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Preface

The core topic of the book is this cluster of methods, lying at the intersection
of extremal combinatorics, probability theory, and mathematical logic, which
allow us to approach finite counting problems by using the tools of probability
in a genuinely infinite setting.

A motivating example is Szemerédi’s Theorem:

Theorem (Szemerédi’s Theorem). For every e > 0 and every k, there is an
N so that whenever n > N and A C {1,2,...,n} is a set with %' > ¢, there
is an a € A and a d > 0 such that

a,a+d,a+2d,...,a+ (k—1)d € A.

The set {a,a +d,a+ 2d,...,a+ (k — 1)d} is an arithmetic progression
of length k, so this theorem says that whenever A is a “dense set”—a set
which contains at least e of the points in the interval {1,2,...,n}—A must
contain an arithmetic progression of length k.

This looks like a statement about counting finite sets of numbers, but
most of the work in this book will be about developing probability theory
for certain kinds of infinite graphs and hypergraphg’]

We will present a proof of this theorem, eventually: the case when
k = 3 will be proven in Chapter [0, and the full result will wait until
Chapter [§ Instead of working directly towards this proof, the book develops
the machinery needed in a general way and takes many digressions to discuss
related ideas.

There has been a great deal of work in this area in the last twenty years,
and only a small fragment is covered here; the remarks at the end of each
chapter give a very non-comprehensive list of further developments and
applications in the literature.

*This is far from the only way to prove Szemerédi’s Theorem, which has a rather large
number of proofs—e.g. [13} 65} 66, [71} {75} |76, 80, 87, |121} 134} 145, (149} {150} 165], though
these proofs are far from completely distinct.
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8 CONTENTS

The proximate motivation for this book was a conversation with a co-
author. I told him that the answer to a technical question he’d asked was
“obvious” and outlined an argument. When he asked where this was written
down, I admitted that the proof was scattered across three or four different
papers, with perhaps one or two others needed to translate between the
different formalisms being used so the ideas from different papers could be
combined.

Nonetheless, I insisted, the result was “obvious”—if you just happened
to already be thinking about the problem in precisely the right way.

My guiding light while writing this book has been to try to make obvious
the things that I think should be obvious: to attempt to illustrate the way my
preferred formalism falls naturally out of the questions we are investigating,
and to illustrate why this way of thinking about limits of sequences of large
graphs gives us the insight needed to understand them.

Books in mathematics have to choose a position somewhere between
serving as an introduction to a topic and serving as a reference. There is
some tension between these roles—should I state the most general form of
a theorem, or the more concrete version needed? Should I give the most
elegant proof, or the most convenient one at the moment?

I wrote this book thinking of it as an introduction. I have tolerated
some repetition of proofs, proving the special case when it is needed and
waiting to state the general result later, even when it means repeating the
proof. I (mostly) resisted the temptation to comprehensively list corollaries
and applications from the literature; instead, many chapters end with stray
tidbits I like and references to the literature where those directions are further
explored.

Acknowledgements: This book benefitted immeasurably from many
conversations with colleagues too numerous to mention.

I am grateful to my Math 571 students—Koby Frank, Stephen Gillen,
Perry Hart, Mary-Frances Jagod, Alec Korman, Martin Rubin, Anschel
Schaffer-Cohen, Owain West, and Yuqing Zhao—for many helpful suggestions
and comments made while suffering through a course based on an early draft.

This book would not have been possible without the patient support
of the NSF, through grants DMS-1600263 and DMS-2054379, as well the
American Institute of Mathematics and the Institut Henri Poincaré.

Finally, I am grateful to my family for their support. My husband, Jon,
helped remind me so many times that this was worth finishing even when
the amount left to do seemed unsurmountable. This book is dedicated to
my son, Solomon, who was willing (occasionally) to sleep quietly in my lap
while wrote a section or two.



Chapter 1

Random and Quasi-random
Graphs

We will begin with the notion of a randomly generated finite graph. We are
interested in how, faced with a particular graph, we can decide whether or
not it is a “typical” example of a randomly generated graph. This will lead
us to distill the notion of a quasi-random graph and investigate the ways in
which any quasi-random graph has many of the properties we would expect,
with high probability, of a graph we generated randomly.

1.1 Random Finite Graphs

We start by investigating what it means for a graph to be random.

Definition 1.1. When V is a set, we write (Z) for the set of subsets of V' of
size exactly k.

When V is a non-empty set, a graph on V isaset £ C (g) The elements
of E are the edges of the graph and the elements of V' are the vertices.

This definition excludes the possibility of “loops” (edges between a vertex
and itself): by definition, an edge is a pair of distinct vertices. Similarly, this
definition excludes directed graphs—F is a set of unordered pairs, so there
is no difference between saying {v,w} € FE and {w,v} € E. We also prohibit
a graph with no vertices at all (though we allow graphs with no edges).

We frequently write “G = (V, E) is a graph” to mean that V is the set
of vertices of a graph and E C (‘2/) is the set of edges, but we will also

sometimes refer to E by itself as a graph with the set of vertices implied.

9



10 CHAPTER 1. RANDOM AND QUASI-RANDOM GRAPHS

When V is a finite set—usually a large finite set—we want to consider
a random graph on V. Informally speaking, this is the graph we obtain by
flipping a fair coin for each pair {v,w} € (‘2/) and placing an edge between v
and w if the coin comes up heads.

Since we will deal with this graph repeatedly, we give it a name: we will
call this random graph Ry /s, or Ry/o(V) if we wish to be explicit about
the set of vertices V. We will abuse notation to write R/, for both the
graph and the set of edges. Note that we follow the convention that random
variables are written in bold.

One of the basic questions we’ll be concerned with is which graphs “look
like” random graphs. Of course, a random graph could look like anything—a
random graph on 100 vertices could end up having no edges at all if every
coin comes up tails. With a probability 27490, this isn’t likely, however. So
we want to ask which properties a random graph will probably have.

A good place to start is observing that it’s unlikely for a random graph
to have no edges at all. More specifically, there are ('g') pairs which might
be edges, and a random graph ought to have just about half of them. We
make this concrete by showing that, when |V] is large, R; /2 1s very likely to
have close to half the edges.

Theorem 1.2. For every ¢ > 0 and every § > 0, whenever V is sufficiently

large,
(me=3(3)] <o(¥)) 00

It will be more natural for us to think in terms of “densities” rather E‘ghan
quantities: rather than looking at the size of R, /5, we will look at ‘(“;/‘;',
which represents the fraction of “possible edges” which are present in Ry /5.
So we will show the equivalent statement

R
P(‘ 1/2| 1<6>21—5.

=
(gh 2

Proof. The idea is that each edge is placed in R/, independently, so IRy /2|

is a sum of independent random variables: for each {v,w}, let 14y, be the

random variable which is 1 if {v,w} € R/ and 0 if {v,w} € Ry/5. Then

IR1/2| = Z{v,w}e(‘g) 14w} Since each of these random variables 1y, ,y is

chosen independently, it is very likely that close to half of them are 1 while
the other half are 0.

Slightly more formally, what 1y, ,,1 means is that we first pick a particular
pair of vertices, {v,w}, and then generate the set of edges R/, by flipping
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coins, and 1y, is 1 in the event that the potential edge we picked in
advance actually turns up in our final graph. In particular, 1y, ) is simply
the result of a single coin flip, so its expected value, E(l{mw}), is 1/2, since
half the time the coin comes up heads and 1, .} =1, and the other half of

the time the coin comes up tails and 1y, ,1 = 0.
IR /2]

("2)

The expected value of is also 1/2: by the the linearity of expected

value

Ripl  ( Ziowpe(y) How
st == (ZEE )
- V] Z E(l{uw})

That is, before we actually flip the coins, we expect the average value of
Ry /2]
("2)
average because the graphs that have almost all the edges are cancelled out
by graphs with very few edges. What remains is to show that the distribution
is narrow: that most of these graphs have close to the right number of edges.

This should happen because |R“1/‘2| is the sum of a large number of

to be 1/2. But we must consider the possibility that we reach this

2
independent random variables. The Hoeffding inequality covers precisely this
situation.

Theorem (Hoeffding Inequality). If X = % > i<k Xi where the X; are
independent random variables such that 0 < X; < 1 always holds then

P(|X — E(X)| > €) < 2¢ 2k,

We take X to be the random variable %, so the Hoeffding inequality
2

('2)
p (B2l 1 ) caea(t)e
(5h 21—/~
So by choosing |V| sufficiently large (on the order of —vInd/€), we can make
the bound on the right smaller than §. O

says that
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Of course, this property—having roughly half the possible edges—is not
unique to random graphs: it is not difficult to produce examples which
have the same number of edges as a random graph, but are quite clearly
non-random.

Example 1.3. The complete bipartite graph, K,, ,, is the graph (VU W, E)
where |V| = |[W| =mn, V and W are disjoint sets, and E consists of all pairs
of vertices between V and W. Then |E| = n? while %(W%W') = %% =
n? — 5

In this example, |EF| is not quite identical to half
the possible edges, but the error—n/2—is small relative
(lVLQJW|). Specifically, for any € > 0, when n is sufficiently

large we have % < €, so the error is within the
2

margins given by the preceding theorem. (We could
eliminate this error entirely by removing n/2 edges—
say, choosing a single vertex in V and removing half its
edges.)

It seems clear that generating a graph randomly
would be very unlikely to produce a complete bipartite
graph. But we would like to prove this by identifying
some property that random graphs are likely to have

Figure 1.1: K55  but which K,, , does not.
One observation is that while K,, ,, has the “correct”
number of edges, it has no triangles—there are no triples
{vo,v1,v2} € VUW with all three edges (vo, v1), (vo,v2), and (v, v2) present
in Ky, .

This behavior seems non-random, and we will now set out to prove that
it is indeed extremely improbable in a random graph.

1.2 Subgraph Density

First, we must identify how many triangles a random graph should have. It
will not be much more complicated to ask a more general question: if H
is any finite graph, we can ask how many different ways H appears as a
subgraph. More precisely, in keeping with our preference for a probabilistic
perspective, we will ask what fraction of the possible copies of H are actually
present.
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Definition 1.4. When H = (W, F') and G = (V, E) are graphs, a copy of
H in G is a function 7 : W — V such that, for each edge {w,w'} € F,
{m(w),m(w")} € E.

A potential copy of H in V is a function 7 : W — V.

We define t5(G) to be the fraction of potential copies of H which are
actual copies:

{m:W = V| xisacopy of H in G}|
4 '

tn(G) = |

We call t57(G) the subgraph density of H in G.

A potential copy doesn’t really depend on the edges: it’s just a function
mapping the vertices of W to the vertices of V. A potential copy is an actual
copy if every edge of H is mapped to an edge of G.

We think of G being a graph on n vertices where n is large, and H as a
small graph like a triangle. There are two subtleties to note in the definition
of ty(G). To see the first, consider the case where H is a triangle—the graph
we call Cs (a cycle of length 3).

Definition 1.5. Cjs is the graph ({0, 1,2}, ({0’5’2}))—that is, the triangle

with three vertices and all three edges:

Then a potential copy of Cs is an ordered choice of 3 vertices allowing
repetitiorf}] That means that any time we have three distinct vertices in
V', we count that as 6 potential triangles, one for each order of the three
vertices.

This doesn’t make much difference in the calculation of t¢,(G): since
tc,(G) is a fraction, the factor of 6 appears in both the numerator and the
denominator and therefore cancels out. This also means that the denominator
includes some cases where we choose three vertices but at least two are the
same; we will sometimes call these “degenerate” triangles. However there
aren’t very many of these—there are only O(n?) cases where we have repeated
vertices—so when n is large (say, much larger than 1/¢), these degenerate
triangles will get absorbed into the error terms of our calculations.

The second subtlety is that while we require that edges in W map to
edges in V', we do not require that non-edges get mapped to non-edges: we

*This is sometimes called counting “labeled triangles”. This come from the view that
we are counting, not just triangles, but specifically three vertices labeled “0”, “1”, or “2”,
and we consider it a different triangle if we choose the same three vertices but with different
labels.
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still consider 7 to represent a copy of H even if (W) contains extra edges.

For instance, suppose G is the graph on 4 vertices arranged like I H

is the cycle on four vertices, , then by our definition, ¢t (G) is positive:
we count the copies where m maps the four vertices of H to the four vertices
of G, and the extra edge in G is no obstacle.

This is consistent with the usual definition of a subgraph in graph theory.
The stricter notion, where 7(W) should have exactly the same edges as W,
is called an induced subgraph, and there is a corresponding variant of ¢f(G).

Definition 1.6. When H = (W, F) and G = (V, E) are graphs, an induced
copy of H in V is a possible copy m : W — V such that, for each pair

{w,w'} € (VQV),

{w,w'} € F if and only if {r(w),n(vw')} € E.

We define #14(G) to be the fraction of potential copies of H which are
induced copies:

_ {7 :W — V|7 is an induced copy of H in G}

ind

We call t5(G) the induced subgraph density of H in G.

For the triangle these definitions are the same, but as soon as F' C (V;/),
we can have t4(G) < ty(G).

We can now set out to show that, with high probability, a random graph
has the “right” number of copies of each small graph. First we need to figure
out what the right number of copies is—that is, what the expected value of
tp(Ry /2) is.

Suppose we set out to generate a random graph Ry /2(V) on the set
of vertices V. If H = (W, F) and we pick in advance a potential copy
m: W — V, we can take 1; to be the random variable which is 1 if &
turns out to be an actual copy of H—that is, if, for each {w,w'} € F,
{m(w), m(w')} € Ryya(V). 15 is 0 if 7 is not an actual copy of H in Ry o(V).
As long as 7 is injective, for each pair {w,w'} € F, there is a 1/2 chance that
{m(w), m(w")} ends up being put into R;/5(V') and each edge is determined
independently, so E(1,) = 2~ ¥l—we flip |F| coins, one for each edge of H,
and 1, is 1 if all these coins come up heads.
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When 7 is not injective, the issue is messier, but we include this case in
the error term: there are fewer than |[W| - |[V[IWI=! non-injective functions
7: W — V. When we divide by |V|I"! these terms will contribute at most

% to ti(G)—that is, an error term on the order O(‘—é‘)

Since ty (R /2(V)) = W > Lz, the linearity of expectation says that

1

ik

B(ta (Ra o(V)) = iy L E(Le) = 2741 40

In particular,
lim E(tg(Ry2(V))) =277
|V|—=o0
(In the next two chapters we will actually pass to the limit, allowing us to
dispense with error terms entirely.)

Of course, we should not be surprised that we have to worry a little about
the size of V: after all, if W were larger than V', we wouldn’t expect there to
be any copies of H in Ry /5(V). We only expect Ry /5(V') to have the right
number of copies of H when V' is much larger than W.

Once again, we must rule out the possibility that this average is the result
of having some cases where the random graph contains too many copies of
H being canceled out by cases where there are too few.

Theorem 1.7. For every e > 0, every 6 > 0, and every finite graph H =
(W, F), whenever V is sufficiently large,

P(|tn(Ryp) - 277 <€) > (1-9).

Proof. The idea is similar to the proof of Theorem above: we want to
argue that ¢y (R /9) is the sum of a large number of separate events, and
therefore it is likely that the sum comes close to the average. Unfortunately,
the various random variables 1, are no longer independent: if 7(H) and
7/(H) share an edge, 1, and 1,/ are correlated.

However the edges are still independent, and each edge only appears in
a small fraction of the potential copies of H. This means that, although
t(Ry/2) is no longer a sum of many independent random variables, ¢y (R /2)
is a function of many independent random variables where each individual
random variable (that is, each edge) only has a small impact on the value of
the function. This is precisely the situation to which McDiarmid’s inequality
applies.
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Theorem (McDiarmid’s inequality). Let Xi,...,X} be independent
random variables and let f(xy,...,xk) be a function with the following
property: for each i < k there is a ¢; > 0 such that, for any values
Ty ooy Tic1y Titl, -, Tk and any x;, o},

|f(‘T17‘ ey Lj—1, Ly L1y -+ - - 7xk) - f(J"la o 7xi—1)1‘;j7xi+17 o ,.Tk)| < G

Then

2¢2
k

P(E(f(X1,..., Xg) = f(X1,...,Xp)|[ > €) < 2e Zi:ﬁ?_

The Hoeffding and McDiarmid inequalities belong to a general family
of results in probability theory called concentration inequalities which
describe the way that random variables “concentrate” near their expected
value under suitable assumptions.

