ng(x). Therefore, from Eq. (8) we get as before,

2|N No®)| =1 < [ WU, Wi (Uy(x
E/() — E(f) < 2O o] +Z{ F(Uay) Wy (U ))}, (14
d, dy — dy dy
where Uy (x) and Uy (y) fora € {1,2, ..., q} are as defined in the statement of the theorem. As before, for any 1-Lipschitz

function f : V(Gw,)) — Z with f(x) = 0, f(¥) = 1 denote the restriction of f to U,(y) U Us(x) U {x, y} as f,, fora € {1, 2,
.., q}. Define 'W(f,) as before. Then from the bipartite structure of Ry(x, y) it follows that g, := arg maxg,c ¢, f,=1 W(fa)
must be one of the following:

(i) gqa(z) = 0forallz € Uy(y) and g,(z) = —1forall z € U, (x),
(ii) gq(z) = 1forallz € Uy(y) and g,(z) = Oforall z € Uy(x),
(iii) gq(z) = 2forallz € U,(y) and g,(z) = 1forallz € Uy(x).

This implies that,

Ua)| U] 2[Ua()|  [Ua(X)]
max Wik = ax{ d ' d, ' d,  d }
fa(y)=0
_ (200 U] U]
_{ d d } e S R
B C TR o 1

Noting that Zgzl |Uq(x)| = |N71(x)|, and substituting Eq. (15) in Eq. (14) we get

2 2N S0 Ua®)]
Kki(x,y) = — — —ZZ{ 4 4 }1{

X )l ] - 16
= 4, g00) _ U ) (16)

a=1 & &y

Now, consider the 1-Lipschitz function g : V(G,)) = R

-1, ifz € No(x);

1 ifz e Ny
8@ =102, ifz € U) UU,);
0, otherwise;

where fora € {1,2, ..., q},

-1 1{ g0 e ) +1- 1{ g0l _ g | ifz € Ug(®);
z dx dy

d, d
z) = X Y .
£(@) 2 1[ iyl _ a1} ifz € Ug(y).
x Iy

It is easy to see that g attains the lower bound in Eq. (16) and we have

2 AN S [0 U]
=g T, _22{ o, 4 }'1{'”&)2“”%;”}' ()

a=1

Note that «1(x, y) = 2ko(x, y) and k_1(x, y) = 0. Therefore, k (x,y) = k_1(x, y) Ako(X,¥) Ak1(X,y) = k1(x,y) A 0O, and
the proof completes. O

The formula in the above theorem is exact and, as a result, it is quite complicated and heavily depends on the structure
of the graph.
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Remark 3.1. It can be easily verified that (7) is symmetric in x and y. To see this, note by (7)

1 1 |N 4\ (1Uq Ua
K'(_y,X) - 9 (_1 _____ M +Z{| (X)| _ | (y)| } . 1{U%(X)|>U%U)}>
x = dy
+

dx dy dx a=1 d" dy
1 1 N1 (x Ug(x U, q U, U, (x
— o1 |1()I+Z{I Gl | (y)|}+z(| (I ()I)
dx dy dx =1 dx dy o dy dx + .
= k(X ¥),
since Zq \Ua(X)\ IN1(X>\ and Zq IUa(y)\ ‘Nlif,y)l

In the following corollary we derive a cleaner upper bound on « (x, y) for bipartite graphs, which is tight whenever the
graph G is connected.

Corollary 3.2. Let G = (V(G), E(G)) be a locally finite bipartite graph and (x, y) € E(G). Then

=2 (1o Lo L[l Oy
dx dy dy dy n

and equality holds whenever R(x, y) (defined in Theorem 3.1) is connected. In particular, for the complete bipartite graph K, 4
(P =q,kxy) =0, forany (x,y) € E(Kpq).

Proof. The proof of the first part follows from Eq. (7) by dropping the last non-negative term. The second part follows from
(7) by direct substitution, from which the result on K, 4 follows. O

3.2. Ricci curvature of graphs with girth greater than 4

In this section we shall give an exact formula for « (x, y) for graphs G with girth greater than 4. As before, partition Ng(x) =
No(x) U Na(x) U {y}, where

No(x) = {z € Nc()\{y} : dc(z, Nc(y)) = 2}.
No(x) = Ne(x)\(N2(x) U {y}), is the set of remaining neighbors of x, apart from y.

Similarly, we can define a partition No(y) = No(¥) [ N2(¥) U {x}. Using these definitions we now give the exact formula for
Kk (x, y) for graphs G with girth greater than 4.

Theorem 3.3. Let G = (V(G), E(G)) be a locally finite unweighted graph with girth g(G) > 5 and (x,y) € E(G). Suppose
Q(x,y) is the subgraph of Gy, induced by N>(x) |JN2(y) U Po(x, y), and Q1 (x,¥), Q2(x,¥), ..., Qq(x, ¥) be the connected
components of Q(x,y). If Ly(x) = V(Qu(x,¥)) N Ny(x) and L,(y) = V(Qu(x,y)) N No(y), for a € {1,2,...,q}, then
kX, ¥) = ko(x, ) A k1(X,y), where

