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CHEEGER INEQUALITIES FOR GRAPH LIMITS

by Abhishek KHETAN & Mahan MJ (*)

ABSTRACT. — We introduce notions of Cheeger constants for graphons and
graphings. We prove Cheeger and Buser inequalities for these. On the way we
prove co-area formulae for graphons and graphings.

RESUME. — Nous introduisons des notions de constantes de Cheeger pour les
graphons et graphings. Nous prouvons des inégalites de Cheeger et Buser pour
celles-ci. Ce faisant, nous prouvons des formules de la co-aire pour les graphons et
graphings.

1. Introduction

The Cheeger constant, introduced in Riemannian geometry by Cheeger
[10] in the early 70’s measures the “most efficient” way to cut a closed Rie-
mannian manifold into two pieces, where efficiency is measured in terms of
an isoperimetric constant. Cheeger [10] and Buser related this geometric
quantity to a spectral quantity (the bottom of the spectrum of the Lapla-
cian). These are the well-known Cheeger-Buser inequalities in Riemannian
geometry (see [7, Section 8.3] for details). A discrete version of the Cheeger
constant and the Cheeger-Buser inequalities was then obtained indepen-
dently by Dodziuk [13] and Alon-Milman [1, 2] for finite graphs (see [12]
for a number of different proofs and [21] for a survey). These ideas and
inequalities have also been extended to weighted graphs [16] (see also [11,
Chapter 2, p. 24], [23]). In a certain sense, this marked a fertile way of
discretizing a notion that arose in the setup of continuous geometry.

More recently, the theory of graph limits, graphons and graphings was
developed by Lovasz [20] and others (see especially [4, 5, 6, 8]) giving a
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method of obtaining measured continua from infinite sequences of finite
graphs. From a certain point of view, this gives us a path in the opposite
direction: from the discrete to the continuous.

Such continuous limits come in two flavors: dense graphs (graphons) or
sparse graphs (graphings). A graphon is relatively easy to describe: it is a
bounded (Lebesgue) measurable function W : I? — I that is symmetric:
W(z,y) = W(y,z) for all ,y € I. A graphing on the other hand may be
thought of as a measure on I? that can be locally described as a product
of a sub-probability measure on I with the counting measure on a set of
uniformly bounded cardinality (see Sections 2.1 and 2.2 for details). Each
of the co-ordinate intervals I x {0} and {0} x I may be thought of as the
vertex set of the graphon or graphing and is equipped with a Borel measure.

The aim of this paper is to define the notion of a Cheeger constant
for graphons and graphings and prove the Cheeger—Buser inequalities for
them. For both a graphon W and a graphing G, the Cheeger constants Ay
and hg respectively measure (as in Cheeger’s original definition) the best
way to partition the “vertex set” I into A, A° such that the isoperimetric
constant is minimized. For instance for a graphon W,

. ew(A, AC)
1.1 hw = f
(1.1) W AgI:01<ILL(A)<1 min{voly (A), voly (A¢)}’

where ey (A, A°) measures the total measure of edges between A, A¢ (see
Definitions 2.2 and 3.1 below for details). A rather different Cheeger-type
inequality for graphings (but not for graphons) involving von Neumann
algebras was explored by Elek in [15].

The main theorem of the paper is the following (see Theorems 5.1, 5.3,
6.2 and 6.4):

THEOREM 1.1. — Let W be a connected graphon and Ay, denote the
bottom of the spectrum of the Laplacian. Then

hiy

3 < Aw < 2hw.

Again, let G be a connected graphing and Ag denote the bottom of the
spectrum of the Laplacian. Then

h2
?G < Ag € 2hg.

Connectedness in the hypothesis of Theorem 1.1 above is a mild technical
restriction to ensure that the Cheeger constant is well-defined.
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CHEEGER INEQUALITIES FOR GRAPH LIMITS 3
Finite graphs versus graph limits

The classical Cheeger—Buser inequalities for finite graphs can be obtained
(modulo a factor of 4) as an immediate consequence of Theorem 1.1 for
graphings using the following canonical graphing that corresponds to a
finite graph. For any finite connected graph F on {1,...,n} as the vertex
set, we can define a graphing G = (I, E, p1) as follows: Let v; = (20 —1)/2n
for 1 <7< n.Define E as

E = {(vi,v;) : {4,7} is an edge in F'}

Define p as p(v;) = 1/n for each i. Thus p(B) = 0 for all Borel sets which
do not contain any of the v;’s. It is easy to check that G is connected, and
the Cheeger constant of G and the Cheeger constant for I’ are equal. The
same is true for Ag and Ap. So we get
2
% < Ar < 2hp
as a special case of Theorem 1.1 for graphings.

However, the situation becomes more interesting when we use graphons
rather than graphings in the above. Indeed, any graph F on {1,...,n}
naturally gives rise to a graphon W by writing W (xz,y) = 1 if there is
an edge between the vertices [nz]| and [ny], and 0 otherwise. Clearly,
hw < hg. So a natural question is to ask for lower bounds on hy /hrp. We
investigate this in Section 4.1. In particular, we obtain the result that if F’
is any regular connected graph on n vertices, and W is the graphon arising
from F', then

2
for all 0 < € < 1. So if n is large then the two Cheeger constants are close.
The proof of this assertion is probabilistic in nature.

In Section 4.2 we see that the bottom of the spectrum of the normalized
Laplacian of W is at least half the smallest nonzero eigenvalue of the (nor-
malized) Laplacian of F. So for regular graphs one can recover Cheeger
type inequalities from the Cheeger inequalities for graphons.

Formalism of differential forms

We have stated Theorem 1.1 in the form above to demonstrate the fact
that the statements for graphons and graphings are essentially identical. In
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fact, once the preliminaries about graphons and graphings are dealt with in
Section 2, the proof of Theorem 1.1 in the two cases of graphons and graph-
ings follows essentially the same formal route. Thus, though structurally
graphons and graphings are quite dissimilar, the proofs of the Cheeger—
Buser inequalities have striking parallels. This is quite unlike some of the
other spectral theorems exposed in [20] (see in particular the differences in
approach in [4, 5, 6]).

To emphasize this formal similarity of proof-strategy in the two cases,
Sections 3 and 6 have been structured in an identical manner. In both
cases, we use the formalism and language of differential forms and define
the Laplacian A = d*d on functions after proving that the “exterior deriva-
tive” d is continuous. This is adequate for Buser’s inequality (Theorems 5.1
and 6.2). The proof of the Cheeger’s inequality part of Theorem 1.1 we then
furnish (Theorems 5.3 and 6.4) adapts Cheeger’s original idea from [10].
Thus, we prove co-area formulae in the two settings of graphons and graph-
ings (see Theorems 5.2 and 6.3). This might be of independent interest.

1.1. Connectivity

Finally, in Section 7 we investigate connectivity. For a finite graph F
it is clear that the Cheeger constant of F' is positive if and only if F is
connected. This is equivalent, via the Cheeger—Buser inequality for finite
graphs, to the statement that a graph is connected if and only if the nor-
malized Laplacian has a one dimensional eigenspace corresponding to the
zero (lowest) eigenvalue. The analogous statement is not true for either
graphons or graphings. We furnish counterexamples in Sections 7.1 and 7.2
respectively. However, for graphons whose degree is bounded away from
zero, we prove the following equivalence (see Proposition 7.7):

PROPOSITION 1.2. — Let ¢ > 0 and W be a graphon such that dw (z) >
¢ for all x € I. Then W is connected if and only if hyy > 0.

We provide two proofs of this theorem, one of which uses the Cheeger—
Buser inequality for graphons from Theorem 1.1 and the other a structural
lemma about connected graphons proved in [3].

1.2. Proof strategy and relation with existing literature
It is natural to try to prove the Cheeger—Buser inequalities for graphons

by approximating a given graphon W by a sequence of finite graphs in
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the cut norm and then prove that the Cheeger constants of the sequence
of graphs converge to the Cheeger constant of the graphon. However, the
convergence of Cheeger constants turns out to be a subtle issue, and in
general it is not true that convergence in the cut norm implies convergence
of Cheeger constants (See Section 5.1 for a counterexample).

Thus to prove the desired inequalities we resort to techniques motivated
and informed by geometry and differential topology rather than combina-
torial methods. We go back to Cheeger’s original proof in the context of
Riemannian geometry [9, Theorem 3, Chapter IV], which we outline for
completeness: Let M be a compact Riemannian manifold without bound-
ary. Let dV denote the Riemannian volume form, hj; denote the Cheeger
constant, and A\ denote the bottom of the spectrum of the Laplacian of M.

(1) Let g : M — R be an arbitrary smooth map with [}, g?>dV =1
and [, g dV = 0. The goal is to show that [, [Vg|?> dV > h3,/4
(2) Translate g to get a map f such that the volumes of M, := {f <0}
and M_ := {f > 0} are the same. Note that [, [Vg|* dV >
Loy IV f1? AV, so it suffices to show that the latter dominates h3, /4.
(3) Use the Cauchy—Schwarz inequality to get

2
1
/IVflde>V W\dw/ V2l dv
M 4+ My

(4) Use the Co-area formula to write fM:(: |V f2| dV as integrals of the

areas of fibers (slices of M) of f2, and then use the definition of the
Cheeger constant to finish.

We adapt the above proof to the case of graph limits by developing a
suitable co-area formula with “volume” of a subset A of I meaning the
“sum of degrees of the vertices in A” and the “area” of a slice being the
“number of edges crossing the slice.” In the process we outline the more
geometric content of graph limits by explicitly describing the differential
operators d (an analog of the gradient operator) and the adjoint d* (an
analog of the divergence operator). An implicit and partial aim of this
paper is to make at least some parts of the beautiful theory of graph limits
accessible to a geometrically inclined audience. We have therefore provided
some of the arguments in complete (possibly painful!) detail.

The proof we give for the Cheeger inequality also has some philosophical
similarity with the combinatorial proof of [11, Thereom 2.2]. However the
techniques do not quite apply here. The proof there starts with an eigen-
function of the Laplacian and uses a reordering of vertices, neither of which
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6 Abhishek KHETAN & Mahan MJ

can be done in our situation. These technical difficulties are circumvented
by using the co-area formula.

The applications of Cheeger’s inequalities in graph theory have been
considerable: in the construction of expanders [17], spectral partitioning
in graph clustering [22], algorithms for analyzing Markov chains [18] and
so on. It is therefore natural to be expect that in the future there will be
several applications of Cheeger’s inequalities for graph limits.

Acknowledgments
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2. Preliminaries

In this section, we summarize general facts about graphons and graphings
that we shall need in the paper. Most of the material is from the book by
Lovasz [20], but in the subsection on graphings below we deduce a few
elementary consequences as well as a slightly different perspective from
that in [20].