The condition

|f($1> e 7$i—17$iaxi+17--'axk) - f(ivh .- -,xi—1,$27$i+1, .- -,xk)| < ¢

says that no individual random variable has a disproportionate impact on
the function: we can change any individual value x; and not change the value
of the function by much.

In this case, our independent random variables are the random variables
14, for the individual edges, and the function f({l{v,w}}{v,w}e(‘g)) is

ti(Ry/2), the density of copies of H in the randomly generated graph. The
difference

\f(lfh e 7xi—la$i7xi+17---axk) - f(be .- -,mi—17$§7$i+1, ce 736k)\ <¢

in the statement of McDiarmid’s inequality is then asking how much (R /2)
can change if a single edge flips from present to absent or vice versa. The
edge {v,w} only matters to those potential copies of H which contain both
vertices.

Starting with an edge {v,w} € (‘2/), how many potential copies 7w : W —
V of H contain it? There are |W| - (JIW| — 1) ways to pick one vertex from
W to map to v and then one to map to w, and then ]V]|W|*2 ways to assign
the remaining |W| — 2 vertices, so there are < |[W|?|V|WI=2 potential copies
containing this edge. (In fact, this is slightly over-counting, because the
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copies where multiple vertices from W get mapped to either v or w get
counted more than once.) So, at worst, flipping the edge {v,w} could mean
losing or gaining |[W ||V [WI=2 copies of H. This means that the density ¢z
t WP |wi—2 w2

viwr - V[P
So the values ¢; we use for McDiarmid’s inequality are each bounded by

w2 ko2 _ (VW - (w]?
|V\2 , SO Zi:l Cz‘ - ( 2 ) \V\‘l = |V|2 .

If V is big enough that ‘E(tH(Rl/Q)) — 2_|F|‘ < €/2 then McDiarmid’s
inequality says that

changes by at mos

B (27— tn(Rapo)| 2 €) < B([E(tn(Rap2)) — tn(Rap)| 2 ¢/2)

_ 62 2
§2€ |W‘4|V‘ .

Once we pick an €, the value ﬁ is fixed, so by choosing V' large enough,
we can make this bound as small as we like, and in particular smaller than
0. O]

The same ideas apply to t}f}d(Rl /2); in this case when we fix an individual
potential copy w : W — V, if w is injective then the probability that
becomes an induced copy is 2_(”3/'), irrespective of how many edges H has:
in order for 7 to be an induced copy, each pair {7(w),7(w')} has to do
exactly the right thing—become an edge if {w,w'} € F or a non-edge if
{w,w'} ¢ F—and each pair has a 1/2 chance of doing that. Other than that,

the arguments go through unchanged:

Theorem 1.8. For every ¢ > 0, every 6 > 0, and every finite graph H,
whenever V is sufficiently large,

P (
In particular, we can now conclude that it is very unlikely for a randomly
generated graph to look like the bipartite graph K, ,: in a random graph,

about % of the potential triangles will almost certainly be actual triangles,
while in K, , none of them will be.

tiﬁd(Rl/z) - 2_<V2V)‘ < 6) > ({1=9).

However it turns out that there are other, more complicated graphs,
which do a better job of imitating a random graph: they have 1/2 the edges
and also have % of the potential triangles. Before building these, however, it
will be useful to develop some tools for calculating tr(G).
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1.3 ty(G) as an Integral

It will be helpful to introduce a measure-theoretic notation for counting
things like subgraph densities.

Definition 1.9. Let V be a finite set of vertices. For each k, we write up
for the counting measure on V¥ given by
5]

pi(S) = W

for every S C V*.

For example, the set of triples (vg,v1,v2) € V3 which are triangles in E
is a set, and tc,(G) is precisely the measure of this set under pus.

Note that we are counting ordered pairs here—in particular, strictly
speaking E is not a subset of V2 (the set of ordered pairs) because E is a subset
of (‘2/) (the set of unordered pairs). However there is a closely related set of
ordered pairs—{(v,w) | {v,w} € E}—and |{(v,w) | {v,w} € E}| = 2|E]|, so
puo({(v,w) | {v,w} € E}) is close to |(|€‘)\ (but slightly smaller, because of

2
the presence of repetitive ordered pairs like (v, v) in the denominator |V2|).

It will be convenient to identify ¢z (G) with an integral.

Definition 1.10. When E is a graph on V, xg : V2 — {0, 1}, the charac-
teristic function of F, is the function given by:

1 if (v,w) € E
0 otherwise

xe(v,w) = {

We will sometimes abuse notation and write ¢ (E) or t4(E) if the vertex
set is clear.
This lets us write, for instance,

te,(6) = [[[ xwla.y)xule, )xe(.2) dus.

Definition 1.11. K5 is the graph with two elements and an edge between
them.

That is, Ko is the graph consisting of a single edge. Then

{(v,w) [{v,w} € B}  2[E]
V2 V2’

ti, (G) = pa({(v,w) [ {v,w} € E}) =



1.3. ty(G) AS AN INTEGRAL 19

which differs from % by an amount on the order of 1/|V|, which we can

2
treat as negligible when V is large enough. Going forward, we will often

focus on the quantity tk,(G) rather than %, and call this the edge density

("2)
of G.

More generally, we have

Theorem 1.12. For any graph H = (W, F) with W = {wy,...,wi} and
any graph G = (V, E),

tn(G) = 11 XE(vi, vj)dp.
1<i<j<k{w;w;}eF

Note that, since these are finite spaces, integrals are really averages:

11 f iy vj)dpw,
1<i<j<k,{wiw; }EF
1

:W Z H f('Ui,’Uj).

{v1,0 0w YEVIWI 1<i<j<k[{w;,w; }EF
Motivated by this, we can define ¢ty for functions, not just graphs:

Definition 1.13. We say f : V2 — R is symmetric if, for all (v,w) € V2,
fv,w) = f(w,v).

When f: V? — R is symmetric, we define

wh=[ I e

1<i<j<k,{wjw;}EF

This precisely generalizes our definition for graphs: when G = (V, E),

ta(G) =tu(xe)
The reason we demand symmetry is:

Lemma 1.14. When f is symmetric, tg(f) does not depend on the ordering
of vertices W = {wi,...,wi}.

If f were not symmetric, the behavior of t(f) could be strange, since
the definition only includes f(v;,v;) in the product when ¢ < j. By swapping
the order of two vertices in the enumeration of W, we could replace some
f(vi,v;) with f(vj,v;); if f is not symmetric, this would change the value of
the product.
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For instance,

tes() = [ (o) f .29 2) .

But, since we do not attach any significance to the order of the vertices, this
should be equal to

[ Ha 0. 2) dps

One advantage of this notation is that it gives us a quick way to calculate
things like E(ty (R /2)): for the purposes of calculating expected subgraph
density, an edge which exists half the time (when the corresponding coin is
heads) is equivalent to a “weighted edge” which is always equal to 1/2. So
instead of looking at subgraph density in a random graph, we can look at
subgraph density in a function which is constantly equal to 1/2.

Theorem 1.15. Let f: V2 — R be the function which is constantly equal to
1/2. Then for each H = (W, F), there is a constant C so that

C
‘E(tH(Rl/Q)) - tH(f)‘ < v

Proof. Using the linearity of expectation, E(tg(Ry/2)) = W Yewoy E(1x)
where 1, is the indicator variable which is 1 if 7 is a copy of H.
When 7 is injective,

E(1;) =1-P(n is a copy of H) + 0 - P(r is not a copy of H)
o—IF|

= 11 f (i, vj).

1<i<j<k{w;w;}eF

So E(tu(Ry/2)) and ty(f) are both averages which agree on all the
injective m; since the non-injective m contribute less than ‘—g', we have

Etn(Ra)) — ()| < 7



1.4. COUNTING TRIANGLES 21

1.4 Counting Triangles

We now return to the question of when a graph “looks random”. Having
shown that a random graph should have about 1/8 of the possible triangles,
we would like to show that this is not enough to identify a graph as random:
that there are graphs which have 1/2 of the possible edges, 1/8 of the possible
triangles, and are still non-random.

Our approach will be to start with two graphs, both of which have the
right number of edges, but where one has too many triangles and the other
has too few. Then we’ll interpolate between these graphs to find one with
the right number of triangles.

We've already seen a graph with too few triangles: K,, ,, has about half
the edges, but no triangles at all. For a graph with too many triangles,
the “complement” of K, ,,, which we will call K, ,,, works: the graph (V U
W, (5) U ()

K, » has two pieces V' and W and all edges within V', all edges within
W, and none between the two parts. We could think of K,, , as the disjoint
union of the complete graph on V with the complete graph on W.

K, » has roughly half the edges, but about 1/4 of the possible triangles:
an ordered triple (vg,v1,v2) is a triangle in this graph as long as both
v1 and vy are in the same part as vy, so if we select a possible triangle
m:{0,1,2} - VUW, for any choice vy = 7(0), half the choices for 7(1) and
half the choices for 7(2) will give us an actual triangle.

We’ll combine these as follows. First, fix some value of n. We’ll work in
a graph with 4n vertices V' divided into four disjoint equally sized sets of
vertices, V = VU V1 U Vo U V3, each with n vertices. We’ll define two graphs
on these vertices:

e FEj consists of all pairs with one vertex in Vy U V3 and one vertex in
V1 U Va, and

« B = (VOL;VI) U (VQLQJVg’)—aH pairs with both vertices in Vy U Vi, or all
pairs with both vertices in Vo U V3.
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W V1 Vo Vi
Va V3 Va V3
E, B,

In these pictures, the lines mean that we have all edges between the two
parts, and the filled circles mean we have all edges within that part. There
are no edges within the empty circles, and no edges between parts with no
line between them.

Notice that Go = (V, Ep) is really K,, ,—the two parts are Vj U V3 and
Vi U Va. Similarly, Gy = (V, Ey) is really K, ,, except the parts are Vo U V;
and Vo U V3.

Next we define a family of partially random graphs interpolating between
these. For the purposes of this section, we will call these graphs G, for
p € [0,1]. G, = (V,E,) will be a graph on the same set of vertices V =
Vo U Vi UV, U V3. For each pair {v, w}, we flip a weighted coin which comes
up heads with probability p and tails with probability 1 — p. If the coin
comes up heads, we place the edge in E, if it’s present in E;. If the coin
comes up tails, we place the edge in E,, if it’s present in Ey. As usual, all
the coins are flipped independently.

It is convenient to represent G, with a grid

Vo i Vo Vs
VWl p 1 1p O
Vil l p 0 1-p
Vollp O p 1
Vo 0 1-p 1 p

which indicates that we have all the edges between Vj and V; (because
those edges are present in both Gy and G1) but none of the edges between
Vi and V5 (because those are absent in both Gy and G1). Each edge within
Vb has probability p of being included—that edge is only present in Gy, so
only appears when the coin for that pair comes up heads, while each edge
between Vj and V5 has probability 1 — p of being included, because it only
appears when the coin for that pair comes up tails.

Analogously to the way we counted densities in the random graph using
a function constantly equal to 1/2, we can count densities in G, using a
function f, which reflects the grid above.
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Theorem 1.16. Let Gy, be the randomly generated graph defined above. Let
fp: V2 —[0,1] be the function given by

1 if(v,w)E(V()XVﬂU(Vl><V0)U(V2><V3)U(V3><V2)
£ (0, w) = p if (v,w) e (Vo x Vo)u (Vi x V1)U (Vo x Vo) U (V3 x Vs)
A 1—p Z:f(’U,’U))G(%XVQ)U(VQX%)U(VlX‘/E;)U(‘/:‘;X‘/i)

0  if (vyw) e (Vo x V3)U (Vg x V) U (Vi x Vo) U (Vy x V)

Then for any H = (W, F), there is a C so that |E(tg(Gp)) —tu(fp)| < 4k

.

Vb\ \Vl
l—p 1-1
The function f, looks like this: . . where the gray
Vo Va
fo

circles indicate that the vertices in these are present with probability p, edges
between the parts connected by dashed lines are present with probability

1—p.
Proof. The method is the same as the one we used in the previous section:

B(tn(Gy) = ;O B(L)
W=V

where 1, is 1 if 7 is a copy of H and 0 otherwise.

When 7 is injective, E(1r) = [T{w,wier E(L{r(w)r(w)}) Where L) x(w))
is 1 if {m(w),7(w')} is an edge in G, and 0 otherwise. Since f, is exactly
defined so that E(1y, ) = fp(v, w), we have

1 1

E(tu(Gyp)) = VWi mW%V;njeCtive {w’queF fp(m(w), m(w')) + O(m)
= talfy) + Ol ).

We also have
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Theorem 1.17. For every € > 0, every 6 > 0, and every finite graph
H = (W, F), whenever n is sufficiently large,

P ([t (Gp) = E(ta(Gy))| <€) = (1 = 9).

Proof. This is the same argument using McDiarmid’s inequality as for the
random graph: the quantity tg(Gp) is a function of the random variables
1;,,w) with the property that changing any single edge can only change

w 2 Y |[W|—2 w 2
tr(Gp) by at most | ‘\“/I‘L"‘ = ||V||2 )

So, by McDiarmid’s inequality, the probability that ¢z (G,) differs from
E(tr(Gp)) by more than e is at most

2(2

- Wiy (w2 2v|?
2¢ (2)<IV‘2) <2 W,

In particular, when n = |V|/4 is sufficiently large, the probability that
[t (Gp) —E(tn(Gyp))| > €is < 0. O

Theorem 1.18. For any € > 0, when n is sufficiently large, with probability
> (1—e):

o |tk,(Gp) —1/2| <€, and
o lte;(Gp) — (0 —2p* +3p)| <.

Proof. Combining the previous two theorems, it suffices to show that tk, (f,) =

1/2 and tc,(fp) = £(® — 2p* + 3p).
For the first claim, tx,(fp) = [ fp(v, w)dpa. The four components Vp, Vi,
and so on are symmetric, so

/fp(rU?w)d,U/? =4 fp(vaw)dNQ

VoxV
= 4( fp(v,w)dps + fp(v, w)dpsz
Vox Vo VoxW1
+ fp(v7w)dﬂ2 + fp(vaw)dNQ)
VoxVa VoxV3
= 4(pp(Vo x Vo) + (Vo x V1) + (1 — p)u(Vo x V2) + 0u(Vo x V3))
p 1 1-p
TS T
(4 + 4 + 4 )

=1/2.
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The calculation of tc,(fp) is similar but more complicated. Again, the
symmetry of the four components means it suffices to consider the case
where the first vertex is in Vj; this leaves 16 cases, which is tedious but not
infeasible, especially when we combine symmetric cases:

tes(fy) = [ Folaws )yl w) (v, w)dpy

=4 fp(u7 U)fp(u7w)fp(v7w)d:u’3
VoxV xV
=4 (/ fp(u’v)fp(uvw)fp(vvw)d/‘?) + 2/ fp(u’ U)fp(u’w)fp(v’w)d:ufi
VoXVoXVO V0><VQ><V1
+ 2 Vo x Vo x Vi fp(u7 v)fp(“v U))fp(’l), w)dﬂ3 + 2 Vox Vox Vs fp(u7 U)fp(u7 w)fp(”v w)d,u{i
+ fp(ua U)fp(u’w)fp(vvw)du?) + 2/ fp(uvv)fp(ua w)fp(va w)d:u3
V0><V1><V1 V0><V1><V2
+2 fp(%v)fp(uvw)fp(vaw)dﬂi% + fp(uvv)fp(ua w)fp(vaw>d,u3
Vox Vi xVs VoxVaxVa
+2 fp(uvv)fp(uﬂ w)fp(v7w)d/~”3 + fp(u7 U)fp(uvw)fp(%w)d:ui;)
VoxVoxVa VoxV3x Vs
=4%(p3+2p+2p(1 —p)*+0+p+0+0+p(1—p)>+0+0)
= é(p3 —2p° + 3p).

O]

Of course, G should just be the graph G; we started with, so we are
not surprised that tc,(G) is 1/4; similarly, Go should just be the graph Gy,
SO th(GD) =0.

But since E(tc,(Gp)) is continuous in p, there must be some value
p* € (0,1) so that E(tc,(Gp+)) = 1/4.