_ 1 1 1 18
KO(XsY)—_< _dx_dy)_._. (18)

and

3 T 1 N 1K [(L®] L)
m(x,y)——2<1—d—dy_ +§Z( dy )+>+' e

X a=1 X

Proof. The proof of this theorem is similar to the proof of Theorem 3.1. Using Lemma 2.3 we can replace G by its core neigh-
borhood G y), which is depicted in Fig. 3. For any Z € V(G,)) and any function f € .#, denote by W;(2) = >, _, f(2).
Therefore, for (x,y) € E(G),

fX) +Wr(No)) + Wy (N2 () f) + Wy (No(x)) + Wy (N2 (%))

Ey(f) - Ex(f) = dy dx

(20)

As before, fori € {—1, 0, 1} define

K,‘(X, y) =1- max (E (f) Ex(f))a
fez1.f)=

and observe that k(x,¥) = k_1(x,y) A ko(x,y) A k1(x,y). Assuming f(x) = 0 we consider the following three cases
separately.
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Fig. 3. Ricci curvature of graphs with girth at least 5: structure of the core neighborhood.
Case 1:
f(y) = —1.This implies that f(z) < 0 forz € Ng(y) and f(z) > —1, for z € N¢(x). Therefore, from Eq. (20) we get

Ey<f>—fx<f>sdl+w:1

dx
Moreover, this bound is attained by the function g(z) := —1 - 1zen; Uy Which is 1-Lipschitz on the core neighborhood
of (x, y). This implies, k_1(x, y) = 0.
Case 2:

f () = 0. This implies that f(z) < 1forz € Ng(y) and f(z) > —1, for z € Ng(x). Therefore, from Eq. (20) we get,

= NoWI+ N0 n INo(¥)| + [N2(x)]
= d, dy

’

E,(f) — Ex(f)

=2 4T a 21
dy d, (21)
This implies that ko(x,y) > —1+ é + %‘
Now, consider the 1-Lipschitz function g : V(G,)) — R

—1, ifz € Ng(x) UN,(x);

g =141, ifzeNo(y) UN,(y);
0, otherwise.

Itis easy to see that E, (g) — E,(g) =2 — . Therefore, g attains the lower bound in Eq. (22) and we have

1 1
&
*x,5) 1+ ! + ! (22)
Ko(X,y) = — —+ —.
olX,y 4 d,
Case 3:
f(y) = 1. This implies that f(z) < 2 forz € Ng(y) and f(z) > —1, for z € Ng(x). From Eq. (20) and similar to Case 3 in
Theorem 3.1 we get,

2N, No¥)| =1 (Wi (L Wi (La(x
E,(f) — Ex(f) < | 00’)|+| 0 ()] +Z{ r(La@)) Wi (Lq( ))}’ (23)
d, dy p dy dy
where L,(x) and L,(y) fora € {1, 2, ..., q} are as defined in statement of the theorem. As before, for any 1-Lipschitz function

f 1 V(Gy,y) — Zwithf(x) = 0, f(y) = 1denote the restriction of f to L,(y) U Lo(x) U {x, y} as fo, fora € {1,2,...,q}.
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Define W(f,) as before. Then it is easy to see that g, := arg max,c «, s,)=1 W(fs) must be either

(i) ga(z) = 1forallz € L,(y) and g,(z) = —1forall z € L,(x),
(ii) gq(z) =2 forallz € Ly(y) and g,(z) = 0 forallz € Ly(x).

This implies that,

max W(f,) = m

ax{|L“(y)|+ |La(®)] 2|La0’)|}’

?;Ey";!!d d, d, ’ dy
L) L] 2|Lo ()]
_ A el - g T g pggon)
{ dy + 0 } {‘Ladinzud;y)\} + dy {‘LTL)'<%]
L) L) 2LO))
_ _ o T T4 i
o =50 g+ 5 h

Noting that ZZ=1 |Ls(y)| = |N2(y)|, and substituting Eq. (24) in Eq. (23) we get

_ INo@)| =1 2(INoG)| + 2D Zq: { ILa®)| L) ] 1
d, d, | d, d,

v

1

IC](X, _V)

2 02 W G L®)] L)
=24 —4+ — — — 1 1 e - 25
+dx+dy + d, ; d, d, Lot g} (25)
Now, consider the 1-Lipschitz function g : V(Gy)) — Rwithg(x) =0,g(y) = 1and
-1, ifz € No(x);
g@) =42, ifz € No(y); ,
8a(2), ifz € La(x) ULy(y).
where fora € {1,2,...,q},
_]'1{M>M}’ ifZELa(X);
dx = dy
N B U VRV 21w oy, ifz € Ly(y);
il B e R s o
1-1 1La®)| _ [La®) | » leEP(;(X,y).
{ d = dy }
It is easy to see that g attains the lower bound in Eq. (25) and we have
2 02 M@ K@ L)
X)) =—-2+—+— — — A el e ] - 26
HE e R AR R D] ki A (R =

Note that k (X, ¥) = k_1(X, ¥) A ko(X, ¥) A k1(X,¥) = ko(X,¥) A k1(X, ), since k_1(x,y) = 0, and the proof completes.
As in Remark 3.1, it is easy to check that (19) is symmetricinxandy. O

3.3. Extension to weighted graphs

The above theorems can be readily extended to weighted graphs.