2.1. Preliminaries on graphons

We summarize the relevant material from [20, Chapter 7]. Let I denote
the unit interval [0, 1] and p7, denote the Lebesgue measure on I. A function
W : I? = I is said to be a graphon if W is measurable and symmetric,
that is, W(z,y) = W(y,«) for all z,y € I. Given a graphon W, we define
for each x € I the degree of x as

(2.1) duw () = / W, y) dy

A graphon W is said to be regular if dy is constant pp-a.e. For two mea-
surable subsets A and B of I, we define

(2.2) ew (A, B) = W
AxB

ANNALES DE L’INSTITUT FOURIER
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Thus, ew (4, B) is the total weight of edges between A and B. For a mea-
surable subset A of I, the volume of W over A is defined as

(2.3) volw(4) = | W =ew(4,])

Thus, voly (A) measures the total weight of edges emanating from A.

A graphon is said to be connected if for all measurable subsets A of I
with 0 < pr(A) < 1 we have ey (4, A°) # 0. Note that if W is connected
then dy > 0 a.e.

2.2. Preliminaries on graphings

Let I denote the unit interval [0, 1].

DEFINITION 2.1 ([20, Chapter 18]). — A bounded degree Borel graph
on I is a pair (I, E), where E is a symmetric measurable subset of I? such
that there is a positive integer D satisfying

(2.4) Hyel: (z,y) € E} <D
for all x € 1.

In other words, the number of neighbors of each point in I is at most
D. Given a bounded degree Borel graph (I, E), we have a degree function
deg : I — R defined as

(2.5) deg(z) =[{y € I : (z,y) € E}|
For any measurable subset A of I we define deg, : I — R as
(2.6) degy(z) ={y € A : (z,y) € E}|

It is proved in [20, Lemma 18.4] that the map deg 4 is a measurable function
for any measurable set A C I. Note that deg is nothing but deg;.

DEFINITION 2.2 (][20, Chapter 18]). — A graphing is a triple G =
(I, u, E) such that (I, E) is a bounded degree Borel graph, and p is a
probability measure on I such that

(2.7) [ dees(@) ant@) = [ dega(o) auta)

for all measurable subsets A and B of I.

TOME 0 (0), FASCICULE 0
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Given a graphing G = (I, u, E), the measure p allows us to define a
measure 7 on 12 as follows. For each measurable rectangle A x B C I2, we
define

n(A x B) = /A deg(x) dpu(z).

(2.7) ensures that n(Ax B) = n(Bx A). By Caratheodory extension, we get
a measure 7 on the Borel o-algebra of I?. As proved in [20, Lemma 18.14],
the measure 7 is concentrated on FE.

A fundamental result proved in [20, Theorem 18.21] is that every graph-
ing can be decomposed as a disjoint union of finitely many graphings, each
having degree deg(x) bounded by 1 for all z. More precisely,

THEOREM 2.3. — Let G = (I,u, E) be a graphing. Then there exist
measurable subsets A1,...,Ar C I and p-measure preserving involutions
w; + Ay — A; such that

k
(2.8) E= U{(vai(ﬁﬂ)) ta € A}
i=1

We can pictorially represent a graphing G = (I, u, E) by drawing the
edge set E of G in the unit square. Each subset {(z, ¢;(x)) : * € A;} can
be thought of as a “strand” in I?. Thus the previous theorem allows us to
think of a graphing as a disjoint union of strands in the unit square. When
the degree bound of a graphing is 1, we may say that the graphing consists
of a single strand.

The measure 7 counts the number of edges in any measurable subset
of S C I?. When S = A x B is a rectangle, we count the number of
strands in S each vertical line cuts, and integrate this count against du.
This is immediate from the definition of 1. This extends to arbitrary S, as
the following lemma shows. We shall use x4 to denote the characteristic
function of the set A.

LEMMA 2.4. — Let S be any measurable subset of I?. Then
(2.9) n(S) = /IZ xens(z,y) du(z)
y

Proof. — First let us see why the integral on the RHS makes sense. Using
Theorem 2.3 we know that there exist p-measure preserving involutions
wit A; = A;, i =1,...,k, for some measurable subsets A; of I, such that

k
(2.10) E=| [{(,0i(x)) : z € A}
i=1

ANNALES DE L’INSTITUT FOURIER
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Hence,

k
(2.11) > xens(e,y) =Y xs(@

yel

Thus the integrand in the RHS of (2.9) is a sum of finitely many non-
negative measurable functions I — R and therefore the RHS of (2.9) is
well-defined.

Let v(S) be the RHS of (2.4). Let us verify that v is a measure on the
Borel o-algebra of I2. So let S = |_|;)i1 S; be a countable disjoint union of
measurable sets. Then

(2.12) xs(x sz (z, pi(x
k o~ k
= sz x,pi(x Z x,¢i()) = ZZij (, pi())

ﬁ/{?)(s(%%‘ /ii (@, ¢i(2)) dp()

This implies that

HMg

n k
v(S) = /nILH;OZ (Z XS, (Jf,gol(x))> du(z)
! j=1 \i=1
n k
B ,}LH;O/Z (Z Xs; 7%(33))) dp(x)
I'j=1 \i=1
(2.13) ’ k
= ;/I (;XSJ(I,%( ))) du(z)
= v(8) = i D v(S5) = D v(Sy)
Jj=1 j=1

showing that v is countably additive and is therefore a measure. Now let
S = A x B be a measurable rectangle. Then

v(S) = /ZXEm(AxB)(ﬂ? y) dp(z) /ZXEn(IxB)(x y) dp(z)
(2.14) !

= /AdegB(x) dp(z) = n(A x B)

TOME 0 (0), FASCICULE 0
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So v agrees with n on the measurable rectangles. But since extension of
a finitely additive and countably sub-additive measure on the algebra of
measurable rectangles to the Borel o-algebra is unique (Caratheodory Ex-
tension Theorem), we must have that v = 7 and we are done. 0

If we have a non-negative map 1 : I> — R, then by definition of inte-
gration we have that

(2.15) / ¥ dnp = lim Yy, dn
Iz n—roo 12

where (1) is a sequence of non-negative simple functions such that ¢,, 1 .
This definition gives a theory of integration. We could define another theory
of integration by declaring the integral of ¢ to be equal to

(2.16) /IZ¢(x,y)xE(w,y) dp(x)

yel

By Lemma 2.4 these two theories agree on simple functions, and therefore
are the same theories of integration. So for any ¢ € L!(I?,7) we have

@) [ v dite) = [ v e(e) duw)

3. Cheeger Constant, Laplacian, and the Bottom of the
Spectrum for a Graphon

3.1. Cheeger Constant for Graphons

DEFINITION 3.1. — Given a graphon W, we define the Cheeger constant
of W as
A, A
(3.1) hy = nf ew (4, A%)

B AgI:01<uL(A)<1 min{voly (A4), voly (A¢)}
It will be convenient to denote the quantity
ew (Aa Ac)
min{voly (A4), voly (A¢)}
as hy (A). A symmetrized version of the above constant, which we call the
symmetric Cheeger constant is defined as

(3.2)

inf ew (4, 4%
ACI:0<pr(A)<1 VOlw(A) VOlw(AC)

(3.3) gw =

ANNALES DE L’INSTITUT FOURIER
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The analogue of gy for finite graphs is called the averaged minimal cut
in [16]. Note that the above defined constants exist for connected graphons.
We shall need the notion of strong mixing below. A measure preserving
transformation 1" : I — I is called strong mixing if for all measurable
subsets A and B of I we have nr(T~"(A) N B) — nr(A)nw(B) as n — oo.

LEMMA 3.2. — Let W be a connected graphon. Then hy < 1/2.

Proof. — Let A be the interval [0,1/2] and write 71 to denote the
Lebesgue measure on I2. Define S : I — I as S(z) = 2z (mod 1), and
write A, to denote ST"(A). Thus S is strong mixing, and hence so is
T:=8 xS :1I? = I?. Fix ¢ > 0. The strong mixing property of T' gives
that

lim coT™MW dnp, = e d W d
(3.4) i Iz(XAxA ) L (/12 XAxA 77L> (/12 77L)

= voly (I)/4
and
= volw (I)/2

Therefore for n large enough we have

(3.6) / W dng —volw (I)/4]| < e
Ap X AS

and

(3.7) W dnr —volw (I)/2]| < ¢
A, xI

From the last equation we also get

(3.8) W dnr —volw (I)/2]| < ¢
A xI

So we see that the ratio

1) . Widng
(3.9) Sn A hw (An)

min{fAnX[W dnL,fA%X[W and

can be made arbitrarily close to 1 volw (I)/4 voly (I) = 1/2 for n suitably
large. But hy < hw (A4,) and so we conclude that hy < 1/2. O

There certainly exist graphons with Cheeger constant 1/2, for example
the graphon which takes the value 1 everywhere.

TOME 0 (0), FASCICULE 0



12 Abhishek KHETAN & Mahan MJ
3.2. Definition of d, d*, and Laplacian of a Graphon

Let W be a connected graphon. Define
(3.10) E={(z,y) eI’ :y>ax},  Ew={(z,y) € E: W(z,y) >0}

The set E can be thought of as an orientation of all the “edges”. The set
FEyw disregards the oriented edges which have zero weight.
Define a measure v on I as

(3.11) v(A) = /Adw(x) dz = voly (A)

for all measurable subsets A of I. In other words, the Radon—Nikodym
derivative of v with respect to the Lebesgue measure is dy . Clearly, v
is absolutely continuous with respect to the Lebesgue measure on I. The
connectedness of W implies that the Lebesgue measure is also absolutely
continuous with respect to v. Thus we may talk about null sets in I un-
ambiguously. This also says that L>°(I,v) = L*°(I, u1,), and thus we write
these simply as L (I).
Similarly, define a measure  on Ey as

(3.12) n(S) = /SW(:my) dxdy

for all measurable subsets S of Eyy. So the Radon—Nikodym derivative of
n with respect to the Lebesgue measure is W. These measures give rise to
Hilbert spaces L?(I,v) and L?(Ew,7), the inner products on which will be
denoted by (-,-), and (-, ). respectively. Explicitly

(3.13) (f.gho = / f(@)g(x)dw (z) dz

for all f,g € L?(1,v), and

(314) (o t)e = [E POW = / / oz, 9)0 (@, 9)W (x, ) dyda

for all p,9p € L?(Ew). The standard inner products on L?(I,uz) and
LQ(I2,ML & /,LL) will be denoted by < 5 '>L2(I) and < 5 '>L2(12)~
Define a map d : L*(I,v) — L*(Ew,n) as

(3.15) (df)(z,y) = fly) = f(z)

for all f € L?(I,v). The map d can be thought of as a gradient which
measures the change in f as we travel from the tail of an edge to the head.
We need to check that df actually lands in L?(Ey,n) for any given member
of L?(I,v). This and more is proved in the following lemma.