So the graph G« more closely resembles a random graph. But it still has
some distinctly “non-random” features: the components Vy, Vi, and V3 are
all large sets, each with a quarter of the total vertices, but there are no edges
at all between V and V3, while every edge between 1 and V; is present.

This is suspicious, and indeed, we can rule it out:

Theorem 1.19. For each € > 0 and 6 > 0 there is a C so that, when V is
sufficiently big, with probability > (1 — ), for all subsets X CV,Y CV
with | X| > Cln|V|] and |Y| > Cln|V]|,

RipN(X xY)| 1

— —| < €.
X[ Y] 2| = °
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This says that in a random graph, we expect to have the property that
not only are about half the edges present, but whenever we look at subsets
X and Y which aren’t too tiny, the “edge density” between X and Y is also
close to one half.

Note that by Rj/s N (X x Y), we mean the set of ordered pairs (,y)
such that z € X, y € Y, and {z,y} € Ry /5. In particular, if v,y € X NY,
this means the pair (z,y) should be counted twice—once for the order (z,y),
and once for the order (y, z).

Proof. The idea is that if we pick a single pair of sets X and Y in advance,
we expect close to half the edges in X x Y will belong to Ry/. If we
then look at many pairs of sets, each pair of sets has a small probability of
“being defective”—of having either too many or too few edges between them.
Exactly how small that probability is depends on the sizes of X and Y—it is
some value p(|X|, |Y]). (More precisely, the probability depends not just on
|X| and Y|, but on | X NY|. We will take p(|X|,|Y]) to be the maximum of
this probability over possible values of | X NY|.)

So we could fix sizes x and y, consider all pairs of sets where | X| = = and
|Y| =y, and ask what the probability that there is at least one “defective”
pair X and Y with |X|=x and |Y| = y. At worst, this is (“;‘) (‘Z‘)p(a:,y)—
that is, at worst, the probability that there is at least one defective pairs is
the number of pairs times the probability that an individual pair is defective.
(This is called the union bound.) There is a bit of a tradeoff: when we make
x and y are small relative to |V, (“;') and ("y/‘) get small, but p(x,y) gets
bigger.

Furthermore, we want to consider all pairs z,y > C'In|V|, which we do
by using the union bound again: (“;') (%')p(m, y) is an upper bound on the
probability that there is a defective pair with |X| = z and |Y| = y, so (using
the union bound again)

%4 |4
> <|x|> (‘ ’)p(x,y)
z>Cln|V|],y>Cln|V| Yy

is an upper bound on the probability that there is any defective pair. The
bound C'In |V| comes from doing out the calculations and figuring out how
big x and y need to be to keep this sum small.

To find the actual value of p(x,y), suppose we have arbitrary sets X and
Y with |X| =z and |Y| = y. By the same arguments we used for the whole
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graph Ry /5, we see that

’Rl/zﬁ(XXY)‘ 1
E( i Z Lieyy

Y Yy (z,h)EXXY
=1/2.

.. |R XxY)| . .
The quantity W is a function of at least “! random

variables (accounting for the worst case where X = Y'); changing a single
edge affects the total by at most a%y (since the edge is counted at most twice).
So by McDiarmid’s inequality,

z(y—1
(y2 )2

P RippN(XxY)| 1
Y

> e) < 2e 2%y,

So the probability that there is at least one “defective pair” in Ry ,—that
is, the probability that there are some sets X and Y with |X| > C'In|V| and
Y| > Cln|V| so that

> €

Rizn (X xY) 1
Ty

Z <|V’> <|V|>26—252zy.
z>Cln|V],y>Cn|V| r Yy

Using Stirling’s Approzimation, we have the bound (}) < (%)k, =)

|V‘ ’V| < e:r:ln|V|+yln|V|+x+y_
T y )

Then the probability that there is at least one “defective pair” is at most

is at most

Z e In|[V]+yIn |V|+:c+y26—2e2zy
z>Chn|V]y>Cln|V]|
_ Z 2€x(1n|V\+1)+y(1n|V\+1)—2e2zy
z>Chn|V]y>Cln|V|
= Z 9062 (@(n [VI+1-y)+y(In |V|+1-z)
2>Cln|V],y>C1n|V]|
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By taking C' a bit larger than 1/4/2¢, we can bound this by:

Z 2662(17(11”1|V|+1*y)+y(1n|V|+17I)
2>Cln|V],y>Cln|V]|
-5 n|[Vi(z+y)
< > 2e V2
2>Chn|V|],y>Cn|V]|
2
< Z QefﬁeCln V]

z>Chn|V|],y>Cn|V]|
2
< Z 2e~ VI
z>Cln|V|],y>CIn|V]|
2
SQ\V!Qe_ln \V|

In particular, when V' is large enough, the probability is less than 4. O

|Gp* ﬂ(V0><V3)|

T = 0, which

So the graph Gy~ still does not resemble Ry /s:
would be very unlikely in Ry /5.

1.5 Counting Cycles of Length 4

Another way to try to distinguish G+ from R/, would be to investigate
other subgraph densities. The next natural density to find is the graph Cy,
the cycle of length 4:

Definition 1.20. C, is the graph with 4 vertices and 4 edges arranged in a

cycle:

We could also call this graph Ks 2, and sometimes that perspective is
more useful: there are two pairs of vertices, {x, 2’} and {y,y'}, and the edges
are exactly those with one vertex from each pair.

Theorem 1.21. For each € > 0 and § > 0, when n is sufficiently large, with
probability > 1—6, |tc,(Gp) — 2(p* — 2p> 4+ 3p® — 2p+ 1)| < € (where G, is
the graph from the previous section).

Sketch. Again, it suffices to show that tc,(f,) = §(p* — 2p® + 3p? — 2p +1).
The calculation is still a little tedious: since

tc4(fp) :/fp(xay)fp(:U?x/)fp(x/?y/)fp(y/7x)d/1/4v
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there are 4% cases to consider, depending on which of the four parts the
four vertices belong to. Using symmetry, it suffices to consider only the case
where u € Vp:

o) =4 [ Bla ) o) e )0 @)

which leaves us with “only” 64 cases to consider. Considering each of these
cases in turn will give the stated polynomial.

O]

As it happens, that means that tc,(Gp+) ~ 0.07123, which is not the
1/16 that we would expect in a random graph. Indeed, there is no value of p
which gives E(tc,(G,)) = 1/16: the polynomial £(p* — 2p® + 3p? — 2p + 1)
achieves its minimum when p = 1/2, and even then, it is equal to 9/128. So
no matter what p is, G, will (with high probability) have too many cycles of
length 4 to be a truly random graph.

This turns out to be general: there are no graphs with too few copies of
Cy.

Lemma 1.22. For any graph G,

te,(G) = (t, (G)™.

Proof. This follows by a couple applications of a simple form of the Cauchy-
Schwarz inequality.

Theorem (Cauchy-Schwarz).

[ s@ad < [1rep
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(tk, (G (/XE z,y) duz>4
(/[ xetepautoyants)’

(/ ([ et iutn) i)
(//XE (, y)dp(y /XE @,y )du(y’)du(w))2
2

(/XE T, y)xE(® y)d,u3>
(/ (/XE z,y)xe(x,y ) du(x )> dﬂ2(y,y/)>2

/(/XE z,y)xe(,y )du(z ))Qduz(y,y’)
/

IN

IN

xe(@, y)xe(@, v )xel@ y)xe@, y)du
c,(G).

O

In graphs with very few edges (for instance, a “perfect matching” with
2n vertices and n edges where each vertex has exactly one neighbor), this is
a little counterintuitive—it depends on the fact that our definition of ¢, (G)
includes “degenerate cycles” in which x = 2’ and y = 3/. However this
only matters in very sparse graphs (the perfect matching has edge density
tk,(G) = £-). In the case we are mostly interested in, where tg,(G) is some
fixed real number p € (0,1) and n is quite large, there are at least p*n*
copies of Cy, of which at most around n® are degenerate, so the degenerate
copies contribute only a small error term to tc,(G).

This lemma rules out any hope of repeating what we did for triangles:
we can’t find a graph with too few copies of C4 to balance against a graph
with too many.

Instead, we’ll take the idea that graphs with the correct number of copies
of Cy4 really are special in some way, and our goal for the rest of the chapter
will be to explore what properties they have. Towards this, we define:

Definition 1.23. A graph G = (V, E) is e-quasirandom if

ltc, (G) — (tk, (G))*] < e.
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We have written this with an absolute value to emphasize that the point
is that tc, (G) is close to (tk,(G))*; however, because of the previous lemma,
it is equivalent just to have tc, (G) — (tk,(G))* < e.

Although we have only discussed R/ so far, it is not a big jump to
generalize to the graph R, which is generated by independently flipping, for
each pair {v, w}, a weighted coi which comes up heads with probability p
and including this edge if the coin comes up heads.

Our choice of the name “quasirandom” indicates that when ¢c,(G) ~
(tx, (G))?*, tk,(G) = p, and G has a large number of vertices, G is supposed
to resemble R, a claim we will justify below.

Note that being quasirandom is a very different sort of property than
being random. R /5 is not a particular graph, nor even a property of a graph:
it is a method of producing a graph. If we encounter a graph “in the wild”, it
is not meaningful to ask “is this graph Ry 577; all we can ask is the question
we have been asking: how does this graph resemble, or fail to resemble, a
typical graph generated according to Ry /s.

By contrast, quasirandomness is a conventional property of graphs; a
given graph either does or does not have the property of being e-quasirandom.

At a minimum if the terminology is reasonable, when a graph is generated
randomly, it should, with high probability, be quasirandom.

Theorem 1.24. For every e > 0, every § > 0, and every p € (0,1), when V
is sufficiently large, Ry, is e-quasirandom with probability > (1 — ¢).

Proof. We can choose ¢ so that if |a — p| < € then |a* — p*| < €/2. By the
same argument using McDiarmid’s inequality as in Theorem when V is
big enough, the probability that both

It (Rp) — E(tk, (Ry))| < €

and
ltc, (Rp) — E(to, (Ryp))| < €/2
is > (1—9).
Let f, be the function which is constantly equal to p. Then

E(tk,(Rp)) = tk, (fp) = p

*A theoretical weighted coin, since such a contraption is not possible in practice, as
discussed in [69]
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and

E(tC4 (Rp)) = tC4 (fp) = /fp(aja y)fp(yv .Z‘/)fp(l‘/, y/)fp(yla $)d[£4 = p4'
Therefore, with probability > 1 — §

teu (Ry) = (1, (Ry))?| < [te, (Ry) — |+ (i (Ry))! = p| < e/2+¢/2 = €.

O]

1.6 Quasirandom Graphs

We now turn to justifying the name “quasirandom”, showing that quasiran-
dom graphs really do resemble random ones.

First, as something of a warm-up, we show that in a quasirandom graph,
the edges are evenly distributed—most vertices have the same number of
neighbors.

Definition 1.25. When G = (V,E) isa graphand z € V, E;, = {y € = |
{z,y} € E} is the neighborhood of .

The (normalized) degree of x in G = (V, E) is degg(z) = ‘ﬁf‘.

Note that degg(x) = [ xE(x,y)du. (Usually the degree would be |E;|,
but the normalized version will be more useful for us.)

Theorem 1.26. For every € > 0 there is a § so that if G is 0-quasirandom
and tx,(G) = p € [0,1] then the set of x such that

|degg(z) —p| > €
has measure < €.

Proof. We’ll prove the contrapositive. Suppose the conclusion fails, so
tk,(G) = p but there is a set S C V such that u(S) > € and, for each z € 5,
|degs(z) —p| > €. Then we wish to show that the graph has too many copies
of C4. We will do this by first counting an intermediate shape, the V-shaped

graph v consisting of three vertices {1,2,3} with {1,2} and {1,3} as
the only edges. We will show that we have too many—that is, more than
p?—copies of this V-shaped graph, and then use Cauchy-Schwarz to conclude
that we have more than p* copies of Cy.

Our integral notation helps us focus on the “deviation” from the copies
that would be present in a random graph. We define f(z,y) = xg(z,y) —
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p, the “balanced” version of xg, so that, in particular, [ f(z,y)dus =
I xe(®,y) — pduz = 0. Then, writing xg(z,y) = p + f(z,y), we can
calculate

[ xe@ et 2)dus = [0+ f@p) o+ )

=p’+ 2p/f($,y)du2 +/f(w,y)f(:v32)du3.

The p? term accounts for all the copies of the V-shaped graph which we
“should” have in a quasirandom graph. The second term vanishes since
[ f(x,y)dpe = u(E) —p = 0. So it suffices to show that our assumption
about the set S will force [ f(z,y)f(z,z)dus to be non-zero.

We can give a bound

[ t@ @i = [ ([ 5)duty) )
= [ ([ xee.) = pdu(w)*du(a)
— [ (desg(w) — p)dp

> [ (degg (@) — p)%dn
> p(9)e®
> €.

Putting these together, we have
/XE(%?J)XE(% 2)dps > p* + €.

Now we use Cauchy-Schwarz:

0@ = [ ( [ et v)xete, an)) dpsty.2)

2
> ( / m(ac,y)xE(x,z)dug)
> (p2 + 63)2
> pt + €C.

So we see that G cannot be e8-quasirandom. O
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Using this, we will now show that quasirandom graphs satisfy a weakened
form of Theorem [[.T9 That theorem showed that when X and Y are
sufficiently large subsets of V' (of size > C'ln|V| for some constant C),
%# is approximately 1/2. We will show the same property in
quasirandom graphs, but only when X and Y are much larger.

Definition 1.27. When G = (V, E) is a graph and X C VY C V|, the edge
density between X and Y is dg(X,Y) = %

Theorem 1.28. For every € > 0 there is a 6 > 0 so that whenever G = (V, E)

is 0-quasirandom with tx,(G) =p, X CV,Y CV, and % > € and % > €,

|de(X,Y) —p| <e

Proof. Suppose G is d-quasirandom for a sufficiently small §, and consider
any sets X C Vand Y CV with pu(X) > eand u(Y) > e

Then, as in the previous proof, we will show that there are too many
copies of C4. Again, we evaluate tc,(G) by looking at the deviation of xg
from the function which is constantly equal to p. Let f(z,y) = xg(z,y) — p.
Then

te,(G) = / xe(@,y)xe(y, s )xe(@ v )xe(y', ©)du,
= [(@) =P w.a) =P ) = D))~ pdps
=p4+4p/f(w,y)f(y,w’)f(ﬂc’,y’)dm +4p2/f(w,y)f(y7z’)du3

1 2p? / Fly) F@'y)dpa + 4p° / @, y)dpz + oy (f).

Again, p* accounts for all the copies of C4 we should have. tc,(f) will
have to be non-negative (it is an integral of the square of a quantity), so it
will suffice to show that it is large, and that the middle terms are all small
enough that they do not cancel out tc,(f).

Consider a typical middle term,

[ F@n @)@ i = [ 1) (.0 dego@) — p)ds,

Using the previous theorem, since G is d-quasirandom for some small enough
§, we can ensure that there is a set S such that u(S) < €'2/56 and, for = & S,

|degg(z) — p| < €/56, s0 | [ f(z,y)f(y, ') (degg(z') — p)dus| < €'2/28.



1.6. QUASIRANDOM GRAPHS 35

The same holds for the other middle terms, so we have

e, (G) = (0" + te, ()] < €2/2.

What remains is showing that ¢c,(f) is large. For convenience, let us
abbreviate

F(z,2,y,y") = f(z,9) f(y,2") [, y) (v, @)
First, we split into four cases, based on whether  and 2’ are in the set X
that we began with:

te,() = [ Flaal,y.y/
= [ Pla.a o @)dng
+2/F(1‘,ar’,y,y’)XX(w)XV\X(w')dm

+/F(%!E/,y,y/)XV\X(ﬁ)XV\X(fﬁl)dM'

Since

/F(xvx/’yvy/)XV\X(x)XV\X(I/)d/M = /(/f(JUay)f(yvxl)dﬂ)2XV\X(x)XV\X(x,)de

and

[ Py o @hans@din = [ £ s a)dno @@ s

we have
te,(F) > [ Flaa sy )o@ du

because the other two integrals are integrals of squares, and therefore non-
negative.