3.3.1. Weighted bipartite graphs

Since Lemma 2.3 also holds for weighted graphs, we can replace G by its core neighborhood G ), and the structure
of the core neighborhood Gy is as depicted in Fig. 2. For any Z C V(G ) and any function f € .#, denote by
WHZ) = ) ,c7 f(@)wy, and ny(Z) =Y, f@wy;. Let No(x), No(¥), N1(x), and N (y) be as defined before Theorem 3.1.
Therefore, for (x,y) € E(G),

FRwy + W No@)) + W N1 () F@ig + Wi No() + W (N ()

Ey(f) - Ex(f) = dy dx

; (27)

where d, = Z(x,y)EE(G) Wy, for x € V(G). Lemma 2.2 implies that it suffices to maximize E,(f) — Ex(f) over 1-Lipschitz

functions f satisfying f (x) = 0, and f (y) € {—1, 0, 1}. Now, by calculations identical to those in the proof of Theorem 3.1 it
can be shown that:
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Corollary 3.4. Let G = (V(G), E(G)) be a locally finite weighted bipartite graph and (x,y) € E(G). Suppose R(x,y) is the
subgraph of Gy, induced by N1(x) |JN1(¥), and Ry(x,y), R2(X, ¥), ..., Rq(x, y) be the connected components of R(x,y). If
Ua(x) = V(Ra(x,¥)) N N1(x) and Ug(y) = V(Ra(x, ¥)) N N1(y), fora € {1,2, ..., g}, then

> Wy q > wy > Wa

Wyy  Wxy  zeN; (y) zelUq (y) z€Ua (%)
kx,y)=—2|1-——— — ——F—+ -

*,y) E .

(28)

+/

3.3.2. Weighted graphs with girth greater than 4
Similarly, by calculations identical to those in the proof of Theorem 3.1, it is possible to obtain the Ricci-curvature for
locally finite weighted graphs with girth at least 5.

Corollary 3.5. Let G = (V(G), E(G)) be alocally finite weighted graph with girth g(G) > 5and (x,y) € E(G). Suppose Q (x, y) is
the subgraph of G ) induced by N> (x) |J N2(y) U Pe(x, ¥), and Q1 (x, ), Q2(x, ¥), . . ., Qq(x, ¥) be the connected components of

Qx, ¥).If La(x) = V(Qa(x, ¥))NN2(x) and Ly (y) = V(Qa(x, y))NN2(y), fora € {1,2, ..., q}, thenk (x, y) = wo(x, ) AKk1(X, y),
where

w w
Ko(X, y) =—<1 - ﬂ—ﬂ) : (29)
dy dy ),
and
w w NX: e 1< LZ: e LZ e
Gy =—2|1- Wyxy Wy z€ z(x) 4= Z ze a(x) _ z€la®) ) (30)

e  d, d,

a=1
+/ o+

4. Ricci-flat graphs of girth 5

The notion of Ricci-flat graphs was first introduced by Chung and Yau [5]. It was defined for regular graphs and was used
to prove logarithmic Harnack inequalities for graphs. These inequalities are useful in bounding the Log-Sobolev constant,
and, consequently, the mixing times of Markov chains [7]. Recently, Lin et al. [17,16] defined Ricci-flat graphs as graphs
where the modified Ricci-curvature vanishes on every edge. This definition is motivated by the fact that Ricci-flat manifolds
are Riemannian manifolds where the Ricci curvature vanishes. Moreover, this definition does not require the graph to be
regular. Ricci flat graphs defined by Chung and Yau are not necessarily Ricci-flat in this sense (for constructions of Ricci-flat
graphs under both definitions refer to Lin et al. [17]).

In this paper, we consider Ricci-flat graphs with respect to Olliver’s coarse Ricci curvature, that is, a graph G is said to
be Ricci-flat if k (x, y) = 0, for all (x, y) € E(G). The following corollary characterizes Ricci-flat graphs with girth at least 5.
Hereafter, only locally finite simple unweighted graphs are considered.

Corollary 4.1. A connected graph G is a Ricci-flat graph with g(G) > 5, ifand only if Gis one of the following: the path P, (n > 2),
the infinite ray, the infinite path, the cycle C,, (n > 5), or the star graph T, (n > 3).

Proof. Suppose «(x,y) = 0 for all (x,y) € E(G) and g(G) > 5. Then it follows from Theorem 3.3 that i + % > 1, for all
(x,y) € E(G). This implies that either dy = d, = 2, ordy A d, = 1, for all (x, y) € E(G). The following two cases arise:

Case 1: There is a vertex v € V(G) with d, > 3. Then all neighbors of v must have degree 1, with no edges left to connect to
other vertices. Thus, the graph G must be a n-star T, rooted at v.

Case 2: dy < 2forallx € V(G).Ifdy = 2, for all x € V(G), then it is easy to see that G is an infinite path or a cycle of length
at least 5. Hence, it suffices to assume that there is at least one vertex V(G) with degree 1. Then there can be at most
2 vertices with degree 1. Thus, depending on whether the number of degree 1 vertices is one or two, G is either the
infinite half ray or the finite path P, respectively. O

Lin et al. [17] characterized Ricci-flat graphs of girth 5 using their modified definition of Ricci-curvature. The above
corollary is the analogous version of their result using Ollivier’s original definition of coarse Ricci-curvature. As it happens,
the structure of Ollivier’s Ricci-flat graphs of girth 5 is much simpler than the structure of the modified Ricci-flat graphs.
Apart from the infinite path and the cycle, the modified Ricci-flat graphs of girth 5 include quite complicated graphs, such as
the Peterson graph, the dodecahedral graph, and the half-dodecahedral graph. Ollivier’s Ricci-flat graph however includes
the n-star, which is not included in the modified definition. This illustrates that the structure of Ricci-flat graphs in the two
definitions of Ricci-curvature are, in fact, quite different.