ANNALES DE L’INSTITUT FOURIER



CHEEGER INEQUALITIES FOR GRAPH LIMITS 13

LEMMA 3.3. — The map d is continuous.

Proof. — We want to show that d is bounded. Let f € L?(I,v). Then

(3.16)  |ldf]12

— [ arpw
Ew
2))*W (z,y) dydw

= | [uw-r

< [ [ 4w - 1@rwey

<[ [ rowe s [0 Pewes wo
+2/ / (@) F )W (,y) dyda

—2/ P2 (@) dw (x da:+2//\f DWW (2, y) dydz

The first term is the same as 2|| f||2. So we need to bound the second term.
Let o, 8 : I? — R be defined as

(317) O[(I‘,y = f x |\/ W waya 6(xay = |f(y)|V W(%,y)

The fact that f € L?(I,v) implies that o, 3 € L2(1?). Then we have

(3.18) / / F@) F @)W (2, y) dyde = (@, B) 1=

But now by Cauchy—Schwarz inequality we have

(3.19) (o, B)r2(r2)

< ||04HL2(12)H5||L2(12)

:(/Ol/olﬂ(x) (2,9) dydx) (//f :cy)dxdy>
=If13

We conclude that ||df||e < 2||f]l,- This shows that d is continuous. O

The above lemma shows that d*, the adjoint™) of d, exists. We now
calculate it explicitly. Let f € L?(I,v) and ¢ € L?(Ew,n) be arbitrary.

1/2 1/2

1 Here, again, the adjoint is taken with respect to the Hilbert space structure coming
from (-, )y and (-, )e.

TOME 0 (0), FASCICULE 0



14 Abhishek KHETAN & Mahan MJ

‘We have
(3.20) (df,p)e

// df (z,y)e(z, y)W (z,y) dydx
-/ / () — ()l y)W (2, y) dyds

// FW)e(x,y) Wz, y) dydx—// f(z W (z,y) dydz
[ / o)l )W (a.0) dody — | / F)p(ar )W (2, ) dyda
// flx W (z,y) dydx—// flx W(z,y) dydx

:/0 f(z) [/0 oy, 2)W(z,y) dy — /w olz, y)W(z,y) dy] d

On the other hand we have

(3.21) (f,d*o) / F(@)d olz)dw (2) da

Thus we have
(3.22)

@)@ = s | [ oW du [ o)W dy
wherever dy (z) # 0. We set (d*¢)(z) = 0 if dw (z) = 0.

Remark 3.4. — We have adapted the language of differential forms above
so that we think of the map

d:C'(W) — CcH(W)

as an exterior derivative from 0—forms (i.e. functions on the vertex set) to
1—forms (i.e. functions on the set of directed edges). Then d* is the adjoint
map using the Hodge x*:

d*: C*W) = CO'(W).

Alternately, in the presence of inner products on both the vertex and
edge-spaces (the situation here) we may think of d as an analog of the
gradient operator (grad or V) in classical vector calculus and d* as an
analog of the divergence operator div.
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CHEEGER INEQUALITIES FOR GRAPH LIMITS 15

Define the Laplacian of W as Ay = d*d. We may drop the subscript
when there is no confusion. For f € L?(I,v), we calculate (A f)(x).

(3.23) (Awf)(x)
(d*df)(

1
df (y, 2)W () dy — / df (. )W () dy

w L,
o [f
= @) - =

where Ty : L?(I,v) — L?(1I,v) is a linear map defined as

F)W () dy]

—Tw f(x)

(3.24) (Tw f)(z / Wiz, y)f

The map Ty is well-defined. Indeed, the integral on the RHS of (3.24)
exists. To see this, let 1 denote the constant map I — R which takes all
points to 1. Then 1 € L?(I,v), and thus

(711 /|f Jdw (y) dy < oo

(3.25) = /01 |f ()] [/0 W(z,y) dx} dy < o0

:»/01 [/Olf(y)lW(w,y) dy} 4 < o0

Therefore fol |f(y)|W (x,y) dy is almost everywhere finite and consequently
(Tw f)(z) exists. It is also easy to check (using Cauchy—Schwarz) that Ty f
lies in L*(1,v). Therefore we have Ay = I — ;=T .

3.3. Bottom of the Spectrum of a Graphon

Let us see what is the multiplicity of the singular value 0 of the Laplacian
of a connected graphon W. For f € L?(I,v), we have Af = 0 if and only
if df = 0. We claim that df = 0 if and only if f is constant (up to a set of
measure zero). Clearly, if f is constant, then df = 0. Conversely, assume
that df = 0. Thus

1 1
(3.26) /E (df W = /E (df?W = /0 / (F(y) — ()W () dyda = 0
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16 Abhishek KHETAN & Mahan MJ

which implies that

(3.27) / 1 / () — F@)W () dyde = 0

For each t € R, let S; = f~1(t,00). From the last equation we have
(3.28) L G0 = 1@ W) dyar =0

which implies that (f(y) — f(z))?W (z,y) is a.e. 0 on S¢ x S;. But f(y) —
f(z) #0 for all (x,y) € S¢ x St, which means that W = 0 a.e. on S§ x .S;.
The connectedness of W then implies that either Sy or Sy has measure 0.
So our claim follows from the following lemma.

LEMMA 3.5. — Let f : I — R be a measurable function such that for
all t € R we have either f~!(—oo,t] or f~1(t,00) has measure 0. Then f
is essentially constant.

Proof. — Let
(3.29) to = inf{t € R : f~*(—o0,t] is full measure}

Then ¢y # —oo. This is because I = | |, ., f~*(n,n+1]. Thus f~!(n,n+1]
has positive measure for some integer n, and this n cannot exceed tq. Also,
by definition of ¢y, we have that f~!(—o0,ty — 1/n] has measure 0 for each
n. Thus f~!(—o0,ty) also has measure 0. Again, by definition of ¢, we have
that f~1(to + 1/n, o0) has measure zero for all n, and thus f~!(¢y,00) has
measure zero. So we conclude that f~1(¢y) has full measure. O

So we have shown that the eigenfunctions corresponding to 0 are precisely
the essentially constant functions. In other words, the eigenspace of A
corresponding to 0 is generated by 1, the constant function taking value 1
everywhere. The bottom of the spectrum denoted Ay is therefore given by
the following Rayleigh quotient:

. (f,Af)o . 1df 12
3.30 Aw = inf 2—"— = inf ¢
(3.30) Y rettgro (F e rerbgzo |2
(Here, 1 denotes the orthogonal complement of 1 with respect to the

inner product (-,-),).

4. Finite graphs and graphons

The purpose of this section is to explore the relationship between the
Cheeger constant of a finite graph with that of a canonically associated
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graphon. Similarly we study the relationship between the bottom of the
spectrum of a finite graphs with that of its canonically associated graphon.

4.1. Cheeger constant of a graph versus that of the
corresponding graphon

In what follows, by a weighted graph we mean a pair (V,w), where w :
V xV — [0,1] is a symmetric map. Every weighted graph G naturally
gives rise to a graphon. It is natural to ask about the relation between
their Cheeger constants. Clearly that hy < hg. The aim of this section
is to put a lower bound on the ratio hy /hg when G is loopless, where a
loopless weighted graph is a weighted graph (V,w) such that w(z,z) = 0
for all x € V. We will also assume that all the weighted graphs considered
are connected. This means that whenever we partition the vertex set into
two parts, the total weight of the cut is positive. The volume of a vertex v
of a weighted graph (V,w) is defined as vol(v) =}, oy, Wy, We also define
vol(G) = ),y vol(v).

Given any set V, a fractional partition of V is a pair (p,n), where p,7 :
V' — I are functions such that p(u) + n(u) = 1 for all v € V. Note that
a true partition of V' (into two parts) can be thought of as a fractional
partition (p,n) such that p and n takes values in {0,1}.

Let G = (V = [n],w) be a weighted graph. We define the fractional
Cheeger constant of G as follows: For a fractional partition (p,n) of V, we
define

7 . _ Zu,vEV P(U)W(U)w(% ”U)
(A1) hlGs o) = s ) vol(u), Scy 1(0) vol(o)}

Of course, the above is well-defined only when [|p|| := > oy, p(u) vol(u) # 0
and ||n|| := >,y n(v) vol(v) # 0, and throughout we will tacitly assume
this condition. The fractional Cheeger constant of G is defined as

(4.2) he = inf h(G; p,n)
(pym)

where the infimum runs over all fractional partitions (p,n) of V. Note that
the Cheeger constant of the graphon corresponding to a graph G is the
same as the fractional Cheeger constant of the graph G. The use of the
notion of fractional Cheeger constant is just for convenience. Therefore, by
Lemma 3.2 the fractional Cheeger constant of any weighted graph is at
most 1/2.(2

(2) This can be seen directly. One can achieve the value 1/2 by choosing a fractional
partition which puts half of each vertex on one side and the other half on the other side.
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18 Abhishek KHETAN & Mahan MJ
4.1.1. Realization of Fractional Cheeger

LEMMA 4.1. — Let G = (V = [n],w) be a weighted graph. Then the
fractional Cheeger constant of G is realized by a fractional partition.

Proof. — Let h be the fractional Cheeger constant of G and (p1,m),
(p2,m2), (p3,7m3),--. be a sequence of fractional partitions of such that

(4.3) MG promi) < h+1/k < 1/2+1/k

for all k. Without loss of generality, assume that ||pg| < vol(G)/2 for all
k. Since each p, can be thought of as a member of the compact metric
space I™, we may assume, by passing to a subsequence if necessary, that
pn — p € I". If ||p|| > 0 then it is clear that h(G;p,1 — p) = h. So we
may assume that p(i) = 0 for all i. Then for all large enough k we have
pk(2) < 1/3. Therefore

(4.4) Z pr (1) (1 — pr(4))wij

,j=1
=> (i) Z(l — pr(5))wij
> : 20 Zzwij/?) = Q/SZPk(i)VOI(i)
Therefore
(4.5) 7(G; prosie) = >t =1 PE(E) (L — pr(§))wij J2

Zz 1pk<)V01() ~3

Thus (4.3) gives 1/2+ 1/k > 2/3 for all large enough k. This is a contra-

diction. 0
Next, define functions f: I™ — R and s : I™ — R as follows:

n

(46) f(xl,...,a:n) = Z xi(l—xj)wij
ij=1

and

(4.7) $(x1,...,xn) =x1vol(l) 4+ -+ + x, vOl(R)

Taking the partial derivative of f with respect to z,, we have

n

(4.8) Of [0y = (1 = 21;)wy,

Jj=1
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and thus
(4.9) Of)ox; =0

for any 1 < p < n since wy,, = 0.