We then do the same split on the other variables, based on whether y
and y' are in the set Y, and then use Cauchy-Schwarz twice:

to,(f) > /F(ﬂfva’,yvy’)Xx(w)XX(x’)dm

> /F(ﬂf,w’,y,y’)XX(w)Xx(x’)Xy(y)XY(y')dm

(/f T, y)X (y)du>4

(de(X,Y) —p)p (X)M(Y))4

> (
> Sdp(X,Y)%
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Therefore
te,(G) > p* +to,(f) — €2/2 > p* + Sdp(X, V) — 2/2.

In particular, since G is é-quasirandom, when § < €'2/2, we must have
Edp(X,Y)* — €12/2 < €!2/2 and therefore dp(X,Y) < e. O

This property is useful enough to merit a name.

Definition 1.29. G = (V, E) is e-regular if whenever X C V| Y C V with

1X] - [Y]
> eand 151 > €
V] = Vi ="

‘dE(X7Y) _p‘ <€
where p = tx, (G).
So Theorem [1.28| can be rephrased

Theorem Rephrased. For every e > 0 there is a § > 0 so that if G
is 0-quasirandom then G is e-reqular.

d-regularity turns out to be a useful property to work with. In fact, we
can use it to show that if a graph has roughly the same number of copies of
C4 as a random graph then it has roughly the same number of every small
graph.

We illustrate the main idea by counting triangles.

Theorem 1.30. For every € > 0 and every p € [0,1] there is a 6 > 0 so that
whenever G = (V, E) is §-quasirandom with tx,(G) = p and V' is sufficiently
large, |tc,(G) — p?| < e.

Proof. Suppose G is d-quasirandom for some ¢ small enough (based on
the calculations to follow), and we assume that € is much smaller than p
(otherwise we can replace it with a smaller € and obtain a stronger conclusion).

For each z, let E, = {y | {z,y} € E}, so degg(x) = p(E;). Then,
for most =, u(E,) ~ p by Theorem [I.26] Furthermore, by Theorem [1.28]
dr(E;, E;) ~ p. But a triangle whose first vertex is z is exactly an edge
between E, and itself, so there are about p? triangles whose first vertex is
x. Since this holds for most vertices, it should give us the right number of
triangles.

More precisely, by Theorem there is a set S with p(S) < €/2 such
that, z ¢ S, |degg(x) — p| < €/6p. We can divide tc,(G) into those triangles
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whose first vertex is in S and those whose first vertex isn’t: So
toy(G) = /XE(%?/)XE(J%Z)XE(yaZ)d#?)
= [xns@xe@ st xe, i+ [ xs@xs(eyxe@ e, 2)dus

= [ ns@R(ED (e Eddis + [ xs(@)xe(a v)xe(e. )y, 2)dus.

Since S is small, there aren’t many triangles whose first vertex is in S:

[ xs@xae.p)xe@ Dxe(. 2)dps < n(S) < /2

On the other hand, by Theorem with X =Y = E,, we also have
|dg(Ey, Ey) — p| < €/6p. So

| [ (@B (B, B)dus - p°

< |+ ¢/6p)*(p + ¢/6p) = b

< 3pe/6p
<€/2.

te, (@) = 9| <«
O

This generalizes to all subgraphs, which perhaps explains what the
quasirandom graphs look sufficiently random to merit the name.

Theorem 1.31. For every finite graph H = (W, F), each € > 0, there is
ad >0 so that if G = (V, E) is §-quasirandom with tk,(G) = p, [ty (G) —
tKZ(G)‘FH < €.

The main idea has already appeared in the previous proof: we want to
prove this by induction on H, showing that quasirandom graphs have the
right number of copies of larger and larger graphs. The difficulty is that the
induction hypothesis needs to be strengthened: it isn’t enough to know that
G has the right number of copies of H: we need to be able to start with a
copy of some subgraph of H and be able to extend it to the right number
of copies of H. We already saw this issue in the previous proof: it wasn’t
enough to know that there are the right number of edges; we needed to know
that most vertices x have the right number of neighbors.
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Rather than work out this notationally messy induction now, we will
postpone the proof until much later when we will have some additional tools
to simplify it.

While we used quasirandomness in the proof, we could actually have used
regularity instead. In particular, d-regularity for sufficiently small § implies
tc, (G) ~ p*, which means

Theorem 1.32. For every € > 0 there is a 6 > 0 such that whenever
G = (V,E) is d-regular and V is sufficiently large, G is e-quasirandom.

This means that quasirandomness and regularity are, in some sense,
equivalent. The proof is essentially a step in the proof of Theorem [1.31] so
we defer it to later as well.

1.7 Sequences of Graphs

One inconvenience of e-quasirandomness is that it’s always an approximate
notion—a finite graph can be e-quasirandom, but never just quasirandom.

We can address this by considering, instead of individual graphs, sequences
of graphs:

Definition 1.33. A sequence of graphs (G,,) is quasirandom if, for each
€ > 0, there is an m so that whenever n > m, GG, is e-quasirandom.

So a quasirandom sequence of graphs is a sequence that is “getting more
and more random”. Since e-quasirandomness can’t be small, this implies that
the graphs in the sequence must be getting larger and larger.

Then the results in the previous section can be stated:

Theorem 1.34. Let (Gy,) be a sequence of graphs with p = limy,_o tk, (Gr).
The following are equivalent:

e the sequence is quasirandom,
o for every finite graph H = (W, F), lim,, o0 tg(Gr) = plFl,
o limy, o0 tcy (Gn) = p4~

1.8 Digression: Spectral Graph Theory

The previous section suggested two perspectives on quasirandom graphs: the
counting perspective based on tc,(G), and an “equidistribution” perspec-
tive based on showing that edges are evenly distributed, in the sense that
dp(X,Y) ~ p whenever X and Y are large sets.
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We now describe a third perspective, in terms of eigenvalues associated
to a graph.

When FE is a graph on V, we can associate a symmetric |V| x |V| matrix,
the adjacency matriz, whose value at (z,y) is 1 when {z,y} € E, and 0
otherwise. We can describe the same idea in more abstract terms.

The space of functions from V' to R is a |V| dimensional vector space.
Furthermore, it has a natural choice of inner product and a corresponding
norm:

Definition 1.35. If f,g: V — R then (f,9) = | f(z)g(z)dp and ||f||z2 =
(£, ) =/ J(f(2))*dp.

Then a graph—and, more generally, a symmetric function—gives us a
linear transformation on this space:

Definition 1.36. When h : V? — R is a symmetric function, we associate a
linear transformation Tj,: given f:V — R, we define Ty f : V — R by

(Tf)@) = [ hla.y)f ()dn(y).

When h = xg, we write T instead of T} .

Ty f has an asymmetry between the variables, but this vanishes when we
look at the inner product:

(Thf.9) / h(z, y) f(x)g(y)dps.
The symmetry of h means that T}, is self-adjoint:
Lemma 1.37. T}, is self-adjoint; that is, (ITnf,g) = (f,Thg)-

This means the Spectral Theorem applies.

Theorem (Spectral Theorem). Let T be a self-adjoint operator on an
n-dimensional vector space. Then there exist eigenvalues (not necessarily
distinct) \1, ..., Ap and vectors fi,..., fn such that:

o foreachi<mn, ||fill2 =1,
e foreachi<n, Tf; =M\fi,

o for eachi < j<mn, (fi,f;) =0.
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Furthermore, the values \; are unique and, for each \, the space generated
by {fi | \i = A} is uniquely determined.
In particular, the vectors fi,..., fn form an orthonormal basis.

For example, recall our bipartite graph K,, ,,, consisting of two pieces, say
X and Y, with n vertices each, and exactly the edges between those two parts.
Then A; turns out to be within O(1/|V]) of 1/2, and the corresponding f; is
the function which is constantly equal to 1.

The next eigenfunction explains the bipartite structure: f, is the function
which is 1 on one of the pieces and —1 on the other. Then

A2 = (Tef2, f2)
= [ xe(@ ) @) o)

= 0-1-1dus + 1-1-—1dus + 1-—1-1dus + 0-—1-—1dus
XxX XxY Y xX Y XY
1

3"

In fact, these two eigenvalues completely explain the space—all other eigen-
values are 0. To see this, observe that we can write

xu(2,9) = 5 Fi(e) ) — 5 2() o).

The fact that we can write yg as a weighted sum of the eigenvectors is
not a coincidence.

Theorem 1.38. When \i,..., A\, and f1,..., fn are the eigenvalues and
eigenvectors associated to Ty, h(z,y) = 3 i<, Nifi(®) fi(y).

Proof. First we show that h and >,.,, A\; fi(z) fi(y) give the same operator.

Consider any g : V — R. Since the {f;} form an orthonormal basis, we
can write g(x) = Y., ¢ifi(xz) for some unique sequence of coefficients ¢;.
Then we can check that

[ hem)gwduty) = [ ) Y e @)duty)

=Y / h(z,y) fi()dp(y)

= chifi(w)

i<n
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while, similarly,

/(Z )\ifi(m)fi(y)) 9(y)du(y) :/ (Z )\ifi(x)fi(y)) (Zcz-fi(y))dﬂ(y)

=S % [ M@ s wdu)
i<n j<n
=Y S ehfile /fl )5 ()dp(y).
i<n j<n

But [ fi(y)fi(y)dp is 0 if i # j and 1 if ¢ = j, so this last line is equal to
> cidifi(w)
i<n

as well.

The equality as transformations is really the important fact, but we can
use this to show that these are literally the same as functions as well. Start
with any yo € V and consider the function x,,; which is 1 on yo and 0
everywhere else. Then

1

But that means that
1
/ (Z)\ fz ’L ) X{yo}( ) (y) = mh(fnayﬂ)
i<n

as well, which means that 7, \; fi(%) fi(yo) = h(x,yo) for every x. Since
this holds for every yq,

D Xifi(@) fily) = h(=z,y).

i<n
O]

This gives a convenient proof of the standard result relating the trace of
a matrix to the sum of its eigenvalues:

Theorem 1.39. Ifh : V2 — R is symmetric and A1, . .., \, are the associated

etgenvalues,
/h(x,x)du = Z i

i<n
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Proof. This follows from the previous theorem since

[ )i = [ S xifia)fie)dn

i<n

=3 [ (fila))Pdn

i<n

:ZAi

i<n
since each f; has norm 1. O

It is also not a coincidence that the largest eigenvalue of K,, , was equal
to 1/2—it will always be the case that when deg(z) is constant, the largest
eigenvalue is equal to this constant. More generally, we obtain a lower bound
on the largest eigenvalue:

Lemma 1.40. When )\ is the largest eigenvalue (in absolute value) of Tp,
(A1l =ty (h).

Proof. Consider the function g(x) which is constantly equal to 1. Then

(Thy, 9) = /h(mvy)g(w)g(y)dm = /h(x,y)duz = tK,(h).

We can stop here if we invoke a standard fact about eigenvalues, that the
largest eigenvalue A\; satisfies |\;| = max, (Thu,u) where u ranges over the
unit vectors: since ¢ is a unit vector, |Ai| > (Thg, g) = tk,(h).

If we do not wish to invoke this, we can show that |A;| > (Thg, g) by
writing ¢ in terms of the orthonormal basis fi,..., f,: for some choice of
constants ¢;, g(z) = Y.;<,, ¢ifi(z), and we have

1= [ (g(a)dn

- (ger0) (o)

i<n i<n
= Z Z CiCj/fi(fﬂ)fj(fU)dM
i<n j<n

—ye

i<n
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Then

tk,(h) = / h(z,y)g(x)g(y)duz

:/ (Z Aifi(x)fi(y)) (Z ijj(w)) (Z Ckfk:(y)) d

i<n i<n k<n

=> N (/Ziji(x)fj(x)du) (/ > Ckfi(fﬂ)fk(y)du)

i<n i<n k<n

= Z Nic?

i<n
<)o
i<n

= |A1].

The connection to quasirandomness comes from the observation that
tey(1) = [ b )h(y, 2 V(g )ty 0)da = [ @, )dn

where h'(z, 2) = [ h(x,y)h(y, 2" )h(z',y")h(y, 2)dus (2, y,y"), and therefore
tc, (h) will be the sum of the eigenvalues of h*. We call this function h*
because it corresponds to the fourth power of the matrix corresponding to
h, and we have another standard fact about the relationship between the
eigenvalues of h and the powers of h:

Theorem 1.41. e When h: V2% — R is symmetric, (Tj,)* = Tj,2 where
h?: V2?2 = R is a symmetric function given by

W) = [ B2 p)du(z).

o If Mi,..., n and fi1,..., fn are the eigenvalues and eigenvectors asso-
ciated with h then \2,..., )2 and fi,..., fn are the eigenvalues and
eigenvectors associated with h?.
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Proof. For the first part, observe that for any f:V — R,

(@) = [ bl ) (TN )] dply)

_/hxy[/h% ()| du(y)
:/</M%mMydW@0f&MM@
— [ 1.2 f ().

For the second part, observe that for each eigenvalue f; of h,

(@2 1)(@) = [ h¥(a.y) i) duly)

_ / (/ h(m,z)h(z,y)du(z)) fi(y)du(y)

:/h(x,Z)h(Zay)fi(y)dM2(va)
:/h(:c,z)(Thfi)(Z)dH(Z)

= [ bl ) fiz)dn(z)
= Xi(Tnfi)(x)
= X fi(z).
O

This allows us to prove that a graph is quasirandom exactly when all the
eigenvalues other than the largest eigenvalue are small. (Where A; is always
the largest eigenvalue, and we always mean largest in the sense of absolute
value.)

Theorem 1.42. G = (V, E) is d-quasirandom if and only if
(M =t (G + > A <.

1<i<n
Proof. Observe that
te, (G) — ti, (G) = DN — ti, (G
i<n
=\~ (G)) + D0 AL

1<i<n
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We are usually not concerned with the exact quantity (A — tx,(G))* +
dl<i<n )\f—the point is that G is d-quasirandom exactly when two things
happen: first, \; is close to tk,(G), and second, the remaining eigenvalues
are all small.

1.9 An Example: The Payley Graph

It is possible to have graphs constructed in a completely deterministic way
which are nonetheless quasirandom.

Definition 1.43. When ¢ is a prime with ¢ =1 mod 4, the Paley graph Qq
is the graph with vertices {0, 1,...,q — 1} where {x,y} is an edge precisely
when x — y is a quadratic residue modulo ¢ (that is, x — y # 0 and there is a
k so that k? =z —y mod q).

It is a standard fact about quadratic residues that when ¢ is a prime with
g =1 mod 4, —1 is a quadratic residue, and therefore x — y is a quadratic
residue exactly when y — x is. (This is not the case when ¢ =3 mod 4, so
we need ¢ =1 mod 4 to make @, symmetric.)

Half the elements of {1,...,q— 1} are quadratic residues, so each element
of Q4 has q;—l neighbors. In particular, this graph has density

1 1

tK,(Qq) = /XQq (z,y)dp = 3 3g

which approaches 1/2 when ¢ is large.

Theorem 1.44. For every § > 0 there is a qo so that when q > qo s a prime
with ¢ =1 mod 4, Qg is d-quasirandom.

Proof. Let us write Q, = (V,E), so V ={1,...,¢— 1}. If Q, is going to be
quasirandom, each pair z,y should have about ¢/4 neighbors in common.
Recall that, for xz € V', E, is the set of neighbors of x.

Rather than looking directly at £, N E,, we can look at those z which
are neighbors to either both x and y or neighbors to neither

Cz,y)={z]|z€ E;NEyor z € E; NE,}.

That is, C(z,y) = {z | xg,(2) + x&,(2) =0 mod 2}.

The product of two quadratic residues is also a quadratic residue, and
the product of non-quadratic residues is also a quadratic residue. (To see
this, recall that Q; ={1,...,q— 1} is a group under multiplication, and the
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quadratic residues form a subgroup of index 2, so the non-quadratic residues
are the other conjugacy class.)

So, given vertices z and y, the value ==

2=y

is a quadratic residue if either
z —x,z —y are both quadratic residues, or neither is—that is, i:z is a
qudratic residue exactly when z € C(z,y).

Assume x and y are distinct. There are %(q — 1) quadratic residues a. If
a = 1, we cannot have 2:5 =a. Ifa#1, z:; = a exactly when z = =2,
So for each of the %(q — 1) — 1 choices of a to be a quadratic residue other
than 1, there is a corresponding vertex which is either a neighbor of both z
and y, or a neighbor of neither.

So |C(x,y)| = q;21 — 1. Since |E;| = |E)| = q;—l, we can conclude that

|E, N E,| = 42, Therefore

0@ = [ ([ xete. it i) ao= [ELE g, = o)

So—despite being completely deterministic in their construction—the
Paley graphs are quasirandom.