36 B.B. Bhattacharya, S. Mukherjee / Discrete Mathematics 338 (2015) 23-42
5. A general lower bound with maximum matching and Ricci-flat regular graphs of girth 4

In this section we establish connections between Ricci-curvature and the size of the matching in the core neighborhood
subgraph. We prove a general lower bound on the Ricci-curvature in terms of the size of the maximum matching. The bound
is often nearly tight, especially in triangle-free regular graphs. Using this bound we prove a necessary and sufficient condition
on the structure of Ricci-flat regular graphs of girth 4.

5.1. A general lower bound with maximum matching

Let G = (V, E) be a fixed graph, with (x, y) € E(G). Recall that Ng(x) and Ng(y) denote the set of neighbors of x and y,
and A¢(x,y) = Ng(x) N Ng(y). Define, Qg(x) = Ng(x)\Ac(x, y) and Qc(y) = Ng(¥)\Ac(x, y). Let Hs(x, y) be the subgraph
of G induced by the vertices in Qz(x) U Qc(y). A matching in H¢(x, y) is a collection of disjoint edges (a, b) € E(G), with
a € Qg(x)and b € Qs (¥).

Theorem 5.1. Let G = (V, E) be a fixed graph, with (x, y) € E(G).If [M¢(x, y)| (< |Qc(X)| A |Qc(¥)]) is the size of the maximum
matching in Hg(x, y), then
[Ac(x, )|

, >7—2(1
“xy) =z de v d,

_ IMc(x, )| + 1 Ac(x, J’)I)
dy v d, '

. dynd
Moreover, if [Mq(x, )| = [Qo(X)| A 1Qc()], then & (x, ) = 146501 — 5(1 - 424),

Proof. W.l.o.g. assume d, < d, and let |[M¢(x, y)| = k. By the definition of matching there exists Ty := {a, @y, ..., a} €
Qc(x) and T, := {bq, by, ..., b} € Qg(y) such that d¢(a;, bj) = 1. Consider any 1-Lipschitz function f : V(G) +— Z.
Lemma 2.2 implies that it suffices to optimize over f(x) = 0. This means that |f(z)| < 1 for all z € N¢(x), and

If (@) — f(b)| < 1.

k
fbi) — fla) f@ @ f@ f@
o= (T = () e Y

i=1 z€AG(X,Y) zeQc(M\Ty dy z2€Qe()\Tx d

k 1 1) [ f@ | 1QX)\T¥]
dy+<dx_dy>{;[f(ai)|+ > If(Z)|}+ D ot

<
z€AG(X.Y) zeQc\Iy Y
k_ (1_1 210c\Tyl  1Qc(ONT:|
=4t (dx dy){k+|Ac<x,y>|}+ .t
_k (1 1 200 — k) 1Qc(0)| —k
=4 +<dx dy){k+|Ac<x,y)|}+ Z e (31)

The result follows from noting that « (x,y) = 1 — SUPfc &, rx=0 Ty (), and |Qc(¥)| = dy — |Acx, )1, 1QcW)| = dy —
|Ac(x, y)|.Ifdy < dyand k = |Qc(X)| A |Qz(¥)|, then k = |Q¢ ()| = dx — |Ag(x, ¥)|, and the result follows from the previous
bound by direct substitution. O

Combining the lower bound in the above theorem and the upper bound from Theorem 1.1 we get

Ag(x, Mg (x, Ag(x, Ac(x,
[Ac(x y)|_2<1_| X Y +1Ackx y)|>§K(X’y)§I syl
dy Vv d, dy Vv d, dy Vv dy

In the following section we obtain a necessary and sufficient condition on the structure of regular graphs for which the
upper bound in Eq. (32) is tight. As a consequence we characterize Ricci-flat regular graphs with girth 4.

(32)

5.2. Ricci-flat regular graphs with girth 4

Recall that the Birkhoff polytope B, is the convex polytope in R" whose points are the doubly stochastic matrices, that is,
the n x n matrices whose entries are non-negative real numbers and whose rows and columns each add up to 1[31]. The
Birkhoff-von Neumann theorem states that the extreme points of the Birkhoff polytope are the permutation matrices, that is,
matrices with exactly one entry 1 in each row and each column and 0 elsewhere.

Using this result on the Birkhoff polytope and Theorem 5.1 it is easy to get a necessary and sufficient condition on the
structure of Ricci-flat graphs with girth 4 which are regular. In fact, we shall prove a much stronger result where we give a
necessary and sufficient condition on the structure of graphs for which the upper bound in Eq. (32) is an equality.

Theorem 5.2. For beagraphG = (V,E), with (x,y) € E(G)anddy, =dy, =d, k(x,y) = W, if and only if there is a perfect
matching between Qg(x) and Qg (y).
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Proof. If there is a perfect matching between Q¢(x) and Q¢(y), then by Theorem 5.1, k (x, y) = w.
Conversely, suppose « (x, y) = w. From Eq. (3)

ky) =1—inf 37 7 v 2)d@2).

21€Ng(x) 22€NG ()
where 4 is the set of all d x d matrices with entries indexed by N¢(x) x Ng(y) such thatv(x',y') > 0, 3,y () VX', 2) = %

and ZzeNG(X) v(z,y) = %, forallx’ € Ng(x) andy’ € Ng(y). Therefore, 4 forms a Birkhoff polytope in R% (after multiplying
with d), and since « (x, y) is a linear function defined over 4, it is maximized at one the extreme points. Therefore, by the
Birkhoff-von Neumann theorem the optimal transfer plan is a permutation matrix.