LEMMA 4.2. — For k > 1, we have
O(f/s) _ (D) klvol(p)t~t ( Of
Proof. — Induction. O

LEMMA 4.3. — Let G be a loopless weighted graph whose fractional
Cheeger constant is strictly less than its Cheeger constant. Then the frac-
tional Cheeger constant of G can be achieved at a fractional partition (p,n)
such that [lp]| = n!.

Proof. — Suppose that the fractional Cheeger constant of G is achieved
at a fractional partition (p,n) such that ||p|| < ||n|| and write a; = p(4).
Without loss of generality, assume a1 < - -+ < a,,. Some a; must be strictly
between 0 and 1, for otherwise the fractional Cheeger constant of G would
be equal to the Cheeger constant of G. Say p € [n] is such that 0 < a,, < 1.
Now

(4.11) o/fs) _ 1 (s;i; —vol(p)f>

If this quantity were not zero, then we could perturb a, slightly to de-
crease the value of f/s, which would mean that the fractional Cheeger
constant of G could be reduced, contrary to the choice of (p,n). But this
would contradict the fact that the fractional Cheeger constant is realized
at (z1,...,2n) = (a1,...,a,). But then by Lemma 4.2, we see that all the
partial derivatives of f/s with respect to , vanish at the point (a1,...,ap).
Since the function f/s is analytic, this means that the function f/s does
not change when we perturb the p-th coordinate. So we may increase it as

2
Oy s

much as we can, that is, we may push it all the way up to 1 if s does not
cross vol((F)/2 in the process, or stop as soon as s hits the value vol(G)/2.
If we hit s = vol(G)/2 we stop since we have proved our claim. Otherwise
we can set x, = 1, and repeat the process for the remaining ¢’s for which
0 < aq < 1. It cannot be the case that all z; will be either 0 or 1 at the end
of this process, since if that were so then the fractional Cheeger constant of
G would be equal to the Cheeger constant of G, contrary to the hypothesis
of the lemma, completing the proof. O
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4.1.2. Comparing the Cheeger constants

LEMMA 4.4. — Let G = (V = [n],w) be a loopless weighted graph.
Then for all 1 > ¢ > 0, we have that

EG 2’}/
4.12 = >(1-=L)(1-
(112) s (1-2)a-9
where

max{vol(:) : 1 <i< n}
min{vol(?) : 1 <i< n}

(4.13) v =

Proof. — Let h be the Cheeger constant of G and dh be the fractional
Cheeger constant of G, where 0 < § < 1. If 6 = 1 then there is nothing
to prove. So we assume that § < 1. Then from Lemma 4.3 we can find
a fractional partition(p,n) of V' which realizes the fractional Cheeger con-
stant of G and has the property that ||p|| = ||n||. Write p; = p(i), so that
p1vol(1)+---+p, vol(n) = vol(G)/2. Since the fractional Cheeger constant
of G is 6h, we have f(p1,...,pn) = dhvol(G)/2.

Let Ry,..., R, be independent random variables such that R; takes the
value 1 with probability p; and takes the value 0 with probability 1 — p;.
Write L; to denote 1 — R; for each 1 < j < n. G) Let Y = Z?,jzl Ri(1—
Rj)w;;, and Z = Y"1 | R;vol(i). It is clear that

(4.14) E[Y]= f(p1,..-,pn) = 6hvol(G)/2 and E[Z] = vol(G)/2

The variance of Z is given by

Var(Z) = ZE[R?] vol(i)? — E[R;]? vol(i)?

= pivolz'Q—pfvoli2
. > pivol() 0

< volpax Z p; vol (i)
i=1
= VOlmax vol(G)/2

where voly,ax = max{vol(i) : 1 <i< n}

(3) We can think of the tuple (R1,...,Rn) as a random true partition: If R; = 1 then
the i-th vertex goes “right” and if L; = 1 then the i-th vertex goes “left.”
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Now let € be a positive number between 0 and 1. By Chebyshev’s in-
equality we have

P(|Z ~vol(G)/2] > evol(G)/2) = P(1Z ~ E[Z]] > ¢E[Z])

Var(2)
= e2E[Z)?
(4.16) o VOlpax VOI(G) /2 2vVOlmax
e2vol(G)2/4  2vol(Q)
VOlpax 2

= VOlmin 62771
Write «y to denote volyax / VOlmin. So we have from the above equation that
2
(4.17) P(1Z —vol(G)/2] > evol(G)/2) < =L
Thus with probability at least 1 — 2v/(2n) we have that |Z — vol(G) /2| <
evol(G)/2. But whenever |Z — vol(G)/2| < e vol(G)/2, we have that
Y S Y
(1—¢)vol(G)/2 ~ min{Z,vol(G) — Z}

So with probability at least 1 — 27v/(¢?n) we have Y > (1 — €)hvol(G)/2.
Therefore, since Y takes only positive values, we have

(4.19) (1 - 27) (1= e)hvol(@)

> hg=nh

(4.18)

e2n

<P [Y > (1 —¢e)hvol(G)] (1 —¢e)hvol(G)
2 2
<E[Y] oh V(;l(G)
This yields
2y
and we are done. O

Remark 4.5. — If K,, denotes the complete graph on n vertices then
hrk, | 1/2. Thus it is natural to ask if there is an expander family with
Cheeger constant 1/2 + €2(1). The above result shows that there is no
family G1,G2,Gs, ... of graphs with dpin/dmax = Q(1) such that hg, >
1/2 4+ €(1). This is because hy, < 1/2 for all n by Lemma 3.2.

Remark 4.6. — The bound obtained in the above result is poor if v is of
the order of n. However, if G is a regular graph (more generally, a regular
weighted loopless graph) with a large vertex set, then the above bound
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shows that the Cheeger constant of the graphon corresponding to G is a
good proxy for the Cheeger constant of G.

Remark 4.7. — If G is a regular weighted loopless graph, then using
Azuma’s inequality instead of Chebyshev’s, one gets an improved bound
for §, namely

2
(4.21) (1—m>(1—5)<5, Ve>0
eTLE

4.2. Bottom of the Spectrum of a graph versus that of the
corresponding graphon

Let G = (V = [n],w) be a connected weighted graph and W be the
corresponding graphon. We will show that Ay is at least half of the second
eigenvalue of the normalized Laplacian of G. In fact what we will show
is that Ay > min{l, Ag}. Since A\g¢ < 2 for any weighted graph G, it
immediately follows that Ay > Ag/2.

Define the partition P of I as

(b BD LY [ )

and let A be the o-algebra on I generated by P. Also define inner product
(-, )v on the vector space of all functions V' — R by declaring

(4.22) (g, m)v =Y g(u)h(u) vol(u)
ueV

Recall that the bottom of the spectrum of the Laplacian Ay, of W is defined
as

. (Aw f, [ . If 112
4.23 Aw = inf ——————= in =
428) YV geasur (fhe T seruzo |SIE
On the other hand, the smallest non-zero eigenvalue of the (normalized)

Laplacian Ag of the graph G is

(Acg, g)v

(9:9)v
where the infimum is taken over all nonzero g : V' — R such that (g, 1)y =
0. Tt is easy to see that if f: I — R is any map such that f|p is constant
for each P € P and satisfies (f, 1), = 0, then

<f7f>’l)

(4.24) A = inf
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and taking infimum over all such functions f leads to an equality in the
above. So it is clear that Ag > A\w.

Let f € 1;- be an arbitrary nonzero map in L2(I,v), where recall that v is
a measure on I defined by setting v(A) = [ 4 dw () dz for each Borel set A
in 1. Further assume that ||f||2 = 1. It is enough to show that ||df||?> >
Let F : I — R be the function defined as F' = E[f|.A]. Now we have

1412 =5 [ [(70) = 1@ W) dody

(4.26) - / P dug, / / F(@)F ()W (2, ) dady
—1 / / F@) F@)W (, y) dady

A simple computation shows that

(4.27) //f W(z,y) dedy = /I/IF(x)F(y)W(x,y) dzdy

So from (4.26) we have

(128) lafl2 =1~ [ | PP a.y) dsdy
Further, since dy is A-measurable, we have
(4.29) E[fdw|A] = dwE[f|A] = Fdw

Therefore [, Fdw dpg = 0, that is, (F,1), = 0. Also, since F' is constant
on each member of P, we have

laflz -
113

(4.30) > Ao

provided F' is not identically zero. Therefore, whether or not F is identically
zero, we have

12 > AalIFI?
1
o =5 [ [P0 = F@PWy) dedy =26 [ P d

= /FQdW dpr, —//F(x)F(y) z,y)dedy > Ag/FZde,uL

If A\¢ = 1, then from the above inequality we have that
(4.32) ldfl? =1— // y) dady >
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and thus Ay > 1. So we may assume that Ag < 1. From (4.31) we have

(4.33) 17// y) dedy > 1 — (1 f)\G)/IFQdW dpg

Note that

(4.34) E[f*dw|A] = dwE[f*|A] > dwE[f|A]” = F?dw
and hence

(4.35) 1= /IdeW dupr > /IFQdW dur,

So we get

(4.36) ldf]|? =1 — // y)dazdy >1— (1 - Xg) = g

So we have shown is that Ay > min{1, A\¢} and we are done.

Remark 4.8. — In conjunction with Lemma 4.4 it follows that one can
recover Cheeger—Buser type inequalities for regular graphs once we have
proven the same for graphons.

5. The Cheeger—Buser Inequalities for Graphons
5.1. Convergence of Cheeger constants

The aim of this subsection is to provide an example of a sequence of
graphons W,, converging to a graphon W such that the corresponding
Cheeger constants do not converge. This preempts the possibility of de-
ducing the Cheeger inequality for graphons directly from that of finite
weighted graphs.

A kernel is a bounded symmetric measurable function U : I2 — R. Thus
a graphon is nothing but a kernel taking values in the unit interval. The
set of all kernels W is naturally a vector space over R. The cut norm of a
kernel U € W is defined as

2]
AxXB

This makes WV into a normed linear space. Note that the cut norm of a

(5.1) IUllo = Sup
A,B

kernel is dominated by the L! norm with respect to the Lebesgue measure.
A natural approach to proving the Cheeger—Buser inequalities is the
following. Let W be a graphon and assume for simplicity that the degree
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of W is bounded away from 0, i.e, there is d > 0 such that dy > d ur-a.e.
Let P,, be the partition of I defined as

(5.2) P, = {[0,1/27),[1/2",2/2™),...,[(2" —1)/2", 1]}

and define the partition Q,, of I? as Q,, = {Px P’ : P,P' € P,}. Let F, be
the o-algebra on I generated by the partition Q,,. Let U,, = E[W|F,] and
H,, be the weighted graph on {1,...,2"} which gives rise to the graphon
U, . Finally, define G,, as the weighted graph on {1,...,2"} obtained by
“making H, loopless”, that is, by assigning zero weights to the loops in H,,
and keeping all other weights intact. Let W, be the graphon corresponding
to Gy. Note that |W,, — U,|l1 < 1/2". By the martingale convergence
theorem ([14, Theorem 5.5]) we have that the sequence (U,,) converges to
W in the L'-norm, and hence so does the sequence (W,,).
So we have a sequence (G,,) of loopless weighted graphs such that

(1) G, has 2™ vertices.