A finer analysis, which we will not consider here, distinguishes the Paley
graph from truly random graphs. For example, for infinitely many ¢, there
is a set X with with |X| > log¢loglog ¢ which is a clique in @, [79]: every
pair of distinct elements of X is an edge. That means that dg(X, X) is very
close to 1, but Theorem @ says that in Ry 5, whenever | X| has size at
least C'log ¢, dg(X, X) should be close to 1/2.

1.10 Remarks

The theory of random graphs goes far beyond what we have touched on here.
We have only considered one specific model of a random graph, in which
the edges are generated independently and where the probability of an edge
being present is some fixed value p independent of the size of the graph—that
is, where the graphs generated are dense, so the number of edges is typically
en? for some € > 0. Many investigations of random graphs consider the case
where the probability of an edge being present depends on n, so that the
typical graph has, say, Cn3? edges. Other models weaken or modify the
assumption that edges are present independently. Bollobas’ book [18] is a
canonical reference, especially when supplemented by more recent books |7,
63, 92].
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The study of quasirandom graphs was introduced by Chung, Graham,
and Wilson in [30], and most of this chapter is drawn from that paper. Since
then, a number of additional characterizations of quasirandomness have been
investigated [120, (123} 136, 137, 142, 143, {144} 163]. The notion is strikingly
robust, and the results in later chapters will shed some light on why.

Nonetheless, as the Payley graph illustrates, quasirandom graphs can still
be distinguished from random ones. Stricter notions than quasirandomness,
like the notion of jumbledness introduced by Thomason [156, 157 have also
been investigated [104]. A theme we will see again later is that quasirandom-
ness captures the “dense” part of randomness—the properties which only
consider what happens in dense sets—but that stronger notions are needed
if one wants to consider sets X C V with | X| much smaller than |V|.

There are others graphs H with the property that tg(G) ~ (tk,(G))*
(for suitable k) implies that G is quasirandom. Graphs with this property
are called forcing. Which graphs (or, more generally, sets of graphs) are
forcing has been studied extensively [37, 131} [144]; many graphs in addition
to C4 are known to be forcing, but it is not known in general which graphs
are forcing. The question of which bipartite graphs are forcing is closely
related to Sidorenko’s conjecture [140], which concerns a generalization of
the Cauchy-Schwarz calculations we were using above [82].

The quantity maxx ycy |[dg(X,Y)|X| - |Y| — |E|| (or the restriction where
X =Y) is called the discrepancy of a graph. Erdés and Spencer [50] showed
that there is a constant so that every graph with |V| has discrepancy at least
en®/?, and that random graphs have close to this minimum discrepancy. The
behavior of the discrepancy and related quantities in random, quasirandom,
and other graphs has also been further studied; Chazelle’s book [21] gives an
introduction to this subject.

The investigation of graphs in terms of their eigenvalues and eigenvectors
is its own subject—spectral graph theory—with a standard reference by
Chung [33].
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Chapter 2

Ultraproducts

We develop an infinitary setting, the ultraproduct, which allows us to identify
sequences of graphs with a single limit object, which will be an infinite
(indeed, uncountably infinite) graph.

2.1 Convergent Subsequences

Keeping track of the €’s and d’s and worrying about things which approach
0 as the number of vertices approaches infinity gets increasingly messy as
we move to more intricate arguments, so we’d like to move to a different,
infinitary setting where these terms disappear.

Suppose we have a sequence of graphs G,, = (V,, E,) where |V, is
approaching infinity. We would like to assemble the graphs G,, into a limiting
graph—temporarily, we might call this hypothetical graph lim;, ., G,—
which should be an infinite graph which somehow captures the “eventual”
properties of the graphs G,.

For example, we should have the property that for any finite graph H,

This immediately points out a potential pitfall: the sequence (tg(Gr))nen
need not be a convergent sequence of real numbers. For example, suppose
that whenever n is even, Gy is K, /2,/2, but when n is odd, Gy, is the
complete graph ({1,...,n}, ({1"7'1""})). Then the sequence tc,(Gy,) is the
sequence (1,0,1,0,1,0,...).

In order to obtain a limit, we will need to pass to a subsequence—we
need to decide to either “concentrate” on the case where n is even, or the
case where n is odd.

49
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Before considering graphs further, let us recall some facts about the
convergence of sequences of real numbers.

Theorem 2.1 (Bolzano—Weierstrass). If (rp)nen is a sequence of real num-
bers in some bounded interval [a,b] then there is a convergent subsequence:
there is a sequence ny < ng < --- so that (rn, )ren converges to some value
in the interval [a, b).

It is worth reviewing the proof, which will be a model for later arguments.

Proof. For notational convenience, let us assume that [a, b] = [0,1]. (We can
obtain the general case from this by working with the sequence s, = 2=*,
since (sp, )ken converges exactly when (1, )ren does.)

We will construct the sequence ny < no < --- iteratively. Divide the

interval [0, 1] in half—0, 1] = [0,1/2] U (1/2, 1]. Consider the two sets
{n|r,€[0,1/2]} and {n | r, € [1/2,1]}.

Every n € N is in at least one of these, so at least one of these two sets must
be infinite. We pick one of these two halves which is infinite, and choose ny
so that r,, belongs to the chosen half.

Now consider the half we have chosen, and divide it in half again—for
instance, if we chose r,, € [0,1/2], next write [0,1/2] =[0,1/4] U (1/4,1/2].
Again, one of the sets

{n|r,€l0,1/4]} and {n | r, € [1/4,1/2]}

must be infinite because their union is {n | 7, € [0,1/2]} which (since we
only would have picked r; € [0,1/2] if {n | r, € [0,1/2]} was infinite) must
be infinite. Again, we pick a half which is infinite and chose no > ny so that
rn, belongs to the chosen half.

We repeat this process: after k stages, we have chosen n; < ne < --- < ng
and an interval [, ‘%l] so that there are infinitely many n with r,, € [, az—tl]
We divide the interval in half—

a a+l, 20 2a+1 2a+1 2a+ 2
[27’ 9k ]_[2k+1’ 2k+1] (2k+1 ’9k+1 B

choose a subinterval containing infinitely many r,,, and choose ng11 > ny so
that rp, , belongs to the chosen subinterval.

We have chosen ny so that for all m >k, r,,,, € [5%, “2—*,;1] In particular,
that means that when m > k, |r,, — | < 2F. That means that the

sequence (T, )keN CONVErges. d
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In general, it might be the case that both subintervals contain infinitely
many 7,, and this might happen for many values of k, so we would have to
make an arbitrary choice many times. This reflects the fact that (r,)nen
could have many different convergent subsequences which converge to many
different values, and there is not generally a “best” convergent subsequence.

The idea of a convergent subsequence is useful enough to warrant a
definition of its own, and it will be convenient for us to view the indices as
an infinite set.

Definition 2.2. Let K C N be an infinite set. We say (r,)nen converges to
r on K, written

lim r, =r
n—K

if, for every € > 0,
{neK||r—mr,>e€}

is finite. We say (r,,) converges on K, or lim,,_,x r, exists, if there is some r
so that lim,,_sg 7, = 1.

This definition generalizes ordinary convergence, which is the case where
K = N, by “concentrating” on a particular set K—deciding that only
elements of K matter, while ignoring N\ K. Every subsequence of a convergent
sequence also converges—that is, if J C K is infinite and lim,, sx 7, = T
then also lim,,—, y 7, = r—so0 by “concentrating” on a smaller set K, we make
more sequences converge.

Consider the sequence (r,),ecny where r, = n mod 2—that is, the se-
quence (1,0,1,0,1,0,...). Then if we choose a K so that lim,_,x r, con-
verges, K cannot contain both infinitely many even numbers and infinitely
many odd numbers—either K consists of infinitely many even numbers
and finitely many odd numbers, in which case lim,,_.x 7, = 0, or K con-
sists of infinitely many odd numbers and finitely many even numbers and
lim,,_ g, = 1.

If we next consider the sequence (s, )nen Which repeats in the pattern
0,2,1,3,0,2,1,3,0,2,1,3,...), we have no reason to think that lim, . x s,
also exists. However we can apply the argument of Bolzano—Weierstrass again
to obtain a J C K so that both lim,,_, ; , and lim,,_, s s,, exist. Furthermore,
our choice of lim,_,x r, constrains the possible values for lim,_,; s,—if
lim,,, x 7, = 0 then, since J C K, lim,_, s s, € {2,3}.

Once lim,,_,;y r, and lim,,_, s s,, both exist, we can conclude that other
related limits exist—for instance,

li = (1 li .
Jim (s +-50) = (Jim o) + (fm 50)
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Suppose now that we have many sequences—say, for each ¢ € N we have a
sequence (18 )nen. Then we can ask for all these sequences to converge simul-
taneously: we can ask for a single set K so that, for each 4, (%), cn converges
on K. If there were only finitely many sequences we could find a simulta-
neously convergent subsequence by simply iterating Bolzano—Weierstrass
finitely many times: each time we use it, Bolzano—Weierstrass further thins
out our subsequence, but ensure that one more sequence converges.

With infinitely many sequences, however, this approach no longer works:
each time we apply Bolzano—Weierstrass, we might lose elements from our
set, and if we’re not careful, after infinitely many applications there might
be no elements left.

Theorem 2.3. Suppose that, for each i € N, (ri),cy is a sequence of real
numbers in a bounded interval [a;,b;]. Then there is a set K and values
rt € [a;, b;] so that, for every i, lim, i = rt.

Proof. The idea is to repeatedly apply Bolzano—Weierstrass, but remember
to save an element each time.

Let J1 = N and let n; = 1, the least element of J;. By Bolzano—
Weierstrass, we can choose Jy C Jq so that <r}1>n€N converges on Jo, and let
ng be the smallest element of Jy larger than nq.

In general, at the k-th stage we have a set J; so that, for each 7 < k,
(r;)neN converges on Ji, and we have chosen n; < --- < ng. Choose
Jrps1 C Ji so that (rf),cy converges on Ji, 1 and let nj,1 be the smallest
element of Ji 1 larger than ny.

Let K = {n; < nz < ---} and consider any (rf),cy. For each i > k,
ni € Jyy1, and therefore {ny < ngi1 < ---} C Jpy1. Since (rF),cn converges
on Jii1, <rfl>n€N also converges on {ny < mgy1 < ---}, and therefore
(rky,en converges on K (which differs only on the finitely many elements
{77,1 << nk,l}).

So, for every k, (r¥),cn converges on K. O

Once we have arranged for these sequences to converge simultaneously,
we can work with all sorts of combinations. For instance, we have

1 1 .
lim . rh = . lim 7
n—K 3 20 max{\ai\, |bz‘} " Z 20 max{\ail, ’bZ’} nosK "

7

(having chosen the denominator precisely to ensure that the sum is finite).
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2.2 Ultralimits

We would like to go a step further: we would like to choose an infinite set K
on which every single sequence converges simultaneously. This is too much
to ask, so we will have to weaken our notion of what it means for sequences
to converge simultaneously.

We would at least like to choose, for every sequence (ry)nen, a limiting
value lign rn, which we temporarily denote with a question mark since we

have not identified this prospective notion of convergence. Our choice of
lim rn, should certainly be a plausible limit of the sequence—that is, there
should be some set K witnessing the convergence, so that hrn rp = lim r,.

n—K
We need the choice of limiting values to be compatlble—for instance, we

should have

lim(ryp 4 sn) = (limry,) + (lim sy,).

Recall the sequences (1,0,1,0,...) and (0,2,1,3,0,2,1,3,...) from above. If
we decide that 1i£n(1, 0,2,0,...) =0, we should commit to having

lim(0,2,1,3,0,2,1,3,...) € {2,3},

That is, the decision that 1i¥n<0, 1,0,1,...) = 0 means that we must be

“concentrating” on the even ind.ices, and our choices for all other sequences
should reflect that the even indices matter while the odd ones do not.
If we have chosen J so that 11m rp = hmJ rn, and K so that hrn Sy =

hIIIl{ Sn, this amounts to requiring that J N K also be infinite, so that we can
take hm(rn +sp) = hnrle(rn + sp).

This suggests that we can work with the collection of witnessing sets: we

will let F be some collection of infinite sets, and we can define hm Ty = 1111]1{ Tn
n—

for some set K € F such that (r,,),en converges on K. In order for sequences
to converge simultaneously, we need to require that when J € F and K € F,
also JN K € F.

This quickly leads us to the notion of a free filter.

Definition 2.4. A collection F of subsets of N is a free filter if:
e whenever J, K € F, also JN K € F,
e whenever J € F and J C K, also K € F,
e D& F,and
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o if N\ K is finite (that is, if K is cofinite) then K € F.

These conditions imply that every set in F is infinite. (We will not need
the slightly more general notion of a filter, which weakens the last condition
to merely N € F.)

While the definition of a free filter only considers intersections of two sets,
induction says that free filters contain intersections of finitely many sets:

Lemma 2.5. If F is a free filter and K1, ..., K, € F then K1N---NK, € F.

Proof. By induction on n. For n = 1 this is tautological and for n = 2 this
is part of the definition of a free filter.

Suppose the claim holds for n and K, ..., K,, K,+1 € F. Then, by the
inductive hypothesis, K1 N---N K, € F, and by the definition of a free filter,
also (K1N---NK,)NK,y1 €F. O

Definition 2.6. If F is a free filter and (r,),en is a sequence, we can define
lim,,_,rry, = r if, for each € > 0, {n | |r, — 7| < €} € F.

When K is an infinite set, the collection of all sets J such that K \ J is
finite forms a free filter Fg, and lim,,_, 7, 7, = lim,,_, x 7, (Where one side
exists exactly when the other does) for any sequence (r;,)pen-

So convergence on a free filter is a generalization of the idea of convergence
of on a set. We still need a free filter with the property that every sequence
converges. For that, we need one more condition.

Definition 2.7. An ultrafilter is a free filter U such that, for every set
K CN, either K eld or (N\ K) eU.

We sometimes refer to this additional property as the “ultra” property of
an ultrafilter.

The properties of ultrafilters combine to give the useful property that
whenever we have a finite union of sets in U, it must be because one of these
sets is in U.

Lemma 2.8. IfU is an ultrafilter and K1 U Ko U---U K,, € U then there is
an i <mn so that K; € U.

Proof. Suppose not, so K; € U for all i < n. By the ultra property, each
(N'\ K;) € U. So also the intersection (), (N \ K;)) € U, which is a
contradiction, since this intersection is the empty set.

O

*Technically we have defined a nonprincipal ultrafilter, but since this is the main case,
and the only case we are interested in, we will omit the word “nonprincipal”.
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Ultrafilters have exactly the property we want: they make every sequence
converge to a unique value.

Theorem 2.9. For every ultrafilter U and every sequence (rp)nen in a
bounded interval [a,b], there is a unique r so that lim, g ry, = 1.

Proof. The proof is similar to the proof of Bolzano—Weierstrass. Each time
we split the interval in half, it could be that there are infinitely many r, in
both halves, and therefore we have to choose which half to continue in. In
the proof of Bolzano—Weierstrass, we could choose arbitrarily because we
only cared about showing that there was some convergent subsequence.

When we have an ultrafilter, it forces a choice on us—exactly one of the
two halves is consistent with the ultrafilter. Indeed this is precisely what an
ultrafilter does: whenever N = J U K, an ultrafilter tells us to concentrate
on exactly one of J or K.

Again, assume that [a,b] = [0, 1]. We will construct a sequence (sy)nen
which converges in the usual sense to a real number r = lim,,_, o S, While
ensuring that, for each € > 0, {n | |r, — 7| <€} € U.

Divide the interval [0, 1] in half, so [0,1] = [0,1/2] U (1/2,1]. Consider
{n | r, € [0,1/2]}; if this set is in U then we take s; = 1/4 and promise that,
for all m > 1, s, € [0,1/2]. In particular, that will mean r € [0,1/2], and so

{n||rn—7r|<1/2} C{n|r, €[0,1/2]} e U.

Otherwise, by the “ultra” property of the ultrafilter, N\ {n | r, €
[0,1/2]} = {n | rn € (1/2,1]} must belong to U, and we will take s; = 3/4
and promise that, for all n > 1, s, € (1/2,1]. In particular, that will mean
r € [1/2,1], and so

{n|lrn—7r|<1/2}y C{n|r, €[1/2,1]} € U.