To complete the proof, note that the optimal transfer plan, which is given by a permutation matrix, cannot transfer any
mass to or from Ag(x, y). Moreover, each transfer must be over a path of length 1. This is because a mass of 1/d needs to be
transferred by a path of length at least 1 for all vertices in Ng(x)\ Ac(x, y), which already gives Wy (x,y) > 1 — Ac(x,y)/d,
and so any further mass transfer will resultin « (x, y) < A¢(x, y)/d, a contradiction. This implies that there must be a perfect
matching between Qg (x) and Qz(y). O

When G is triangle free, by definition Qg (x) = Ng(x) and Qz(y) = N¢(y). The following corollary is then immediate from
the above theorem:

Corollary 5.3. A connected graph G with g(G) = 4 and d, = d, = d has «(x,y) = 0 if and only if there is a perfect matching
between Ng(x) and Ng(y).

This implies that regular, triangle-free Ricci-flat graphs must have a perfect matching between N¢(x) and Ng(y) for all
(x,y) € E(G). The n-dimensional integer lattice Z", the n-dimensional hypercube C}, a cycle C, of length n > 4, and the
complete bipartite graph K, », are examples of regular Ricci-flat graphs of girth 4. Identifying the set of all such regular graphs
remains open.

6. Ricci curvature of random graphs

In this section we study the behavior of Ollivier's Ricci-curvature for Erdés-Rényi random graphs G(n, p) in different
regimes of p. As seen in the previous section, the Ricci-curvature depends on the size of matchings in the core neighborhood
subgraph. In this section we will prove a technical matching lemma, establish properties of matchings in random bipartite
graphs, and use these results to obtain Ricci-curvature of random graphs.

6.1. A more technical matching lemma

Let G = (V, E) be a fixed graph, with (x,y) € E(G). Define, Rc(x) = (Nc(®)\{yD\Ac(x,y) and Rc(y) = (Nc(¥)\{x})\
Ag(x,y). Let Hs(x, y) be the subgraph of G induced by the vertices in Rg(x) U Rg(y). The subgraph Hg(x, y) is said to have a
m-matching of size k if there exists Ty := {ay, a2, ..., a} € Re(x) and T, := {by, by, ..., b} € R¢(y) such that d¢(a;, b;)
< m,form € Z* and k < |R¢(x)| A |Rg(y)|. Note that a 1-matching of size k is just the standard bipartite matching of size k
between Rg(x) and R¢(y) in the subgraph Hg(x, y).

The following lemma gives a lower bound on the Ricci-curvature in terms of the size of 2-matchings in Hg(x, y).

Lemma 6.1. Let G = (V, E) be a fixed graph, with (x,y) € E(G), and H¢(x, y) be the subgraph of G induced by the vertices in
Rg(x) U Rg(y). If there exists a 2-matching of size k (< |Rg(x)| A |Rg(¥)|) in the Hg(x, ), then

3| Acx, V)| +k+2

KX, Z _2 +
*x,¥) v d,
Moreover, if k = |Rc(X)] A [Rc()|, then k- (x, y) > —2 + W
Proof. W.l.o.g. assume dy < d,. By the definition of m-matching there exists T, = {aj,ay,...,a} < Rg(x) and

T, == {b1, by, ..., b} € Rc(y) such that d¢(a;, b)) < 2. Consider any 1-Lipschitz function f : V(G) — Z.Lemma 2.2
implies that it suffices to optimize over f(x) = 0. This means that |[f(z)| < 1forallz € Ng(x), and |f (a;) — f(b;)| < 2.1f
Ty (f) = Ex(f) — E,(f), then from calculations similar to the proof of Theorem 5.1

fO) S (fb)  fla) f@ f@ f@) f@)
Txy(f):_dx +Z<dy - dx>+ Z <T_ dx>+ Z — = Z

i=1 z€AG(X.Y) y ZeRc\Ty dy z2€RG(0)\Tx dx

2(IRc()| — k) + [Re(x)| — k
d, d,

!, 2

33
dy dy (33)

1 1
+ (ch — dy) {k+14c(x, I} +
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Note that « (x,y) = 1 — SuPsc o, fx=o Txy(f). Therefore, simplifying Eq. (33) the result follows. Moreover, if dy < dy, and
k = |Rc(x)| A |Rc(¥)|, then k = |Rg(x)| = dy — 1 — |Ag(x,y)|, and the result follows from the previous bound by direct
substitution. O

6.2. Matchings in random bipartite graphs

Matchings in random graphs are well studied in the literature [12], beginning with the celebrated result of Erdés and
Rényi [10] on the existence of perfect matchings. The proof of this result relies on the Hall’s marriage theorem. Here we use
a variant of Hall's theorem to obtain an analogous result about the existence of near-perfect matching in random bipartite
graphs.

Recall, Hall's marriage theorem states that a bipartite graph G = (V, E) with bipartition (A, B) has a perfect matching if
and only if for all X C A, [Ng(X)| > |X|, where N¢(X) = |,y No(x). We will need the following strengthening of Hall’s
theorem [9]:

xeX

Theorem 6.1 ([9]). Consider a bipartite graph G = (V, E) with bipartition (A, B). For X C A, define §(X) = |X| — [Ng(X)]|,
where N(X) = (Uyex No(%). Let Smax = maxxca 8(X). Then the size of the maximum matching in G is |A| — 8max. O

Using this theorem we now prove the following lemma about the existence of near-perfect matching in random bipartite
graphs.