(2) volmax(Gr)/ volmin(Gr) < d/2 for all large enough n.

(3) ||IW —W,]|1, and hence |W — W, ||, approaches 0 as n approaches
0o, where W,, is the graphon corresponding to G,,

By Lemma 4.4 it follows that the Cheeger constant of W, is a good
proxy for the Cheeger constant of G,,. Also, from Section 4.2, we know
that Ag, = Aw,. It is shown in [5, 6] that if W,, — W in the cut-norm
then the bottom of the spectrum of the unnormalized Laplacian of W,
converges to that of W. This suggests a similar convergence result for the
normalized Laplacian at least with a uniform lower bound on the degree

If we were to try to deduce the Cheeger—Buser inequalities for the graphon
W from the classical Cheeger—Buser inequalities for weighted graphs, we
would thus need to establish the following:

Let W, be a sequence of graphons converging to a graphon
W in the cut norm. Then hw, — hw as n — oo.

But the above statement is not necessarily true. We will in fact give a
counterexample to the following statement.

Let W, be a sequence of graphons converging to a graphon
W in the L'-norm. Then hyw, — hw as n — oo.
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For each n define a graphon W,, as (see the following figure)

1 ifo<e<1/2—-1/n
1/24+1/n<y <1,

1 if1/2+1/n<a<1
W, (z,y) = 0<y<1/2—1/n

1/24e " +1/n

1 if1/2—e"—1/n<a
<y<1/24em+1/n

<
1/2—e™—=1/n <

0 otherwise

Figure 5.1. The graphon W,

Note that each W,, is connected. Let W be the graphon corresponding
to the complete graph on 2 vertices. It is clear that W,, converges to W in
the L'-norm. Let us estimate the Cheeger constant of W,,. Define A, as
the interval (1/2 —e™™ —1/n,1/2+ e "™ + 1/n). Then

2xe " x 2

5.3 hw, <h Ay))=5——""2+
o e S ) = B T e
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Thus hyw, — 0 as n — oo. But Ay = 1/2 and thus we see that the Cheeger
constant of W,, does not converge to that of W.

5.2. Buser Inequality for Graphons

THEOREM 5.1 (Buser Inequality). — Let W be a connected graphon.
Then

(54) )\W < 2hW and /\W < aw

Proof. — We adapt the proof of Lemma 2.1 in [11]. Let AU B form a
measurable partition of I with 0 < pz(A) < 1. Define f: I — R as

1 .
(55) f(x) _ {vol(A) ifreA
——1 ifzeB
vol(B) e
Then f € 1. Now
ldf 2
(5.6) Aw < :
1F113

_ S @) = F)*W (,y) dyde
fo x)2dw (7) dz
_ f[x[ - (y)) W(z,y) dydx
2.[0 )2d )
 Jaus(f@) = f())? (x,y) dyde + [i5, 4 (f (@) = f(1))* W (2,y) dydz
B 2 ([, f(@)2dw(z) dz + [, f(z)2dw (z) dz]

2
)) (foB W(z,y) dzdy + foA W(z,y) dmdy)
2 [m VOI(A) + vol(B)2 VOI(B):|

1 1 fA s W
= ——+—== w dzdy < 2 X
<V01(A) + vol(B)) o V) dedy < 2 ~ol(B)
Since B = A¢, and since the above holds for all choices of A with 0 <
pur(A) < 1, we have Ay < 2hw . From the penultimate inequality above
we also get

1 1
(VOI(A) + vol(B

foB W(z,y) dedy
vol(A) vol(B)
since vol(A) + vol(B) < 1. This leads to Ay < gw. O

(5.7) Aw <
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5.3. The Co-area Formula for Graphons

Consider a finite graph G = (V,E) and let f : V — R be any map.
Orient the edges of G in such a way that for each oriented edge e we have
flet) = f(e™). Let 40 < 71 < -+ < 7y be all the reals in the image of f.
Define S; = {v €V : f(v) = v;}. Then we have

(58) > df(e) = (v —i-1)|E(S5, S|
ecE =1

where E(S¢,S;) denotes the set of all the edges in G which have their tails
in S¢ and heads in S;. To see why (5.8) is true, we fix an edge e and see
how much it contributes to the sum on the RHS. We add ~; —7;_1 for each
i such that e~ € S and e™ € S;. This adds up to a total of df (), which is
the same as the contribution of e to the LHS.

If G were a weighted graph with weight function w : F — R*, (5.8)
takes the form

m

(5.9) Z df (e)w(e) = Z(%‘ — Yi—1)ew (S}, S5i)

eckE =1

where e,,(S§,.5;) denotes the sum of weights of all the edges which have
their tails in S¢ and heads in S;.

Let us see how (5.9) generalizes for graphons. Let W be a graphon and
f:I— R bein L*(I,v). Define Ef to be the set {(x,y) € I : f(y) >
f(x)}. Let S; denote the set f~1(¢,00). Then

oo

(5.10) /E df (z,y)W(z,y) dady :/ ew (S5, St) dt

—00

This can be easily proved using Fubini’s theorem. We shall however need
a slight variant of this formula in order to establish Cheeger’s inequality.

THEOREM 5.2 (Co-area formula for graphons). — Let W be a graphon
and f : I — R be an arbitrary map in L*(I,v). Define fy : I — R and
f-:I—=Rasfr =max{f,0} and f- = —min{f,0}. Let S; = f~1(t,0).
Then

/|df§|wz/ ew (5%, 5 7) dt:/ otew (SS,8,) dt, and
(5.11) "7 0 0

/ |de|W:/ eW(siﬁ,S,ﬁ)z/ ey (S°,,S_;) dt
By 0 0
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Proof. — We prove the first one. The second one is similar. We have by
change of variables that

(5.12) /0 ew (5%, 5 7) dt:/o ew (SC,Sy) dt

Now
/ 2tew (Sy, S¢) dt = / 2t [/ W(z,y) dxdy] dt
0 0 5¢x S,
= / [ / 2txsexs, (T, y)W (2, y) dxdy} dt
0 2
2 LJo
[ [ st ae| wia) asay
(5.13) e
= / { / 2txsexs, (T,Y) dt} W(z,y) dzdy
E; LJo
I+ ()
:/ / 2t dt| Wz, y)dzdy
Ef |/ fy(2)
— [ (20) - B@)W(a.y) dody
Ey
— [ s
Ey
as desired. 0

5.4. Cheeger’s Inequality for Graphons

In this subsection we will prove the following.

THEOREM 5.3. — Let W be a connected graphon. Then

hiy
(5.14) w > =

Before we prove Cheeger’s inequality above, we first obtain a more conve-
nient formula (Lemma 5.4 below) for Ay. Consider the map Z : L*(I,v) —
R defined as

(5.15) (/) = / f(@)dw () dz = (f,1),

\
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We show that L>°(I) N 1; is dense in 1;. Let P : L2(I,v) — L?*(I,v) be
the map defined as P(f) = f —Z(f). Then P is a bounded linear operator.
Also, we have
(5.16) P2(f)=P(f =Z(f)) = [ = Z(f) = P(f)
So P? = P. Further,
<Pfag>v - <fan>v = <f _I<f)7g>v - <fag_I(g>>v

= 7<I(f)7g>v + <f,I(g)>v

=—I(f)Z(g) + Z(f)Z(9)

=0

(5.17)

Therefore P is self-adjoint. This means that P is the orthogonal projection
onto its image. It is clear that Im(P) C 1;-, and also that P behaves as the
identity when restricted to 1. Therefore P is the orthogonal projection
onto 1;-. It is also clear that P(L>°(I)) C L°(I). We conclude that L>(I)N
1} is dense in 1.

Now let g € 1} be an arbitrary nonzero vector. Then both ||dg||. and
llgllo are nonzero.Y) Let M > 0 be such that ||dg]|c, ||g|l, = M. Let € > 0
be arbitrary and choose g’ € L>(I)N1;+ such that ||g—g¢'|, < eM. We had
shown in the proof of Lemma 3.3, ||df||. < 2||f]|, for all f € L*(I,v). So

ld(g — ¢')le = |ldg — dg'|| < 2eM.
Thus we have
llglle = llg'llo] < eM and [[|dglle — [|dg’[le| < 2eM

Hence we can approximate ||dgll./||g]l» arbitrarily well by the expressions
of the form ||dg’||./||¢'||» by choosing a suitable g’ € L>°(I) N 1. We have
proved

LEMMA 5.4. — Let W be a connected graphon. Then

gent:g#0 |7 gerl g0, ll9l7
geL>=(I)

Now we are ready to prove Theorem 5.3. Let g : I — R be an arbitrary
map in L>°(I) with ||g|]|, = 1 and (g,1), = 0. To prove Theorem 5.3 it
suffices to show that ||dg||? > £h%,. Let

(5.19) to = sup{t € R : voly (g 1 (—00,1)) < %Volw(l)}

A |ldglle were equal to O then g would be an essentially constant function, which
would force g = 0 since g € 1;-.
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The number t( exists since g is L°°. Define f = g — ty. Then both the sets
{f <0} and {f > 0} have volumes at most half of voly (I). Also
(5:20)  IfII5 = llg = toll = llgllZ + tollZ — 2to(g, L)v = 1+ [ftol} > 1
Clearly, df = dg. Therefore

2
(5.21) ldg|2 > ”fj{':';

LEMMA 5.5.

2

1
22 df||? > df? |w df?|w
(5.22) ||fe>8”f%[/Ef|f+| +/Ef|f| ]

Proof. — Note that
: dfllz = [ |dfPw = [ |dfPW
65:23) iz = [ e = [
where Ey = {(z,y) € I* : f(y) > f(z)}. Also
2 2 2
(5.24) /E dfPW > /E df | W+/Ef df_ W

This is because |df|? > |df+|* 4 |df—|? is true pointwise in Ey. By Cauchy—
Schwarz we have

(5.25) [ L, |df+|2W] N [+ 7P o) sy -

> / jdf2 (W
Ey

Using Cauchy—Schwarz again, we can show that

(5.26) al715 > /Iz(lf(w)l +1fWD*W (2, y) dady

which gives

1/2
(5.27) 27, UE Idf+|2W] > / dF2 W
f
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Similarly,

2
2 1 2
(5.28) /E I e (/E df_'”)

Using these in (5.24) gives

B 2
2 2
L, > (/Ef'df+w> *(/Ef'df—'w>

(5.29) L

2

r 2
1 / 2 2
> 2w [
SITE |, 1

and we have proved the lemma.