Next we split the interval in half again. For instance, if s; = 1/4 then we
split [0,1/2] = [0,1/4] U (1/4,1/2]. If {n | r,, € [0,1/4]} € U then we take
s = 1/8 and promise that, for all n > 2, s,, € [0,1/4], which will mean that
r € [0,1/4], and therefore that

{n||rn—7r| <1/4}\{n|r, €1[0,1/4]} € U.
Otherwise {n | r, € (1/4,1]} € U, so also

{nlrme /4,10 {n]|r €[0,1/2]} ={n|r, € (1/4,1/2]} € U.
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In this case we take sy = 3/8 and promise that, for all n > 2, s,, € (1/4,1/2].
This means that r € [1/4,1/2], and therefore that

{n||rn—r|<1/4} C{n|r, € (1/4,1/2]} € U.

In general, after k stages we have chosen si,...,s; and an interval
I =%, %] so that:

1
2%

o when i < j,|s; —s;| <
o s €1,
e {n|mellel.

We divide this interval in half, as

a a+l, 20 2a+1 20+1 2a+2
[27’ ok ]_[2k+1’ 2k+1] (2k+1 ’ 2k+1]

and observe that exactly one of the sets

20 2a+1 204+1 2a+2
W’W]} and {n |, € (W?W]}

{nfrel
belongs to Y. We choose siy1 to be the midpoint of the corresponding
interval.

The sequence (sy)nen is certainly convergent since, whenever ¢ < j, we
have [s; — 55| < % Letting r = lim,, o (sy,), for any € > 0 we can choose k

large enough so that == < €, note that |sp, —r] < zik, SO

2
1 1

{nlfra—rf<e} Conllrn—rl < gt S {n |l — sl < ) €U

O

Definition 2.10. When U is an ultrafilter and (r,)nen is a sequence of real
numbers in [a,b], we call lim,_y, 7y, the wltralimit (with respect to U) of

<Tn>n€N‘

Once we have an ultrafilter, we no longer need to worry about convergence
issues: every bounded sequence converges with respect to that ultrafilter.
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2.3 Ultrafilters

We defined ultrafilters as collections of sets satisfying certain properties, and
then derived the striking conclusion that they make every sequence converge.
We should worry that this is so strong precisely because no such collections
exist. Free filters certainly exist: let Fy be the collection of all cofinite sets.
This is called the Fréchet filter, and we can see that it has the properties of
a free filter.

o If J and K are cofinite, so N\ J and N\ K are both finite, then
N\ (JNK) = (N\J)U(N\ K) is also finite, and therefore JNK € Fy.

o If J is cofinite and J C K then N\ K C N\ J is also finite, so K € Fy.

Indeed, Fy is the smallest possible free filter. We will try to expand Fy into
an ultrafilter. If we have any free filter F which is not an ultrafilter, so there
is some set with both K ¢ F and N\ K ¢ F, then we can at least extend
the free filter to contain one of these sets.

Lemma 2.11. Let F be a free filter such that N\ K ¢ F. Then there is a
free filter F' O FU{K}.

Proof. There is a unique choice of a minimal 7' 2 F U {K}—F' needs to
be the collection of all I such that, for some J € F, we have K NJ C [.
Certainly F/' D F since for any J € F, J D KNJso J € F. AlsoN € F so
K D KNN, so K € F'. The closure properties of a free filter force F’ to
contain all these sets, so we just need to prove that (under the assumption
that N\ K ¢ F) this is a free filter.

Suppose Iy, I; € F',so Iy O KNJyan I} O KN J; with Jy, J; € F.
Then IoNI 2 (KNJy)N(KNJ)=KnN(JyNJy) and since JyN J; € F,
also IpN1I; € F'.

If Ioe€ F'and Ip C I then [y D Ip D KN Jyso I € F.

If ) € F' then § O K NJ for some J € F. But then J C (N\ K), so
N\ K ¢ F, which contradicts our assumption. Since every cofinite set is in
F and F C F', every cofinite set is in F.

Since F' D F, it is the desired free filter. O

So we can now imagine how we would obtain an ultrafilter: we begin with
the Fréchet filter and successively extend this filter over and over again using
Lemma [2.T1] once for each subset of N, until we obtain an ultrafilter. At
each step we can consider one set K C N and extend our filter, if necessary,
to ensure that it either contains K or N\ K.
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This process is very non-canonical. For example, if we begin with Fy, we
might decide to add either the even numbers or the odd numbers to give the
next filter. Both choices are reasonable—they give us valid free filters—but
they lead to different ultrafilters. So this approach suggests that if we obtain
an ultrafilter, it will only be because there are many ultrafilters and we
happen to have found one of them.

If there were countably many subsets of N, this approach would simply
work; the problem is that there are uncountably many subsets of N, so
in order to have enough steps to consider every subset of N, we need an
uncountably long construction.

In particular, we will encounter the situation where we have long “chains”
of filters—where we have chosen a long sequence of filters f/p C F; C Fo C - -
where this sequence is infinitely long and we need to combine these into a
single filter.

Lemma 2.12. Let (L, <) be a non-empty ordered set, and suppose that, for
each i € L, F; is a free filter so that when i < j, F; C F;. Then there is a
free filter F such that, for alli € L, F; C F.

Proof. We simply take F = (U;cr, Fi-

Suppose J,K € F. Then there are i,j so that J € F; and K € F;.
Either ¢ < j or j < 4; without loss of generality, assume j <1, so F; C F;,
so K € F;. Then JN K € F;,soalso JNK € F;.

If Je Fand J C K then J € F;,s0 K € F;,s0 K € F.

Since ) & F; for all i, O & F.

If K is cofinite then K € F; for any 4, so K € F. O

There are different ways to put these lemmata together to construct an
ultrafilter. They all depend, in an essential way, on some use of the Axiom
of Choice, and differ mostly in how they phrase the use of the Axiom of
Choice. One way is to place the subsets of N in an order so that we can use
transfinite recursion to construct an ultrafilter—that is, arrange a sequence
Fo € F1 C --- so that, at stage i, we ensure that either K; € F;;1 or
N\ K; € Fit1. Doing this requires some use of Axiom of Choice (the version
usually called the “well-ordering principle”) to obtain an ordering of the
subsets of N on which transfinite recursion works.

A different form of the Axiom of Choice, Zorn’s Lemma, suggests a more
abstract approach.
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Theorem 2.13 (Zorn’s Lemma). Let P be a set partially ordered by
C so that whenever (L,<) is a totally ordered set and f : I — P is
an order preserving function (so i < j implies f(i) C f(j)), there is a
P € P such that, for every i € I, f(i) C P. Then there is a maximal
element of P—a P € P such that, for any Q € P such that P < Q,

P=Q.

Zorn’s Lemma is exactly suited to the situation we are in. One interpretation
of Lemma [2.11] is that it says that ultrafilters are precisely the maximal
free filters—if F is a maximal free filter and N\ K ¢ F then there is a
F' 2 FU{K} which, by maximality, must already be F, so K € F.

But what if there were no maximal free filters? One way we might fail to
have a maximal free filter is if there were chains that got larger and larger—
some sequence Fy C F; C --- (potentially infinitely or even uncountably
infinitely long) of larger and larger free filters that never ends and never
concludes with some object above all of them. Zorn’s Lemma says that this
is the only obstacle to finding a maximal object: if every sequence has a top
then there must actually be a maximal element.

Theorem 2.14. There is an ultrafilter.

Here it really matters that we mean a nonprincipal ultrafilter (that is, we
require that all sets in the ultrafilter be infinite). The existence of principal
ultrafilters is fairly trivial—the collection of all sets containing 3 is one.

Proof. Let P be the set of free filters, ordered by C. Using Lemma [2.12] and
Zorn’s Lemma, there must be some maximal free filter . As shown above,
F is an ultrafilter.

O

The use of the Axiom of Choice (in the form of Zorn’s Lemma) further
suggests that the choice of an ultrafilter is non-canonical. Indeed, there is no
“best” or “unique” ultrafilter, and no way to construct one concretely. One
way to say this formally is to observe that in the axioms of ZF—that is, set
theory without the Axiom of Choice—one cannot prove that an ultrafilter
exists [17} [54] [

*Tt is not quite true that having an ultrafilter requires the Axiom of Choice, since the
existence of an ultrafilter follows from weaker axioms, though ones that still go beyond
ZF. In this sense the existence of an ultrafilter is essentially a weak form of the Axiom of
Choice. The relationship between various many Axiom of Choice-like principles has been
extensively studied [88].
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One might think that, since the existence of ultrafilters depends on (a
weak form of) the Axiom of Choice, the proofs we will give using ultrafilters
depend on the Axiom of Choice as well. In fact, this will not be true: despite
using ultrafilters in our construction, we will ultimately give proofs about
finite graphs which do not require the use of the Axiom of Choice. This is
a subtle point which we will return to later: the use of ultrafilters, in the
applications we are interested in, can be systematically removed by purely
syntactic manipulations on the proofs.

2.4 Products

We now return to our original concern: how to take the limit of sequences of
graphs.

We will suppose we have a sequence of graphs G,, = (V;,, Ey,) where |V,,]
is approaching infinity, and we set out to define a graph which serves as a
limit of the sequence G,,. For concreteness, let us take an example: G,, will
be the bipartite graph K, ,,. Specifically, we will take V;, to be the set of
integers {1,2,...,2n} and E,, will consist of all pairs {i,j} where exactly
one element is even, so the two parts of GG, are the even vertices and the
odd vertices.

A vertex in our limit graph will be based on a sequence of vertices from
the graphs G,,. As a first attempt, we will consider the product of the sets
of vertices: the set of vertices will be [],,cy Vi, which consists of sequences
(Un)nen such that, for each n, v, € V,,. (Recall that we required that graphs
have at least one vertex, so this product is always non-empty—for each n
there is at least one possible choice of vy,.)

When we consider two sequences (vp,)nen and (wp)pnen, we need to decide
whether to put an edge between them. The sequence (v,,)nen could be a
mix of even and odd values, as could (wy,),en—it could be that, for some
value of n, v, and w, have the same parity, and therefore {v,, w,} & E,,
while for other values of n, v, and w, have opposite parity, and therefore
{vn,wp} € Ey.

This leads to two sets which partition N:

N= {n | {'Un;wn} € En} U {n ’ {Unvwn} ¢ En}?

and this perhaps makes clear where our ultrafilter will come in. Exactly
one of these two sets belongs to the ultrafilter, so we will place an edge
between (v,)nen and (wy)nen exactly if {n | {v,,w,} € E,} belongs to U.
That is, some values of n think there should be an edge while others thing
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there should not be, and we go with the choice of “most” n, where “most” is
determined by the ultrafilter. In formal notation, we define:

[Enlu = {{(vn)nen, (wn)nen} [{n | {vn, wn} € En} € U.

Note that it is very important that our choice of “most” n is “coherent”.
Suppose we take three elements of [],cn Vis (Un)nen, (Un)nen, and (wn)nen.
It could be that, for some values of n, {u,,v,} € E,, and also for some
values of n, {u,,w,} € E,, and for yet other values of n, {v,,w,} € E,.
Any two of these possibilities are consistent, but there are no values of n
for which all three happen at once. We want to make sure that we do not
add edges between all three sequences in E—there are no triangles in any
(Vi, Ey), so there should be no triangles in ([],cn Vi, [Enlu)-

But our decision about which pairs to put in [E, ;s is made pair by
pair—we place {<un>n€N7 <Un>n€N} € [En]u if {n ‘ {Un,’l)n} € En} € Z/{, and,
separately, we place {<Un>n6Na <wn>n€N} € [En]le if {TL ‘ {Umwn} € En} e,
and similarly for {(un)nen, (Wn)nen} € [Enlu. Yet these three decisions
cannot be independent, because we cannot place all three pairs in [E,]y.

Coordinating all the different choices is the job of the ultrafilter /. (This
is the simultaneous part of asking that all sequences converge simultaneously.)
Suppose all three pairs did somehow end up in F; that would mean

{n | {un,vn} € B}, {n | {un,wn} € Ex},{n | {vn,wn} € B} €U.
But since the intersection of elements of the ultrafilter is also in the ultrafilter,
{n|{un,vn} € En} 0 {n | {un,wp} € En} N {n|{vn,w,} € E,} €U.

That is impossible, because there are no such n and () € U, so this cannot
happen.

At least in this (very simple) case, the object we get is a plausible limit:
the limit of larger and larger finite bipartite graphs is an infinite bipartite
graph.

Theorem 2.15. There is a partition [[,,cn Va = V1UVa such that if v,w €'V,
{v,w} € [Ey]y if and only if v and w are in different parts.

Proof. Let us take V] to consist of those sequences (vy,)nen such that {n |
v, is even} € U, and Vs to consist of all other sequences. For any sequence
(Un)nen, we have

N={n| v, is even} U {n | v, is odd},
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s0 if (vp)nen & Vi, we must have {n | v, is odd} € U. So V; is the sequences
which are “mostly even” and V5 is the sequences which are “mostly odd”.
Consider a pair with (v,)neny € V1 and (wp)pen € Va. Then

{n | {vn,wn} € En} D{n| v, iseven} N{n | w, is odd} € U,

S0 {('Un>neN, <wn>n€N} € [En]l/l
Similarly, if (vn)nen € Vi and (wy)nen € Vi (the case where both are in
Vs is similar), then

{n|{vn,wn} & Epn} 2 {n| vy, iseven} N{n | w, is even} € U,

80 {(Vn)neN, (Wn)nen} & [Enlu- ]

Let us consider a second example, which will highlight a problem with
simply using the product. Let G,, be the complete graph on n vertices:
V,={1,2,...,n} and E, = (‘g”) The limit should be a complete infinite
graph.

Suppose we take the same definition: the vertices are [],cy Vi, the set
of all sequences (vy,)nen such that v, € V,, for all n, and [E, ;s consists of all
pairs {(vp)neN, (Wn)nen} such that {n | {v,,w,} € E,} € U.

Consider two elements of [],,cy Vi which differ at only one index—say,
the sequence (v, )pen where v, = 1 for all n, and the sequence (wy,),cn Where
wy = 2 but wy, =1 for all n # 2. Then {n | {vy, w,} € E,} = {2}, which is
a finite set and therefore not in U.

If we believe—and we do—that the limit of complete graphs should be a
complete graph, this is a problem, because we have found two sequences in
[I,.en Vo which are not adjacent.

The problem is that these two sequences are too similar—for “most”
values of n we have v, = w,. We should accept majority rule for = as well as
for E: since most indices think these sequences are equal, we should decide
they actually are equal.

Definition 2.16. We write (v,)nen ~u (Wn)nen if {n | v, = w,} € U.
Theorem 2.17. ~y; is an equivalence relation.

Proof. Reflexivity holds because, for any sequence (vp)nen, {n | vn = v} =
Nel.
Symmetry follows from the symmetry of equality, since if (v,)pen ~u
(Wn)nen then
{n|w,=v,} ={n|v, =wy}elU.
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And transitivity holds because if (vp)nen ~u (Wn)neny and (Vp)nen ~u
<xn>n6N then

{nlvp=z,} 2{n|v,=wy,}N{n|w,=z,} €U.
O

We will decide that two sequences represent the same vertex of our graph
if they are equivalent to each other using ~y. That is, we will use the
quotient [Vply = [Then Va/ ~u-

Formally, a vertex of [V, ];; is an equivalence class of sequences—that is,
it is a set of sequences which are all ~;; equivalent to each other.

Definition 2.18. When (v,),cn, we will write [v,]ys for the equivalence
class of (vn)nen in [Vi]y.
We call (v,)nen a representative of the equivalence class [vy,]y.

It would not be unreasonable to write lim,_; v, = [vs]y, and we will
sometimes view [v,]ys as a sort of limit of the sequence (vy,)nen.

When we want to talk about an element v € [V, ]y, we will often pick
some sequence (v, )pen such that [v,)yy = v. The notation [v,]y is supposed
to remind us that we are working with one of the sequences which represents
the equivalence class.

Note that [v,]y = [wp]y exactly when (vy,)nen ~u (Wn)nen, and there-
fore exactly when {n | v, = w,} € U—two sequences represent the same
equivalence class when they are equivalent.