Lemma 6.2. Forevery e € (0, 1),

. . ) _Jo ifnp—0,
nlingc P(G(n, n, p) has a matching of size n(1 — ¢)) = {1 if np — oo

Proof. Let G ~ G(n, n, p) be a random bipartite graph with bipartition (A, B), with |A| = |B| = n and edge probability p.

If np — 0 and there is a matching of size n(1 — ¢) in G, then |[E(G)| > n(1 — &). But E(G) ~ Bin(n?, p), and so
P(E(G) > n(1 — ¢)) — 0 by Markov’s inequality.

Next, suppose np — oo. Let X C A, with [X| > en. If D(X) = >, dx, then D(X) ~ Bin(n|X|, p), and by Hoeffding’s
inequality P(D(X) < |X|) < exp(—2|X|(np — 1)?). Thus, by a union bound,

PEX CA: INe(X)| < [X], [X] = en) < P(AX CA:D(X) < [X], [X| = en)

n

n
<y <|X|) exp(—2[X|(np — 1?)

|X|=ne

IA

2" exp(—2en(np — 1)%) — 0.

Thus, with probability 1—o0(1), for any X C A, with |X| > en, [N¢(X)| > |X|. Therefore, from Theorem 6.1, G has a matching
of size n(1 — ¢) with probability 1 — o(1), whennp — co. O

Remark 6.1. Lemma 6.2 immediately gives that for a random bipartite graph G(m, n, p) with (m A n)p — o0,
limp p— 00 P(G(m, n, p) has a matching of size (m An)(1 —¢€)) = 1.

6.3. Ricci curvature of random bipartite graphs

We are now ready to state and prove our result on the Ricci curvature of random bipartite graphs. Let G(n, n, p) be a
random bipartite graph with bipartition (A,, B,).Leta € A, and b € B, be two fixed vertices. For G ~ G(n, n, p), conditioned
on the edge (a, b) being present, denote by «,(a, b) the Ricci-curvature of the edge (a, b) in G.

Theorem 6.2. Let G ~ G(n, n, p,) be a random bipartite graph with bipartition (A,, B,), conditioned on the edge (a, b) being
present.
(a) If np, — 0 then with probability 1 — o(1) the edge (a, b) is isolated, and consequently «,(a, b) = 0.

(b) If np, — A for 0 < A < oo, then k,(a, b) 2 21— ﬁ — ﬁ , Where X1, Xy are independent Poisson()\) random
+

variables, that is, the Ricci curvature converges in distribution to Ricci-curvature of its limiting tree.
(¢) If np, — oo, and np? — 0 then kn(a, b) Z
(d) If np? — oo, then ky(a, b) Zo.
Proof. Let G ~ G(n, n, p,) be a random bipartite graph with bipartition A, = {1, a2, ..., a,} and B, = {B1, B2, ..., Bn}
conditioned on the edge (a, b) being present. Fori,j € {1,2,...,n} = [n] define let §; = 1 if (o, Bj) € E(G) and O,
otherwise. Define X! := > (1) 8¢ a0 XY := 3" 1)\ (o) Sib- Clearly, (X7, X?) are independent binomial random variables

j
with parameters (n — 1, p,), which are measurable with respect to .7, := o (84, ip, i € [n]\{a},j € [n]\{b}).
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(a) In this case, P({X} # 0} U {X,ll’ # 0}) < EX! +X,’;) < 2np, — 0. Therefore, with probability 1 — o(1) the edge (a, b)
is isolated.
(b) Observe that, in this case,

P( >y aa,-aﬁawé0> < > ) E@Gg8idw) <n’py=0(1/n).
ie[n]\{b}

jeln\{a} ie[n]\{b} je[n]\{a}

Therefore, with probability 1 — 0(1/n) there are no 4-cycles in G supported on (a, b). As G is bipartite, the girth of G is
at least 6, and Corollary 2.2 implies that

1 1
ab)=-—2(1- L
n(a, b) ( 1+ X0 1+x,l;)+

The conclusion follows on noting that (X, X,?) 2 (X1, X3), where X4, X, are independent Poisson(A) random variables.
(c) Let Rg(b) denote the set of vertices in Ng(b) which are not connected to any vertex in Ng(a). Then given .%,,

Re(b
IRg( )I’?
%

IRe(b)| ~ Bin(x,f, 1-a —pn)xr‘?) and IE( ) =1-(1-p)¥ 2o,
as npﬁ — 0. Consequently, we have |R¢(b)| = op(X,’,’). Defining R;(a) by symmetry we have |R¢(a)| = o0,(X]). Now,
consider the 1-Lipschitz function f on the (random) core-neighborhood of G defined as follows:
0 ifx € Ng(a)\Rg(a),
_ )1 ifx € Rg(a) U {a},
FO =12 ifx e Re(b) U {b),
3 ifx € Ng(b)\Rg(b).
This implies that