We now proceed to complete the proof of Theorem 5.3.

Proof of Theorem 5.3. — The Co-area Formula Theorem 5.2 gives

/ |dfi|W:/ Stew (S5, ) dt

(5.30) N
and / 2| W = / Stew (S°,,S_,) dt
By 0

But

0
= hw / 2tx1xs, (2,Y) dt} W(z,y) dady
L/ O

= hw / 2txrxs, (z,y) dt} W(z,y) dedy
LJo

f+ ()
= hw / 2t dt | W(a,y) dady
0

—hw/ fJr W(z,y) dedy
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Similarly
(5.32) /OOO Stew (S, 5 y) dt hw/ 2t vol(SC,) dt
= hW/ 2t {/ Xixse, (z,y)W(z,y) dﬂ?dy] dt
= hw /0 2tx1xsit(a:,y) dt} W(z,y) dedy

(o]
= hw / 2txrxse, (7, y) dt} W(x,y) dedy
Lo

)
= hw / 2t dt| W(x,y)dzdy
0

=hw | F2y)W (2,y) dady
Therefore
(5.33) /|dfi|w+/ \df? W
E; E;
>hw | | W (z,y) dedy + § F2)W (2, y) dxdy]

— o | [ () + LWy doty

= hw _ ; Fy)W(z,y) dxdy}

= hw /1 F(y)dw (y) dy} = hw |l

Combining this with Lemma 5.5, we have

1

5.34 df||? > fl
(5.34) ldf 11z > TR W/l
and thus

laflz _ 1
(5.35) -

Iz 8
Lastly, using (5.21) we have

1

(5.36) ldglle > ghiy

and we are done.
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6. Cheeger Constant for Graphings and the
Cheeger—Buser Inequalities

We now turn to graphings. For the purposes of this section G = (I, u, F)
will denote a graphing. As discussed in Section 2.2, graphings are substan-
tially different from graphons in terms of their structure. In spite of this
difference, Lemma 2.4 will allow us to furnish proofs that are, at least at
a formal level, extremely similar to the proofs in Section 3 above. How-
ever, the actual intuition and idea behind the proofs will really go back to
Theorem 2.3. In this section, we shall therefore try to convey to the reader
both the formal similarity with the proofs in Section 3 as well as the actual
structural idea going back to Theorem 2.3.

6.1. Cheeger Constant for Graphings

For two measurable subsets A and B of I, we define

(6.1) eG(A, B) = (A, B) = /A deg(x) dpu(z)

For a measurable subset A of I, the volume of G over A is defined as

(6.2) vol(A) = /A deg(z) du(z) = ea(A, I)

A graphing is said to be connected if for all measurable subsets A of I with
0 < u(A) < 1 we have eg(A, A°) # 0. Note that if G is connected then
deg > 0 a.e.

Given a graphing G, we define the Cheeger constant of G as

o ec(4, A%)
(6.3) he = o8 o minfvol(4), vol(4%)]

A symmetrized version of the above constant which we will be referred to
as the symmetric Cheeger constant is defined as

EG(A, B)

.4 = 1 —
(64) 96 = At 02u(a)<1 vol(A) vol(A°)

Note that the above defined constants exist for connected graphings.
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6.2. Buser Inequality for Graphings

We first observe that the multiplicity of the singular value 0 of the Lapla-
cian of a connected graphing (I, u, E) is 1. For f € L?(I, j1), we have Af = 0
if and only if df = 0. As in the case of graphons it now suffices to show the
following: df = 0 if and only if f is constant (up to a set of measure zero).
Of course, df = 0 for constant f. Conversely, assume that df = 0. Then

(6.5) |y an=o

which implies that

(6.6) /E ()~ F@)) dntary) = .
Since

60 [ U0~ @)? e = [ () = 5@ dnta).

it follows that
(63) [ ) = @) dntag) =0

For each t € R, let S; = f~1(t, 00). Therefore,
(6.9) | 0w - 1@ dntag) o
S¢x St

It follows that (f(y) — f())? is n-a.e. 0 on S¢ x S;. But f(y) — f(x) # 0 for
all (z,y) € Sy x S§. Son(Sg, St) = 0 for all ¢. The connectedness of G then
implies that either S; or Sy has p-measure 0. So our claim follows from
the following lemma whose proof is an exact replica of Lemma 3.5 and we
omit it.

LEMMA 6.1. — Let f : I — R be a measurable function such that for
all t € R we have either f=!(—oo,t] or f~1(t,00) has u-measure 0. Then
f is constant p-a.e.

The eigenfunctions corresponding to 0 are thus the essentially constant
functions: the 0—eigenspace of A is generated by 1. Define
A dgl?
9,890 _ . ¢ lldgl

6.10 Ao = inf LTI
(6.10) gelig£0 (9,9)y  gett:gzo |lg|2

(Here, 1 denotes the orthogonal complement of 1 with respect to the
inner product (-, ),).
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THEOREM 6.2 (Buser Inequality). — Let G = (I, u, E) be a connected
graphing. Then

(611) )\G < QhG and >\G < g

Proof. — In the proof of Theorem 5.1 replace W (z, y)dzdy formally with
dn(z, y). 0

6.3. Co-area Formula for Graphings

Let G = (I, E, 1) be a graphing and f : I — R be any L*-map. Let Ey
be defined as

(6.12) Er ={(z,y) € E: f(y) > f(z)}

The set E; will be referred to as the f- oriented edges of G. Let S; denote
the set f~1(¢,00). Then

(6.13) /E dfdn = /OO eq(Sg, Sy) dt
s

— 00
Let us see the proof in the special case when F is given by a single measure
preserving involution ¢ : A — A where A is a measurable subset of I. Define
R={zx € A: (z,p(x)) € Et}. Then the RHS of the above equation is

(6.14) / ca(S°, ) dt

- / h / Cdegst(x) dp(z) dt = / h / 1xsg(x)degst(x) dp(z) dt
/ / s () degg, (z) dt dp(x / / degg, (x) dt dpu(z)

- / degg, (z) dt du(x) = / (f o p(@) - f(2)) du(z)
R J f(x) R

On the other hand the LHS of (6.13) is
[ aran= [ are, an= | S ol o) )
(6.15) - /R df (2, p()) du(x)
- /R (f o () - F(z)) du(x)
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and therefore (6.13) holds. Just as in the case of graphons, we need a slightly
different lemma

THEOREM 6.3. — Let G = (I, E, 1) be a graphing and f : I — R be
an arbitrary L?-map. Define f, : I — R and f_ : I — R as the map
f+ = max{f,0} and f- = —min{f,0}. Let S; = f~1(t,00). Then

/ |df? | dn:/ ec (S5 S ) dt:/ 2teq (S, S¢) dt, and

Ey 0 0

(6.16) o oo
/ 1df2| dn:/ eG(sgﬁ,s_ﬁ)z/ Steq(S°,,S_0) dt
Ey 0 0

Proof. — We prove only the first one. Further, as in the proof of Lem-
ma 2.4 (see also (2.17)) we first assume that the edge set F is determined
by a single p-measure preserving involutions ¢ : A — A defined on a
measurable subset A of I. Define By = {(z,y) € E : f(y) > f(x)}. Let
R={xel: (z,¢0(x)) € Ef}. We have by change of variables that

(6.17) /0 ea(S°5, S5 di = /O Stec(SE, S,) dt

Now

/OOO 2teq (S5, Sy) dt = /Ooo 2tn(Sy x Sy) dt
= /0OO 2t {/01 xs¢ () degg, (v) dﬂ(x)} de
-/ ) [ / Dty ¢ deg, (0) du(xﬂ i
-/ 1 [ / " 2t (@) de, (@) dt} dyu(x)

(6.18) e
B /0 [/h(z) 2t degs, (2) dt] )
- / [ / h 2t degg, (z) dt] dp()
R |Jfi(x)
Fi(e(2))
_ / [ / 21 dt} ()
R |Jfy(x)

_ /R (F2(p(@)) — F2(2))dp(z)
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On the other hand
/E |df?| dn = /12 \df3 (z,y)|xe, (z,y) dn(z,y)
f

— /IZ \df? (z,y)|xE, (z,y) du(z)
(6.19) Y

:‘/;hﬁf(x,@(xﬂldu(w)
:/R(fi(@(x)) — f(z)) du(=),

completing the proof for the special case of a single strand.

We now deal with the general case where there may be multiple strands.
Let ¢; : A; — A;, 1 < i <k, be y-measure preserving involutions such that
E = |_|f:1{(ac, wi(x)) : « € A;}. Let G; be the graphing corresponding to
vi- S0 G = |_|f:1 G;. Then

oo k o0
(6.20) / 2teq(SE, Sp) dt = / oteq, (S¢,Sy) dt
0 i=1 /0

and
k
(6.21) [ razian=>" [ 12l an
Ej =1 /B
where E} are the f-oriented edges of G; and 7); is the edge measure of G;.
Thus the general case follows from the special case. 0

6.4. Cheeger Inequality for Graphings

In this subsection we will prove the following Cheeger inequality for
graphings.

THEOREM 6.4. — Let G be a connected graphing. Then

2
(6.22) A > %G

The proof of Lemma 5.4 goes through mutatis mutandis to give:

LEMMA 6.5. — Let G be a connected graphing. Then

dg||? dall?
(6.23) Ao = I 9||2e o gILe
geri a0 9l7 genl gz, llgl3

gEL™(I,p)
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We proceed with the proof of Theorem 6.4 for graphings. Let g: I - R
be an arbitrary L*-map with ||g|l, = 1 and (g, 1),, = 0. To prove Cheeger’s
inequality it is enough to show that ||dg||? > 1hZ. Let

(6.24) to = sup{t € R : volg(g~*(—00,t)) < %VO]G(I)}

and define f = g — to. Then both the sets {f < 0} and {f > 0} have
volumes at most half of volg(I). Also

6.25)  [IFI7 = llg = tolls = llgllZ + ltollZ — 2to{g, T)o = 1+ [ito|l? > 1

Clearly, df = dg. Therefore

2
(6.26) ldg|2 > ”|ijf|:|5

LEMMA 6.6.