There are many different sequences representing an equivalence class,
so when working with the notation [v,]y, we have to be careful that we
really are talking about the equivalence class, not the sequence—that is, we
need to be sure that we would get the same result if we used a different
representative.

For instance, we need to revisit our definition of [FE,];: we defined
adjacency for sequences, not equivalence classes. Suppose [vy,]yy = [v) ] and
[wnlu = [W),]u, and {{(vp)nen, (Wn)nen} € [Enlu. We have to worry about
the possibility that {(v])nen, (W) )nen} € [Enly—in other words, that we
could have equivalent sequences which disagree about whether or not the
pair belongs to [Ey]y.

Again, the fact that ultrafilters are closed under intersection comes to
our rescue: if {(vn)nen, (Wn)nen} € [En]u then

{n | {v,,w,} € B} D {n|{vn,w,} € E,}0{n | v, =v,}0{n|w, =w,} €U,
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s0 also {{v)nen, (Wi )nen} € [Enju-
So we can define an edge relation on [], ey Vi/ ~—which we will also
call [Ey|y—Dby saying {[vy], [wn]} € [En]u when {n | {v,,w,} € E,} € U.
This fixes the example that gave us trouble. If GG, is the complete graph

{n|v, #wy} ={n|{vp,w,} € E,} €U,

so exactly when [v, ]y # [wp]y. So, with this modification, the limiting graph
is the complete graph on the set [V, ]y.

2.5 Ultraproducts

We can assemble what we said in the previous section into the full definition
of our limit objects.

Definition 2.19. If G,, = (V,, E,,) is a sequence of graphs and U is an ultra-
filter, the ultraproduct, written H Gy, or [Gy)y is the graph ([Vy]u, [Enlu)

n—U
where:

o [Volu =11, Va/ ~u—that is, [V, ]y consists of equivalence classes [vy,]i
where (vp,)nen is a sequence with v, € V,, for all n and [v, |y = [wnu
if {n|v, =w,} €U, and

o [Ey]u consists of pairs {[vy|u, [wn)u} such that {n | {v,,w,} € E,} €
u.

We call the graphs G, the ground graphs of [],,_,;; Gn.

The point is that, in many ways, the ultraproduct [],,_,;; G will capture
the “limiting” behavior of the ground graphs. Understanding how the
ultraproduct resembles the ground graphs will concern us throughout the
rest of the book. Although the ultraproduct can depend on the particular
ultrafilter U, we will generally work with an arbitrary ultrafilter and focus
on the relationship between the ground graphs and the ultraproduct.

Clearly there are ways that the ultraproduct differs from the ground
structures; for example, even if the G,, are finite, [Gy]y is typically infinite,
and indeed, uncountably infinite.
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For our purposes, the only sizes are finite ones, countably infinite, and
uncountably infinite. Recall that a set S is countable (that is, either
finite or countably infinite) if there is surjective function f : N — S, and
countably infinite if there is a bijection f: N — S.

There are many different incfinite cardinalities, but we will not be
concerned with the distinctions among them.

Theorem 2.20. Suppose that lim,,_, |Vy,| = 0o. Then [V,]y is uncountably
infinite.

Proof. Suppose not—that is, suppose [V, ]y were countable. Then there
would be a surjective function v : N — [V,]ys. We can choose a representative
for each element: v(i) = [v%]y. (We do not need to be particular about
this—any representatives will do.) We need to find a sequence (wy,)nen SO
that [wy]y # [vE]y for all 4.

For each n, choose w,, € V,,\{v},..., UlIan—l }. Since we are only excluding
at most |V;,| — 1 values form V},, we know some choice of w,, is possible. (Note
that, when we work index-wise, considering each index n individually, we
also only consider the n-th terms of the representatives—we are considering
vl because this is an element of V},.)

For any 4, we need to show that [w,]y # [vi]y. This is the same as
showing that {n | w, # v} } € U. We chose w,, to avoid v when i < |V,,]|.
Therefore

[nlwn # 05} 2 {n | [Val > i}.
Since limy, 00 |Vi| = 00, {n | |Va| > i} is cofinite and therefore in U, so
{n|w, #0v} €U.

Therefore, for each i, [wy]y # [V ]y, contradicting the surjectivity of v.

So whenever we have a countable list of elements of V', we can obtain a new
element different from all of them. Therefore V' is uncountably infinite. [

We said at the beginning of the chapter that we want the subgraph
density of the limit to be the limit of the subgraph densities; in our new
terminology, we can say that we want

tu( [ Gn) = lim tu(Gy).

Naivy n—U

Working with subgraph density will have to wait until the next chapter, when
we develop a probability measure in ultraproducts, but we can at least show
that the presence of finite graphs in the ultraproduct reflects their presence
in the ground graphs.
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Theorem 2.21. Let H be a finite graph. There is a copy of H in [Gply if
and only if
{n | there is a copy of H in G,} € U.

Proof. First, suppose there is a copy of H = (W, F) in [G,]y. Recall, that
means there is a function 7 : W — V such that, for each edge {w,w'} € F,
{m(w), m(w")} € [Enlu. For each w € W, pick a representative m(w) = [v/]y.
Then, for each {w,w'} € F, we must have a set

Ky = {n| {v¥, 0%} e B,y el

n» n

in the ultraproduct which witnesses the presence of the edge between 7(w) =
o) and w(w') = [vp T

Since W, and therefore F, is finite, the intersection of all these sets,
ﬂ{wyw/}ep K is also in Y. For any n € ﬂ{wvw,}ep K, we claim there
is a copy of H in G,: take m,(w) = v¥. Then for any {w,w'} € F,
{mn(w), T (W)} = {02, 0¥} € E,, because n € Ky -

For the converse, suppose that there is a set K € U such that, for every
n € K, we have a copy of H in V,—that is, a function m, : W — V,, so
that, whenever {w,w'} € F, {m,(w), m,(w')} € E,,. For each n ¢ K, define
m : W — V), arbitrarily—we do not require that m, be a copy of H when

Then we define 7 : W — V by assigning m(w) to be [m,(w)]y. For any
{w,w'} € F, {n | {m(w), m(w")} € E,} DO K, so {n(w),n(w')} € [En]u-
Therefore 7 is an actual copy of H. O

The same argument would also show that there is an induced copy of H
in [Gy]y if and only if {n | there is an induced copy of H in G,,} € U.

Properties like this will be a recurring theme: properties 3 such that B3
is true of the ultraproduct exactly when {n | 8 is true of G,,} € U. We give
one more (somewhat artificial) example right now to illustrate the technique,
and to get more practice working with ultraproducts.

Let us temporarily say that a graph G = (V, E) has an isolated triangle if
it contains three vertices u, v, w with {u, v}, {u,w}, {v,w} € E where none
of the vertices u, v, w has any neighbors other than the other vertices in the
triangle. (That is, the triangle is a connected component of the graph.) We
consider this example because it is essentially the simplest property we can
ask about which is not just the presence or absence of a finite graph.

Theorem 2.22. The ultraproduct |G,y has an isolated triangle if and only
if {n | G, has an isolated triangle} € U.
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Proof. First, suppose |G,y has an isolated triangle, u, v, w. We can choose
representatives u = [uy]y, v = [vp]y, and w = [wy]yy. We claim that the set
of n such that wu,,v,,w, is an isolated triangle belongs to U.

Let K1 ={n| {un,vn} € En}, Ko = {n | {un,w,} € E,}, and K3 = {n |
{vn, wp} € E,}; since u, v, w is a triangle in the ultraproduct, each of these
sets belongs to U, so also K = K1 N K9 N K3 belongs to U.

Let Ji be the set of n such that w, has a neighbor other than v, or wy,
let Jo be the set of n such that v, has a neighbor other than u,, or w,, and
let J3 be the set of n such that w, has a neighbor other than u, or v,.

For each n € Jy, there is a vertex x,, with {u,,z,} € E,, x, # v,, and
Ty # wy. If J; were in U then we could take a vertex = = [z, (where x,
is any element of V,, for n ¢ J1). But then we would have {z,u} € [E,]y,
x # v, and x # w, contradicting the fact that we started with an isolated
triangle.

By the same argument, neither Jo nor Js can be in Y. Since U is an
ultrafilter, that means their complements N\ J; must be in U, so

KN (N\J)N(N\J)N (N J5) €U.

But for any n in this set, uy,, vy, w, is an isolated triangle.

To prove the converse, let K be the set of n such that G, contains
an isolated triangle and suppose that K € U. Then, for each n € K,
we can choose a particular isolated triangle u,, v,,w,. We can take the
elements [un]ur, [Unlu, [Wnlu of [Va]u (where, once again, we take wuy, vy, wy,
to be any element of V,, we like when n ¢ K). For every n € K we have
{tn, v}, {tn, wn}, {vn, wn} € En, so [unlu, [vnu, [wn]u form a triangle in
[Grlu-

Suppose this triangle is not isolated, so there is some vertex x = [x,]y
adjacent to one of the vertices in the triangle but not equal to any of
the vertices in the triangle; we may as well assume {[x,]iy, [un]u} € [Enlu,
[Tn]u # [vn]u, and [,y # [wn)y. That means {n | {x,,u,} € E,} € U,
{n|x, #v,} €U, and {n | z, # w,} € U. Therefore also

Kn{n|{zn,un} € Ex}0{n|x, # v} N{n |z, #wp} € U.

Since () € U, there must be an n in all these sets. But this gives a contradiction:
we chose uy,, vy, w, to be an isolated triangle in V,,, and z,, contradicts that
isolation.

So [un]us [Vn)u, [wn]u does form an isolated triangle in [Gy,]y. O

On the other hand, there will also be important properties which do not
pass from the ground graphs to the ultraproduct.
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Theorem 2.23. There is a sequence of finite connected graphs Gy, = (Vy,, Ey,)
such that [Gypy s not connected.

Recall that a graph is connected if for any vertices v, w, there is a finite
path v = vy, v9,...,v, = w so that, for each i < n, {v;,v;11} € E.

Proof. Take G), to be the path of length n: V,, = {1,2,...,n}and {i,j} € E,

exactly when |i — j| = 1—that is, the graph e—e—e— oo with n
vertices.

To see that the ultraproduct is not connected, consider the vertex [v,]y
where v, = 1 for all n, and the vertex [wy]yy where w, = n for all n.

Suppose there were a finite path between these vertices; let us write this
path u!,u?, ..., u* where u! = [v,]yy and u* = [w,]y and, for each i < k,
{u’, w1} € E. Pick representatives u’ = [u,];y where u} = v, and uf = w,,.

For each i < k, let K; = {n | {ul,u’'} € E,}, so K; € U. Then also
MNicr K € U. In particular, ;. K; must be infinite, so we can choose
n € (j<x Ki with n > k. Then we have u} = v, = 1 adjacent to u2,
so u2 = 2. Since u? is adjacent to u3, we must have u} = 3 or u} = 1.
Continuing in this way, we must have u!, < for each i, which would mean
that k > u* = w,, = n, contradicting the choice that k < n.

Therefore there cannot be a finite path from [v,]y to [wy]y. O

This example is worth investigating slightly further. Recall that when a
graph (V| F) is not connected, we can partition V' = X UY so that X and YV
are non-empty but there are no edges between X and Y. The ultraproduct
in the previous example is disconnected; one fairly natural choice of a
disconnected partition is to take X to be all the vertices represented by
constant sequences—the vertices of the form [vy,|; where v, = ¢ for ¢ <n
and v, arbitrary for n < ¢; we abbreviate these [c];. Then Y can be all
other vertices. The argument in the proof shows that these sets are not
adjacent—that the vertices in X are only adjacent to other vertices in X
(indeed, [cy is adjacent exactly to [c + 1]y and [c — 1]y).

The sets X and Y have an important property: they cannot be described
“coordinate-wise” in terms of subsets of the V,.

Definition 2.24. When X,, C V}, is a sequence of sets, let [X,,];; consist of
all points [v,]ys such that {n | v, € X,,} € U.

Note that, despite being stated in terms of coordinates, this definition
does not depend on the choice of representatives for the point [vy,y: if
[Unlu = [V],]u and [vp ]y € [Xn]y then

nlv, e Xp} 2 {n|v, e Xp}n{n|v, =0} €U,
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so we also have [v] | € [Xn]u-

Lemma 2.25. In the ultraproduct [Gplu = ([Valu, [Enlu) where Gy, is the
path of length n, the set X = {[cly | ¢ € N} is not equal to [X,|y for any
sequence of sets X, C X.

Proof. Consider some sequence of sets X,, C V,,. We will show that X #
[ X Assume [X,]yy 2 X, and we will construct a point [v,|y € [Xn]u \ X.
For each n, take v, to be the largest element of X, if X,, # (), and v,, = 1 if
X, = 0. We have

v, eXpt={n|X,#0}2{n|leX,}

where {n |1 € X,,} € U since [1]yy € X C [X,]u.
For any ¢, we have [c + 1]y € X C [X,]u, so

{nlvm#ct 2{nlv,>c} 2{nlc+1leX,}el,

which shows that [v,]ys # [cJu.
Since [vn)y # [cJu for every ¢, we conclude that [v,]y € [Xpnlye \ X. O

2.6 A Few Examples

Before going on, we should consider a few examples of ultraproducts of
graphs. Of course, since we are only beginning to investigate the properties
of ultraproducts, we will be limited in what we can say about them, but we
will be able to flesh them out later.

First, consider the ultraproduct Koo oo = [Kn nlu-

Lemma 2.26. Ko oo = (V, E) is a complete bipartite graph with two infinite
parts.

Proof. For each n, we have K,,,, = VY U V! with |[V?| = |[V!| and E,, =
(VOx vHhu vl xvy).

For each x = [z,)y € V, we have N= {n |z, € VO}uU {n |z, € V/!}, so
exactly one of these sets belongs to U. Naturally, we take V{ to be those [z, )iy
where {n | z, € V} € U and V; to be those [x,]ys where {n | z, € V,1} € U}.

If = [2,)y and y = [yn]y then {z,y} € F if and only if {n | {xn,yn} €
E,} € U, which happens if and only if {n | x,, and y,, are in different parts} €
U, which happens if and only if  and y are in different parts. O

We could also consider variants, like Ko, o2 = [K,, 2Ju. By the same
argument, we can see that
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Lemma 2.27. K, 2 = (V, E) is a complete bipartite graph with two infinite
parts.

It will be slightly harder to make sense of the idea that, in K «, the
two parts have the same size, while in K, .2 one part is much larger than
the other. Indeed, as graphs, Koo oo and K, o2 are actually isomorphic.
However we will show later that only in K o can we find a bijection between
the two parts which “respects the ultraproduct” in a certain sense.

If, for each n, we take G,, = R,({1,...,n}), a random graph on n vertices,
we get an ultraproduct we will call Ry ;s = [Gy]y. Instead of talking about
what happens “with high probability”, the interesting properties of Ry, will
turn out to be mostly settled up to probability 1.

2.7 Internal Sets

Sets which can be represented coordinate-wise will be central to our under-
standing of ultraproducts and their uses.

Definition 2.28. We say a set X C [V,]y is internal if there is some
sequence X, C V,, such that X = [X,] (as sets—that is, v € X if and only
ifve [Xn]u)

More generally, we will speak of internal subsets of the product set
[Vo]¥ = [V for k > 1 in the same way—X C [V,,]F is internal if there are
sets X,, C V¥ so that X is precisely the set of tuples ([v}:]y, ..., [vF]y) such
that

{n] (L ...,o" e X,} eld.

For example, the set {(v,w) | {v,w} € [E,)y} is an internal subset of [V,]%.
(Indeed, as the notation suggests, we could think of [F,, ;s itself as an internal
subset of ([Vg]”).)

An internal set X has many representations in the form [X,,];s, but these
representations are as similar as we could hope for—they are equal almost
everywhere.

Lemma 2.29. If [X, |y = [Y,]u (as sets—any element of one set is also an
element of the other) then {n | X, =Y,} € U.

Proof. We prove the contrapositive. Suppose {n | X,, =Y, } € U. Then

(] Xn £ Yl =1{n| Xo\ Yo £ 0} U{n | Y\ Xn # 0} €U.
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So one of these sets must in U; without loss of generality, assume K =
{n | X, \Y, # 0} € U. Then, for each n € K, take a, € X, \Y,.
Letting a,, be arbitrary for n ¢ K, we have {n | a, € X,,} 2 K € U and
{nla, €Yn} 2K €U, so |anu € [Xnlu \ [Ynlu- O

In the previous section we showed that a particular set X coming from
a partition of an ultraproduct into disconnected components was external.
That example reflects a general phenomenon: an ultraproduct of connected
graphs may not be connected, but it is “internally connected”, in the sense
that it cannot be partitioned into non-empty internal sets without edges
between them.