14 2[Rg(b)| + 3(X! — [Re())) 2+ [Rg(@)]|
14 XP 1+Xe -
The RHS converges to 3 in probability. Thus, W, (a, b) > 3 — o(1) with probability 1 — o(1). Moreover, by definition
Wi (a, b) < 3 and the conclusion follows.
(d) As bipartite graphs are triangle free, from Eq. (6) we know that « (a, b) < 0. So, it suffices to prove only the lower bound.
To this effect, note that on the set C, := {X¢ > np,/2, X® > np,/2} we have (X A Xb)p, > np2/2 — oc. Thus, if we
denote by Hc(a, b) the random bipartite graph induced by Ng(a) U Ns(y), by Remark 6.1 we have
P(Hg(a, b) does not have a matching of size (1 — ¢)(|[Ng(a)| A |[Ng(b)|)|Fn, C) < 6,
for nlarge enough. Let E,, be the event {Hc(a, b) does not have a matching of size (1—¢&)(|Ng(a)| A|Ng(b)|)}. This implies
that for n large enough

P(Ey) < E(P(Ey|Fn, Gn)) + P(Cy) < 8 4+ P(X; AX) > np,/2)°).

Eb(f) - Ea(f) =

As (X7 /\X,ﬂ’)/npn Z 1, when np,, — oo, the above implies that with probability 1 — o(1) there exists a bipartite match-
ing between in Hg(a, b) of size (1 — &)(|[Ng(a)| A |Ng(b)|). This observation, together with Theorem 5.1, would imply
that with probability 1 — o(1) we have
(x;Ax,f)(l—g)+1) 5
= —2¢.
A+XH v aA+X)

lim Ky (a, b) > —2(1 -
n—oo
As ¢ is arbitrary, we have «,(a, b) Z 0. O

6.4. Ricci curvature of Erdés—-Rényi random graphs

Building on the techniques developed in the previous section, we now determine the limiting behavior of Ricci-curvature
for Erdés-Rényi random graphs G(n, p,,) in different regimes of p;.

Theorem 6.3. Let G ~ G(n, p,) be a Erdés-Rényi random graph with vertex set V,,, conditioned on the edge (a, b) being present.

(a) If np, — 0 then with probability 1 — o(1) the edge (a, b) is isolated, and consequently «,(a, b) = 0.

(b) If np, — A for 0 < A < oo, then ky(a, b) 3 -2 <1 — ﬁ - ﬁ)+ where X1, X; are independent Poisson(A) random
variables, that is, the Ricci curvature converges in distribution to Ricci-curvature of its limiting tree.

(¢) If npy, — oo, n?p3 — 0, then k,(a, b) Z
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(d) If n?p? — oo, np2 — 0, then k,(a, b) Z 1
(e) If np> — oo, py, — O, then kn(a, b) Zo.

(f) If pph = pwith0 < p < 1, then k,(a, b) Z p.

Proof. Let V;, = {vy, vy, ..., vy} and G ~ G(n, p,) be a random graph with vertex set V,, conditioned on the edge (a, b)
being present, for 2 fixed vertices a,b € V,. For {i,j} € {1,2,...,n} = [n] define let §; = 1 if (v;, v;) € E(G) and
0, otherwise. Define X := > i)\ (a) S0 and X0 = > icn)\(ap) Sib- Clearly, (X9, X?) are independent binomial random
variables with parameters (n — 2, p,), which are measurable with respect to %, := o (84, 8, i € [n]\{a, b}, j € [n]\{a, b}).

(a) By Markov's inequality we have P({X® + X,’j # 0})) < EX; + X,f) < 2np, — 0. So, the edge (a, b) is isolated with
probability 1 — o(1), and «,(a, b) = 0.

(b) We will show that in this case there are no cycles of length 3, 4, or 5 supported on (a, b) with probability 1 — O(1/n). In
this regard, note that

P (3 a 3-cycle supported on (a, b)) < Z E(84j6p) < npﬁ = 0(1/n),
Jjeln]\{a,b}

P (3 a 4-cycle supported on (a, b)) < Z E(84i8jk0pk) < nzpﬁ = 0(1/n),
{j,k}CIn]\{a,b}

PP (3 a 5-cycle supported on (a, b)) < Z E(3401Sudp) < n°ps = 0(1/n).
(k. Cn]\{a,b}

This implies that P(3 a 3, 4, or 5 cycle supported on (a, b)) = O(1/n). Therefore, with probability 1 — O(1/n), the girth
of G is at least 6, and Corollary 2.2 implies that

1 1
ab)=-2(1- L
tn(a, b) ( 1+ X8 1+x};>+

The conclusion follows on noting that (X, X,lj) 2 (X1, X2), where X1, X, are independent Poisson(A) random variables.

() As in the previous case, the probability of a triangle and a quadrilateral supported on (a, b) is bounded by np? and n’p3,
and so with probability 1—o0(1) there are no 3 and 4-cycles supported on (a, b). Let Q;(b) = {x € Ng(b) : d¢(x, Ng(a)) =
2}. Note that

Qb))
Xy

1Q2(b)|| #, ~ Bin(X?, 1 — (1 — p2)™*%) and E( ‘yn) —1—(1-pH=% Z g,

Now, consider the 1-Lipschitz function f on the (random) core-neighborhood of G defined as follows:
0 ifx € Ng(a),

_ )2 ifxe Q(b)U{b},
FOI=13 ifx € No(b)\Qa (),
1 otherwise.
Then we have
14 2|Q(b)| + 3(X2 — |Qx(b 2
Ey(f) — Ey(f) = +2|Q(b)[ + 3X7 — Qb))

1+ Xb 1+ X2
The RHS converges to 3 in probability, and the conclusion follows from arguments similar to the proof of part (c) of
Theorem 6.2.