2
1
6.27 df|* dn > df7| d df?| d
6 [ g VEfm v+ [ 1 77]

Proof. — As in Lemma 5.5, we start by observing that

(6.28) /E P dn = /E dfP? dn
f

The proof of Lemma 6.6 is now an exact replica of that of Lemma 5.5: the
only extra point to note being that

629 [ sl dnton) = [ > 7@ (o) duto)

_ /1 f(x)? deg(x) dpu(z) = |If2

We omit the details. O

The rest of the proof of Theorem 6.4 is quite similar to that of Theo-
rem 5.3. We sketch the proof below.
The Co-area Formula Theorem 6.3 gives:

[ larzran= [ zreats;. s a

(6.30) B ° .

and / |df2 | dn:/ 2teq(SC,, S—¢) dt
E; 0
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As before, we obtain

/ Stec(Sy, Si) dt > ho / 2t vol(S,) dt
0 0

(6.31) = he /O ey [ /S t deg(z) du(z)] dt

— ho / 12 (y) deg(z) dpu(z)

Similarly

/ 2tec (S, S—¢) dt > hg / 2tvol(S<,) dt
0 0

(6.32) = hg /000 2t [/C deg(x) d,u(x)] dt

= hG/fE(x) deg(z) du(z,y)
I
Therefore

(6.33) /E |df_ﬁ|dn+/E 1df2| dy
f

hc{/h )des(a) du(o) + [ () dega) dto)| = e 12

Combining this successively with Equations 6.27, 6.28 and 6.26 we have:

1
df|> dn > RE| I
[ 1 an> g

(6.34) ldfle _ Jgldf? dn 1,
2 2 = QG
I £113 1£113 8
dg||? > h2
and Theorem 6.4 follows. O

7. Cheeger constant and connectedness
7.1. A connected graphon with zero Cheeger constant

Recall that a graphon is connected if for all measurable subsets A of
I with 0 < pur(A) < 1 we have ey (A4, A°) # 0. More generally, given a
graphon W and a measurable subset S of I, we say that the restriction Wlg
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is connected if for all measurable subsets A of S with 0 < pr(A4) < ur(S),
we have

(7.1) / W >0
Ax(S\A)

LEMMA 7.1. — Let W be a graphon and S and T' be measurable subsets
of I such that SUT = I and S N'T has positive measure. Further assume
that W|s and W/ are connected. Then W is connected.

Proof. — Assume that W is disconnected and let A be a measurable
subset of I such that 0 < ur(A) < 1and ey (A, A°) = 0. Then in particular
we have

(7.2) / W =0 and / W =0
(ANS)x(A°NS) (ANT) x (AeNT)

The connectedness of W|g implies that either AN S or A°N S has full
measure in S. Without loss of generality assume that ANS has full measure
in S. Again, by the connectedness of W|pr we have that ANT or A°NT
has full measure in 7. In the former case we would have that A has full
measure in I since I = SUT. In the latter case the measure of SNT would
be 0. In any case we get a contradiction. O

Example 7.2. — Consider the graphon W given by the following figure.

Figure 7.1. Example of a connected graphon.

The graphon takes the value 1 at all the shaded points and 0 at all other
points. It follows by repeated use of Lemma 7.1 that W is connected.

Let W be a graphon taking values in {0,1}. We call such a graphon a
neighborhood graphon if W~1(1) contains an open neighborhood of the
diagonal of the open square (0,1) x (0, 1). Note that the graphon in Exam-
ple 7.2 contains instead an open neighborhood of the diagonal of the closed
square I2.

LEMMA 7.3. — Every neighborhood graphon is connected.

TOME 0 (0), FASCICULE 0



42 Abhishek KHETAN & Mahan MJ

Proof. — Let W be a neighborhood graphon. For each n > 2 let S,
denote the interval (1/n,1—1/n). Each W1|g, is connected. This is because
a copy of the graphon shown in Figure 7.1 is embedded in the restriction
of W over S, x S,,.

We argue by contradiction. Suppose that W is disconnected. The there
is A C I with 0 < pr(A) < 1 such that ey (A, A°) = 0. Therefore for each
n we have f(AﬂSn)x(Sn\A) W = 0. By connectedness of W|g, , we must have
that for any n > 2, either u,(A C S,) = pur(Sp) or ur(ANS,) = 0. If the
former happens for some n, then it must happen for all n, and consequently
A is of full measure in I. The other possibility is that pz(ANS,) = 0 for all
n, but then A has measure 0. So in any case, we have a contradiction. [

Example 7.4. — A particular way of constructing a neighborhood
graphon is the following. Let f : I — I be a continuous map such that
f(z) > for all 0 < x < 1. Define a graphon W; as

1 ife <y< f(z)
W) = 4 0 if f(w) <y
W(y,z) ifx>y
In other words, Wy takes the value 1 in the region trapped between the
graph of f and the reflection of the graph of f about the y = « line, and is

0 everywhere else. For example, let f(z) = \/x. Then the following diagram
illustrates what W; looks like.

Figure 7.2. An example of a neighborhood graphon: Wy corresponding

to f(z) = V.

The graphon shown in Figure 7.1 is also an example of a neighborhood
graphon arising as Wy for a suitably chosen continuous map f: 1 — I.

Example 7.5. — Unlike in the case of finite graphs, the Cheeger constant
of a connected graphon may be zero, as illustrated by Figure 7.3. The
graphon takes the value 1 at all the shaded points, either gray or black,
and the value 0 at all the unshaded points. Call this graphon W.
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Figure 7.3. Example of a connected graphon whose Cheeger constant
vanishes.

The bottom left endpoints of the black squares in the above figure have
coordinates (1/2™,1/2™), n =1,2,3,.... The lengths of horizontal edges of
the gray triangles above the y = z line are 1/2?"*1 n =1,2,3,.... Let 4,
be the interval [0,1/2"]. Then e(A,, AS) equals the measure of the gray
region in A™ x A¢. But there is only one gray triangle in this region. The
sides of this right triangle (other than the hypotenuse) have lengths 1/227+1
and 1/2". Thus e(A,, AS) = 1/23"T2. Let V denote the total measure of
the points shaded black. Then vol(A,) > V/4™ + e(Ay, AS) because the
measure of the black region inside A,, x I is exactly V/4™. For large n we
have vol(A4,,) is at most half the total volume. Thus for large n we have

c 3n+2 n+2
(73) I (An) = e(A,, AS) 1/2 1/2

vol(A,) ~ V/4n £ 1/23n+2 Y 4 1/2n+2

This is zero in the limit and thus the Cheeger constant of this graphon is
zero. This graphon is connected by Lemma 7.3 because it is a neighborhood
graphon.

TOME 0 (0), FASCICULE 0



44 Abhishek KHETAN & Mahan MJ
7.2. A connected graphing with zero Cheeger constant

We prove in this section that the irrational cyclic graphing [20, Exam-
ple 18.17] has zero Cheeger constant.

Let ag be an irrational number. We get a bounded degree Borel graph
(I, E) on I by joining two points « and y if [x—y| = ag. The triple (I, E, 1)
then becomes a graphing (recall that iy, denotes the Lebesgue measure).

An equivalent way of thinking of this graphing is as follows: Let T :
S1 — S be the rotation of the unit circle by an angle which is an irrational
multiple of 27. We get a Borel graph on S! by declaring (z,y) € St x St
to be an edge if and only if T(z) = y or T~!(x) = y. Equipping the circle
with the Haar measure pp, this Borel graph is in fact a graphing [20,
Example 18.17]. We will denote this graphing by G. This is a connected
graphing because if A is a measurable subset of S! such that eg (4, A°) =
0, then we would have that T—!(A) N A¢ has measure 0 and hence A is
T—invariant. By ergodicity of the action of T on (S*, ug), we infer that A
is either of zero or full measure.

We show that the Cheeger constant of this graphing is zero. Let X be a
small arc of the circle with one end-point at (1,0).

Figure 7.4. Graphing corresponding to an irrational rotation of the circle.
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Given N > 0, we can choose X small enough so that
(1) T{X)NTI(X)=0,for 0<i<j<N,
(2) For A:== X UT(X)U---UTN(X), pa(A) < 3.

Write Y = TV (X). The only edges that contribute to eg(A, A°) are the
ones going from Y to T'(Y) and the ones going from T~(X) to X. These
are shown in red in the above figure. Thus eq (A4, A°) < 2uy (X). Therefore
we have

eg(A, A°) <9 pr(A)

7.4 hag < hg(A) < < =2/(N+1
) e shel < @ W D@ ~ YN
Since N is arbitrary, we conclude that hg = 0.

Remark 7.6. — An example of a connected graphing G with positive

A(G) and hence (by Theorem 6.4) positive Cheeger constant hg has been
described by Lovasz in [20, Example 21.5] under the rubric of “expander
graphings”.

7.3. A necessary and sufficient condition for connectedness of a
graphon

In the special case that a graphon W has degree of every vertex uniformly
bounded below, we shall now proceed to give a necessary and sufficient
condition in terms of the Cheeger constant for W to be connected. This is
analogous to the statement that a finite graph is connected if and only if
its Cheeger constant is positive.

PRrROPOSITION 7.7. — Let ¢ > 0 and W be a graphon such that the
degree dy (x) > € for allx € 1. Then W is connected if and only if hyy > 0.

We provide two proofs of the above result. The first is an application
of Theorem 5.1 the Buser inequality for graphons and is essentially self-
contained using some basic facts about compact operators. The second
proof uses a structural lemma about connected graphons proved in [3].

DEFINITION 7.8 ([19, p. 196]). — We say that A € R is an approximate
eigenvalue of a bounded linear operator T': H — H of a Hilbert space H
if the image of T'— Al is not bounded below.

LEMMA 7.9 ([19, Lemma 27.5(a)]). — For any bounded linear self-
adjoint operator T': H — H on a Hilbert space H, we have that

7.5 inf Tz, x
(75) z€H: ||;CH=1< )

is an approximate eigenvalue of T .
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LEMMA 7.10 ([19, Lemma 28.4]). — IfT : H — H is a compact operator
then every approximate eigenvalue of T' is an actual eigenvalue of T'.

LEMMA 7.11. — Let W be a connected graphon with dy, bounded below
by a positive real. Then the map (1/dw)Tw : L*(I,v) — L?(I,v) is a
compact operator.

Proof. — Since dy, is bounded below, it follows that L?(I,uz) and
L?(I,v) have comparable norms. Therefore I : L*(I,ur) — L3*(I,v) is
a bounded linear isomorphism. The operator Ty : L?(I, ur) — L*(I, )
is compact [20, Section 7.5]. Since dy is bounded below, i.e. 1/dy is L™,
it follows that the operator (1/dw )Tw : L?(I,ur) — L*(I,pug) is also
compact.

Take any bounded sequence (f,) in L?(I,v). Then (f,) is bounded
in L?(I,pur) too because of comparability of norms. Since (1/dw)Tw :
L3(I,pz) — L3(I,pyz) is compact, there exists a subsequence (f,,) such
that (1/dw)(Tw fn,) converges in L?(I, ). Again, the comparability of
norms give that (1/dw)(Tw fn,) converges in L?(I,v) as required. O

Note that for any graphon W, the Laplacian Ay : L?(I,v) — L*(I,v)
restricts to a linear operator Ay, : 11 — 1.