(d) In this case there are no triangles supported on (a, b) with probability 1—o(1). Define R;(a) = {x € Ng(a) : dg(x, Ng(b))
= 1}, and R;(b) similarly. By an argument similar to the previous case we have R;(a) = o0p(X7) and Ri(b) = op (X,’j).
Now, for any z; € Ng(a)\Ry(a) and z; € Ng(b)\R;(b) we have d(z;,z;) > 2, and so the function f defined below is
1-Lipschitz:

0 ifx € Ng(a) U {a},
f) =12 ifx € No(b)\Rq(b),
1 otherwise.
Plugging in f we have

Ra(b)| +2(X7 — [R(D)) 1

E —E = .
o(f) — Eq(f) T4 XD X

The RHS converges to 2 in probability, proving the upper bound for «,(a, b).
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To prove the lower bound, assuming Ac(a, b) = @ we claim that with probability 1 — o(1) there exists a 2-matching
between N¢(a) and N¢(b) of size (1 — &)(X5 A X,ﬂ’). Assuming the claim is true by of Lemma 6.1

24+ (1—e)XIAXE
A+X) Vv (A+XD)

The RHS converges to —1 — ¢ in probability, which would finish the proof of (d).

To complete the proof we need to verify the claim, that is, construct a 2-matching between Ng(a) and Ng(b) in the
subgraph Hg(a, b). Define a new random graph #(G) with V(2#(G)) = Ng(a) U Ng(b) and an edge between i € Ng(a)
and j € Ng(b) if and only if in the original random graph G there is a path from i to j of length 2.

By this construction, the probability that there is an edge between i and j in 5#(G) is p, :== 1 — (1 — p?)" . By a
Taylor’s expansion we have

Kkn(a,b) > =2 +

_ 1 _ 4 1 2
11— (1—pH)"* —np}| <4p}+ Enzpﬁ(l +p2)"® = np} <H + Enpie”’”") = np;o(1),

and so for all large n we have p, > npﬁ/Z. Note that there is a 2-matching in Hg(a, b) of size (1 — &)(X§ A X,?) if
and only if »#(G) has a 1-matching of size (1 — &)(X; A X,f). Since existence of a matching is a monotone property
and the edges in s#(G) are positively correlated, w.l.o.g. we may assume that the edges in 2#(G) are independent, as
that would further reduce the probability of a matching. Now, on the set G, = {X; > np,/2, Xﬁ > np,/2} we have
(X9 AXD)py > npupn/2 > n?p3/4 — oco. Thus, by Remark 6.1 we have

P(#(G) has no matching of size (1 — £)(X? A X?)|.Z, Cp, | Ac(a, b)| = 0) < 6,

from which the claim follows, as P(C;) — 1.

In this case there may be triangles supported on (a, b). Recall Rs(a) = Ng(a)\Ac¢(a, b) and Rs(b) = Ng(b)\ A¢(a, b),
and Hg(a, b) is the subgraph of G induced by the vertices in Rg(a) U Rg(b). This implies that [Rg(a)] = XJ —
|Ac(a, b)|. [Re(b)| = XP — | Ag(a, b)|. As [(X® A XP) — | Ag(a, b)|Ips > oo, by Remark 6.1 there exists a matching
in He(a, b) of size (1 — )(XS A X,ﬁ’ — Ag(a, b)) with probability 1 — o(1), and so by Theorem 5.1 we have

k(@ b) > |Ac(a, b)| 3 ( _ X§ AXp = Ag(a, ) (1~ €) +|Ac(a, b)|)
TS A X VA +XD) A+ X9 v (1+XD) '

The RHS converges to —2¢ in probability, as |Ag(x, ¥)| = 0,(X] A X,’,’). This proves that «,(a, b) > 0 in probability.

Moreover, by Eq. (6) we have «,(a, b) < % which converges to 0 in probability, completes the proof.
Xn+DAXp+1)

(f) By asimilar argument as in the previous case, there exists a matching between R;(a) and R;(b) of size (1 — &) (X /\Xfl’ —
|Ag(a, b)|), and so by Theorem 5.1 we have
kn(@.b) > |Ag(a,b)| ( _ (Xg AXP — |Ac(a, D))(1 — &) +|Ac(a, b)| )
T A+ X9(1+XD) (14 X9 v (1+XP) '

—
)
~—

The RHS converges to p — 2¢(1 — p), which together with Eq. (6) implies that «,(a, b) Z p. O

7. Conclusions

In this paper we derive exact formulas for Ollivier’s Ricci-curvature for bipartite graphs and graphs with girth at least 5.
We also prove a general lower bound on « (x, y) in terms of the size of the matching among the non-common neighbors of
x and y in the graph G. This bound is often tight, especially in regular graphs which have a perfect matching between the
non-common neighbors. This together with the Birkhoff-von Neumann provide a necessary and sufficient condition on the
structure of Ricci-flat regular graphs of girth 4. However, it remains open to characterize the set of graphs with a perfect
matching between the non-common neighbors of x and y, for all edges (x, y) in the graph.

We also study the Ricci-curvature of random graphs and characterize the limiting behavior of the Ricci-curvature in the
regimes where it has a constant limit in probability. Studying Ricci-curvature for other random graph models is an interesting
problem for future research.
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