Proof of Proposition 7.7. — 1If hyy > 0 then clearly W is connected. So
we need to prove the other direction. Let W be a connected graphon with
dw(x) 2 e for all © € I. Lemma 7.11 ensures that (1/dw )Tw is a compact
operator on L?(I,v) and it is easy to check that it restricts to a linear
operator from 1 to itself. Throughout we will think of Ay, and (1/dw )Ty
as linear operators in 1;-. Now by Lemma 5.18 Ay is an approximate
eigenvalue of Ay . Thus the image of Ay —Aw I = (1 —Aw )l —(1/dw)Tw
is not bounded below in 1. Hence 1 — Ay is an approximate eigenvalue
of (1/dw)Tw. But (1/dw)Tw : 1t — 1. is a compact operator, and thus
by Lemma 7.10 we have that 1 — Ay is in fact an eigenvalue of (1/dw )T .
Therefore Ay is an eigenvalue of Ay,. Let f € 11 be nonzero such that
Aw f = Aw f. If hyy were equal to 0, then by the Buser inequality (Theorem
5.1) we have that Ay = 0. Thus Ay f = 0, which is equivalent to saying
that df = 0. But as observed in the first paragraph of Section 5.2 we then
have that f is a constant function and hence the only way it can belong to
1} is that f = 0-a contradiction. 0

Now we give the second proof of Proposition 7.7.

DEFINITION 7.12 ([3]). — Let W be a graphon and 0 < a,b < 1 be real
numbers. An (a,b)-cut in W is a partition {A, A°} of I with a < pr(A) <
1 — a such that ey (A, A®) < b.
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Note that a graphon is connected if and only if it admits no (a,0)-cut
for any 0 < a < 1/2.

LEMMA 7.13 ([3, Lemma 7]). — Let W be a connected graphon and
0 < a < 1/2. Then there is some b > 0 such that W admits no (a, b)-cut.

Alternate proof of Proposition 7.7 using Lemma 7.13. — Let W be a
graphon with dy (z) > ¢ for all z. We prove the non-trivial direction. As-
sume W is connected. We will show that Ay > 0. Assume on the contrary
that hy = 0. Then for each n > 1 there is a measurable subset A,, of I with
0 < pr(Ayn) < 1 such that hy (A4,) < 1/n. After passing to a subsequence,
there are two cases to consider.

Case 1: pr(A,) = 0 asn — oco. — In this case we have for large n that
hw (An) = e(Ans A7) _ VOUAD) = i, n, W
WA T 014, vol(4,)
(7.6) 1 fAnxAn w > pr(Ay)?

vol(A,) =~ eur(Ay)
21— pr(An)/e
But this contradicts the assumption that hy (4,) < 1/n for all n.
Case 2: ur(Ay,) — t for somet > 0. — Let 0 < a < 1/2 be such that
a <t<1-—a. Now by Lemma 7.13, there is a b > 0 such that W admits
no (a,b)-cut. Therefore for all n large enough we have
e(A,, AS)
min{vol(A4,), vol(AS)}
< b - b
~ emin{pr(An), pr(45)} 7 (1 —a)
which again contradicts the assumption that hy (4,) < 1/n for all n. O

hw (A,) =
(7.7)

BIBLIOGRAPHY

[1] N. ALON, “Eigenvalues and expanders”, Combinatorica 6 (1986), no. 2, p. 83-96,
Theory of computing (Singer Island, Fla., 1984).

[2] N. ALoN & V. D. MILMAN, “\1, isoperimetric inequalities for graphs, and super-
concentrators”, J. Comb. Theory, Ser. B 38 (1985), no. 1, p. 73-88.

[3] B. BoLLoBAS, C. Boras, J. T. CHAYES & O. RIORDAN, “Percolation on dense graph
sequences”, Ann. Probab. 38 (2010), no. 1, p. 150-183.

[4] C. Boras, J. T. CHAYES, J. KAHN & L. LovAsz, “Left and right convergence of
graphs with bounded degree”, Random Struct. Algorithms 42 (2013), no. 1, p. 1-28.

[5] C. Boras, J. T. CHAYES, L. LovAsz, V. T. SOs & K. VESZTERGOMBI, “Convergent
sequences of dense graphs. I. Subgraph frequencies, metric properties and testing”,
Adv. Math. 219 (2008), no. 6, p. 1801-1851.

TOME 0 (0), FASCICULE 0



48

[10]

[11]

[12]

[13]
[14]
[15]
[16]
[17]

18]

Abhishek KHETAN & Mahan MJ

, “Convergent sequences of dense graphs II. Multiway cuts and statistical
physics”, Ann. Math. 176 (2012), no. 1, p. 151-219.

P. BUSER, Geometry and spectra of compact Riemann surfaces, Modern Birkhiuser
Classics, Birkhéduser, 2010, reprint of the 1992 edition, xvi+454 pages.

S. CHATTERJEE, Large deviations for random graphs, Lecture Notes in Mathematics,
vol. 2197, Springer, 2017, Lecture notes from the 45th Probability Summer School
held in Saint-Flour, June 2015, Ecole d’Eté de Probabilités de Saint-Flour. [Saint-
Flour Probability Summer School], xi+167 pages.

1. CHAVEL, Eigenvalues in Riemannian geometry, Pure and Applied Mathematics,
vol. 115, Academic Press Inc., 1984, including a chapter by Burton Randol, with
an appendix by Jozef Dodziuk, xiv+362 pages.

J. CHEEGER, “A lower bound for the smallest eigenvalue of the Laplacian”, in Prob-
lems in analysis (Papers dedicated to Salomon Bochner, 1969), Princeton Mathe-
matical Series, vol. 31, Princeton University Press, 1970, p. 195-199.

F. R. K. CHUNG, Spectral graph theory, CBMS Regional Conference Series in Math-
ematics, vol. 92, American Mathematical Society, 1997, xii4+207 pages.

, “Four proofs for the Cheeger inequality and graph partition algorithms”,
in Fourth International Congress of Chinese Mathematicians, AMS/IP Studies in
Advanced Mathematics, vol. 48, American Mathematical Society, 2010, p. 331-349.

J. Dopziuk, “Difference equations, isoperimetric inequality and transience of certain
random walks”, Trans. Am. Math. Soc. 284 (1984), no. 2, p. 787-794.

M. EINSIEDLER & T. WARD, Ergodic theory with a view towards number theory,
Graduate Texts in Mathematics, vol. 259, Springer, 2011, xviii+481 pages.

G. ELEK, “Weak convergence of finite graphs, integrated density of states and a
Cheeger type inequality”, J. Comb. Theory, Ser. B 98 (2008), no. 1, p. 62-68.

S. FRIEDLAND & R. NABBEN, “On Cheeger-type inequalities for weighted graphs”,
J. Graph Theory 41 (2002), no. 1, p. 1-17.

S. HooRy, N. LINIAL & A. WIGDERSON, “Expander graphs and their applications”,
Bull. Am. Math. Soc. 43 (2006), no. 4, p. 439-561.

M. JERRUM, A. SINCLAIR & E. VIGoDA, “A polynomial-time approximation algo-
rithm for the permanent of a matrix with nonnegative entries”, J. ACM 51 (2004),
no. 4, p. 671-697.

B. V. LIMAYE, Functional analysis, 2nd ed., New Age International Publishers Lim-
ited, 1996, x+612 pages.

L. LovAsz, Large networks and graph limits, Colloquium Publications, vol. 60,
American Mathematical Society, 2012, xiv+475 pages.

B. MOHAR, “The Laplacian spectrum of graphs”, in Graph theory, combinatorics,
and applications. Vol. 2 (Kalamazoo, MI, 1988), John Wiley & Sons, 1991, p. 871-
898.

D. A. SPIELMAN & S.-H. TENG, “Spectral partitioning works: planar graphs and
finite element meshes”, Linear Algebra Appl. 421 (2007), no. 2-3, p. 284-305.

L. TREVISAN, “Graph Partitioning and Expanders”, Course Notes, https://people.
eecs.berkeley.edu/~luca/cs359g/lecture04.pdf, 2011.

Manuscrit recu le 12 novembre 2018,
révisé le 9 juillet 2022,
accepté le 15 septembre 2022.

ANNALES DE L’INSTITUT FOURIER


https://people.eecs.berkeley.edu/~luca/cs359g/lecture04.pdf
https://people.eecs.berkeley.edu/~luca/cs359g/lecture04.pdf

CHEEGER INEQUALITIES FOR GRAPH LIMITS

TOME 0 (0), FASCICULE 0

Abhishek KHETAN

School of Mathematics, Tata Institute of
Fundamental Research. 1, Homi Bhabha Road,
Mumbai-400005, India

khetan@math.tifr.res.in

Mahan MJ

School of Mathematics, Tata Institute of
Fundamental Research. 1, Homi Bhabha Road,
Mumbai-400005, India

mahan@math.tifr.res.in

mahan.mj@gmail.com

49


mailto:khetan@math.tifr.res.in
mailto:mahan@math.tifr.res.in
mailto:mahan.mj@gmail.com

	1. Introduction
	Finite graphs versus graph limits
	Formalism of differential forms
	1.1. Connectivity
	1.2. Proof strategy and relation with existing literature
	Acknowledgments

	2. Preliminaries
	2.1. Preliminaries on graphons
	2.2. Preliminaries on graphings

	3. Cheeger Constant, Laplacian, and the Bottom of the Spectrum for a Graphon
	3.1. Cheeger Constant for Graphons
	3.2. Definition of d, d*, and Laplacian of a Graphon
	3.3. Bottom of the Spectrum of a Graphon

	4. Finite graphs and graphons
	4.1. Cheeger constant of a graph versus that of the corresponding graphon
	4.1.1. Realization of Fractional Cheeger
	4.1.2. Comparing the Cheeger constants

	4.2. Bottom of the Spectrum of a graph versus that of the corresponding graphon

	5. The Cheeger–Buser Inequalities for Graphons
	5.1. Convergence of Cheeger constants
	5.2. Buser Inequality for Graphons
	5.3. The Co-area Formula for Graphons
	5.4. Cheeger's Inequality for Graphons

	6. Cheeger Constant for Graphings and the Cheeger–Buser Inequalities
	6.1. Cheeger Constant for Graphings
	6.2. Buser Inequality for Graphings
	6.3. Co-area Formula for Graphings
	6.4. Cheeger Inequality for Graphings

	7. Cheeger constant and connectedness
	7.1. A connected graphon with zero Cheeger constant
	7.2. A connected graphing with zero Cheeger constant
	7.3. A necessary and sufficient condition for connectedness of a graphon

	References