Theorem 2.30. Suppose that {n | Gy, is connected} € U. Then for any

internal set X C [Vp]y such that X and [Vy]u \ X are non-empty, there is a
veX and aw € [Vp]yu \ X with {v,w} € [E,]u.

Proof. Since X is internal, we have X = [X,] for some sequence X,, C V,.
Let I={n| X, #0}and let J={n|V,\ X, # 0}. Since X and [V,]y; \ X
are both non-empty, I,J € U. Also, let K be {n | G,, is connected}, which
is also in U.

For any n € INJN K, we know that GG, is connected, there is a vertex in
X, and a vertex in V,, \ X,,. There must be a path between these vertices, so
by starting with the vertex in X,, and following the path until we leave X,
we must find a point v, € X,, which is adjacent to some w, € V,, \ X,,—that
is, {vn, wn} € E,. (Choose v, and w,, arbitrarily forn ¢ INJNK.)

Since INJNK € U, we can conclude that all three properties pass up to the
ultraproduct: [v,]y € [Xnlu, [wnlu € V\[Xnlu, and {{vp]u, [wn]u} € Ey. O

This sort of phenomenon will be common: when we consider only internal
sets, rather than all sets, the ultraproduct will often closely resemble the
ground graphs.

Analogous to internal sets, we have internal functions.

Definition 2.31. A function f : [V,]F, — [V,]I} is internal if there is a
sequence of functions f,, : V¥ — V' such that, for any [#,]y € [V,]",

F([Wnfu) = [fn(0n) -

This lets us characterize the difference between Ky oo and K o2: in
Keo,00, there is an internal bijection between the two parts, but not in K 2.

The internal sets have some natural closure properties. They form an
algebra.
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Definition 2.32. If B C P(V) (the power set of V'), we say B is an algebra
if:

e ) eBandV € B,
o whenever B€ B,V \ B € B,

e whenever By, B; € B, also Bo U By € B.

These properties immediately imply that if B is an algebra and By, B1 € B
then also BoN By € B.

Lemma 2.33. For each k, the internal subsets of [Vn]zlf, form an algebra.

Proof. B = [0]y and [V, )5, = [V,
Let B C [V,,]F, be internal, so B = [By]y. Then

[Zn)u € Vo]l \ B if and only if [z,),s & B
if and only if {n |z, € B,} ¢U
if and only if {n | z, € V¥\ B,} e U
if and only if [z,)y € [VF\ Bnlu,

so [Valfy \ B = [Vii \ Bulu-
If B%, B! C [V,,)§, are internal, so B® = [BY];, and B! = [B}]y,

[zn]y € BY U B! if and only if [z,]);; € B or [z, € B!
if and only if {n |z, € B} €U or {n |z, € BL} €U
if and only if {n | 2, € B UBl} c U
if and only if [z,)y € [BY U B}y,

so B°U B! = [BYU B}ly. O

Since the union (or intersection) of two internal sets is internal, induction
shows that the union (or intersection) of finitely many internal sets is internal.
The union (or intersection) of countably many internal sets is almost never
internal, however, as we will see later.

Internal sets have an additional important closure property. They are
closed under projections:



2.7. INTERNAL SETS 73

Lemma 2.34. If B C [V,,|7"! is internal then
{b| 3z (b,z) € B}

and

{b| vz (b,z) € B}
are internal.
Proof. Since {b | Vz (b,z) € B} is
Vali \ b | Va (B, 2) € [Va]*1\ BY,

it suffices to show only the first case and use the closure under complements
we have already shown.

If BC [Vn]';f,+1 is internal, so B = [By,)y, for each n let C,, C V¥ be given
by Cp = {b| 3z € V,, (b,z) € B,}. Then

3z ([bp]u, ©) € B if and only if there is a [z,]y such that ([bnlu, [zn]u) € B
if and only if there is a [zn)y such that {n | (bn,zs) € By} €U
if and only if {n | b, € Cp,} €U

—

if and only if [by,]y € [Crlu-

O]

Analogously to internal sets, we could speak of “internal statements”—
that is, satements P such that P is true in [V, ]y if and only if {n |
B is true in V,,} € U. For instance, Theorem shows that “there ex-
ists a copy of H” is an “internal statement” in this sense.

To make this more rigorous, we would have to precisely formulate what
we mean by a “statement”. The right choice would be first-order logic: the
closure properties above are are exactly what we need to align the internal
sets with the definable sets of first-order logic. Indeed, the lemmata above
immediately give the following:

Corollary 2.35. Let [V,]y be an ultraproduct L a language of first-order
logic, and suppose that each predicate symbol in L is interpreted by an internal
set and each function symbol in L is interpreted by an internal function.
Then all definable sets are internal.
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More concretely, we have the following theorem directly relating first-
order logic to what happens in ultraproducts. In particular, if each V,, is
the universe of an L-structure 9, the ultraproduct [V,,];s is immediately an
L-structure [9, ]y, with all symbols interpreted by internal sets and functions.
(For instance, for each predicate symbol R, R™nlu = [RMn],,). Then all the
definable sets are internal, and furthermore we have

Theorem 2.36 (Los’s Theorem). Let L be a language of first-order logic.
Suppose that, for each n, V,, is the universe of an L-structure .
Then:

o [Valu is a L-structure [y, ]y with all symbols interpreted by internal
sets and functions,

e for any formula ¢,

{@ € Valy | [y = ¢(@)} = [{@ € Vi | My E 6(@) }Hu-

We will mostly not need this perspective, since we will work directly with
the internal sets, but the connection between internal and definable sets is a
substantive one. In fact, one can think of the internal sets as exactly those
sets which are “potentially definable”—the sets definable, not necessarily in
the current language, but in any extended language. To make this precise,
one identifies first-order logic with the functors from structures to sets which
respect ultraproducts [113].

We will be particularly interested in the following question: how do prop-
erties of ultraproducts correspond to the properties of the ground structures?
FLo§” Theorem gives the beginning of an answer.

Corollary 2.37. Suppose B is a property which can be represented by a
first-order sentence—that is, there is a formula o with no free-variables such
that a graph G has property B if and only if the formula o is true in G.

Then [Gy)u has the property B if and only if {n | G,, has the property B} €
Uu.

In particular, properties like “contains a triangle” (or, more generally,
contains a copy of the finite graph H) are first-order—that is, we have the
following two equivalent facts:

o there is a sentence o (in the language of graphs) so that G contains a
triangle exactly when G F o,

o [Gp]uy contains a triangle if and only if {n | G,, contains a triangle } €

Uu.
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2.8 Saturation

Every finite set is internal (the set {a',...,a*} can be defined as {z € V|
r=a"Va=a?V---Vz=d"}) and it is easy to produce uncountably
infinite internal sets (like [V;,]ys itself). But there are no countably infinite
internal sets. This follows from a much more general compactness property
of ultraproducts called saturation.

Theorem 2.38 (Saturation). Suppose that, for each i € N, X* = [X1]; is
an internal set, and that, for every k, ;< X'? is non-empty. Then Nien X
18 mon-empty.

Proof. For each n, let k be maximal so that ;< X! is non-empty, and
choose vy, € ;< Xi. (If X is empty, choose vy, arbitrarily.)
For each i,

{n]v, € X} D{n|i<nand ﬂ X! is non-empty} € U,
i<k

s0 [vnlu € [Xi]y = X*. Since this holds for every i, [v,]y € N; X" O

This immediately implies that there can be no countably infinite internal
set: if X is internal and v!,...,v%, ... are distinct elements of X then we can
take X = X \ {v!,... v}, v¥T!1 € N, X', so by saturation, there is some
veN; X sovd {vl,... v, ..} -

Saturation also implies the following, which we will need later.

Theorem 2.39. Suppose that, for each i, X* is internal. If J; X is internal
then there is a k so that U; X' = U;<;, X"

Proof. Suppose X = |J; X* were internal. Then the sets Y = X \ X* would
also be internal. There can be no v € (), Y* = ;(X \ X?) = 0, so by the
contrapositive of saturation, there must be some k so that ;< Y* = 0.
Therefore X = J;<, X°. - O

Saturation is one of the essential properties that characterizes how ultra-
products behave.

Definition 2.40. If G = (V, E) is a graph and v, w € V| the distance between
v and w is the smallest k£ such that there is a path v = vy, v1,..., v, = w
such that {v;,v;41} € F for all i < k, or oo if there is no such path.

G has finite diameter if there is a single value of k such that, for every
v,w € V, the distance between v and w is < k.
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Theorem 2.41. [Gy]y is connected if and only if [Gplu has finite diameter.

Proof. A graph with finite diameter is connected by definition. For the other

direction, suppose [Grnlu = ([Va)u, [En]u) does not have finite diameter. For

eachi € N, let X* = {(v,w) € V;2 | the distance between v and w is greater than k}.
X* is internal. One way to see this is to note that

{(v,w,y1,...,yx) | {v,y1} € E and {y1,92 € £} and --- and {yx_1,w} € E}

is internal, so the projection Y*—onto those (v, w) so that there is a path of
length exactly k between them—is also internal. Then X* = njgk([vn]za \Yj)
is a finite intersection of the complements of these sets: X* is those (v,w)
so that, for each j < k, there is not a path of length j.

Since [Gy]y does not have finite diameter, each X* = (0, X7 is non-
empty. Therefore, by saturation, ; X* is non-empty—there ‘are a pair of
vertices (v, w) such that the distance between v and w is larger than k for
every k, and therefore there is no path between v and w, so [G},]yy cannot be
connected. O

This example is typical of the behavior of ultraproducts. Saturation
forces a great deal of uniformity on an ultraproduct: if every pair of vertices
has a finite distance (that is, if the graph is connected) then there must
be a uniform bound on that distance—that is, the graph must have finite
diameter.

We will later need an additional saturation-like property. Suppose we
have internal sets A* C A% C A3 C -... We have already seen that, unless the
sequence stops growing at some finite A%, the union Uien A’ is not internal.
However we can find internal sets which contain the union and are somehow
related to the sequence.

This is an instance of a more general property of ultraproducts called se-
quential comprehensiveness which, roughly speaking, lets us extend countable
sequences [

Pick representations A° = [A%];;. Then there is a “diagonal” set A* =
[Us<p, A%Js- (One might wonder why we use |J;«,, A%, rather than just A",
since |J;<,, A' = A™. However we only know that when i < j, A% C AJ for

*At a technical level, sequential comprehensiveness is more powerful than saturation—
that is, there exist structures which are saturated but do not have sequential comprehen-
siveness. For our purposes, where we just work in ultraproducts, we do not notice the
difference because ultraproducts have both properties, but the distinction comes up in
axiomatic approaches to nonstandard analysis; see |70], for instance. This distinction is
reflected in the proof: we cannot use saturation, but must instead return again to looking
at sets in terms of their sequences of representatives.
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many n, with the set of n depending on ¢ and j. So we might not have
Al C A" when i < n.)

Certainly ;e A° € A*: if [vn]u € Ujen A® then there is some i so that
{n| v, € AL} € U, and therefore {n | i < n and v, € AL} € U as well, so
[vn]u € A*.

Note that this is a coordinate-wise definition which does depend on the
specific choice of representatives—the set A* is not canonically associated
with the sequence A C A2 C .... Indeed, there are many sets with the
same properties as A*.

More generally, whenever f : N — N is a function, we can define an
internal set A = Ui<sm) Ally. Aslong as {n |i < f(n)} € U, we will have
A" C Af. (Indeed, more generally, if {n | g(n) < f(n)} € U then we have
A9 C AT .) By choosing the function f carefully, we can sometimes construct
internal sets with additional properties we need.

An application we need in the next chapter is showing that if we have an
increasing sequence of internal sets below a decreasing sequence of internal
sets, we can find an internal set C in between the two sequences.

Theorem 2.42. Suppose that

are internal sets. Then there is an internal set C' such that, for every i,
At C C C B

Proof. Fix representatives A" = [A}]yy and B = [B}]y. Let C = A7 where
f(n) is the smallest j such that, for all i,i’ < j, A’ C BY. (If AL ¢ B! then
f(n) =0, which is fine, since the set of n on which this happens is not in .)
For each i,4', let K; s = {n | Al, C BL} € U. Since A' C B", K, s € U.
Therefore, for each j, Vi< i<; Kiw € U. But if n € (V< < Ki and j <n
then f(n) > j. In particular, for each j, {n | f(n) > j} €U, so A1 C C.
Similarly, whenever f(n) > j, Ui< ) A% C Bj. Since {n | f(n) > j} €
U, we also have C C BJ. O

2.9 Related Topic: Arrow’s Theorem

When we build an ultraproduct, we have a sequence of graphs G,,, and the
graphs “vote” on what should be true in the ultraproduct: for instance,
{lan]u; [bn]u} € Ey when {n | {an,b,} € E,} € U, which we can think of as
saying that a “majority” of the n’s voted for a, and b, to be adjacent.
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This perspective can be taken somewhat literally, as a digression to voting
theory shows: we can use ultraproducts to prove Arrow’s famous theorem
that there is no voting system satisfying certain reasonable properties.

Suppose there is a finite list of candidates, C, running for some office. We
have a set of voters, N, and each voter has a list of preferences among this
candidates—that is, for each n € N, there is a linear ordering <,, on C. (We
assume voters always have a linear ordering of preferences.)

A preference aggregation rule is a function F which produces a single
linear ordering <= F({<y}nen) on C depending on the voter preferences.
(Note that we are requiring that F' produce a full, linear ranking on C, not
merely that it select the winner.)

For example, a familiar voting system is that each voter votes for their first
choice—that is, chooses the top ranked candidate in <,—and the ordering
< is given by the number of votes cast for each candidate, so the candidate
with the most votes is highest in <, then the candidate with the next most
votes, and so on. (We will assume, here and throughout this section, that
ties never come up, since ties raise minor notational complications without
changing the main ideas.)

This particular example ignores how the voters compare candidates other
than their first choice. A different function might be to have each voter
assign points to the candidates: perhaps each voter n gives |C| points to
the top candidate in <,,, |C| — 1 points to the second highest candidate in
<n, and so on, and then the aggregate ordering < orders candidates by the
number of points received.

Theorem 2.43 (Arrow’s Impossibility Theorem). If N is finite and there
are at least three candidates, there is no preference aggregation rule such that:

(1) If a =, b for every n € N then a > b.

(2) Suppose that {<n}nen and {<! }nen are two different lists of prefer-
ences, a,b € C, and for everyn € N,

a<nbea< b

Then also
a<bea<b.

(3) There is no ng € N such that > is always equal to >, .

The first requirement seems natural enough: it says that if every voter
prefers a to b then a gets ranked above b; this is called the “unanimity”
requirement.
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The second requirement is more subtle. It is called “independence of
irrelevant alternatives”. It says that whether a is ranked above b depends
only on which voters prefer a to b, and not on how other candidates compare
to a and b. It will be useful to think of <,, and </, as “before” and “after”
situations: an initial poll shows that the each voter n has the view <,,, which
would give the outcome <. Later, the voters have changed their views about
other candidates, and have the new views </ | but no one has changed their
mind about a and b—each voter who thought a <,, b still thinks a </, b and
vice versa. Then the outcome between a and b still hasn’t changed: if a < b,
so b was ahead of a in the earlier poll, then a <’ b, so b is still ahead of a.

Both the examples above violate this second requirement. To see why
the example where we base < on the number of first-place votes violates it,
suppose that there are three candidates {a,b,c} and that, initially, 60% of
the voters have the view a >, ¢ =, b while 40% have the view b =, a >, c.
Then a gets more first place votes than b, so a > b. But then suppose ¢
runs an effective campaign and half of the first group of voters change their
mind about a and ¢: now 30% of voters have ¢ =, a =, b, 30% still have
a =p ¢ =p b, and 40% still have b =, a =, c¢. Now we have b = a. This
sort of “spoiler” effect is exactly what the second requirement is trying to
prevent.

The third requirement says there is no dictator: there is no single voter
whose preferences just get imposed.

Proof. We suppose there is such a preference aggregation rule satisfying the
first two requirements, and we show that there is a dictator. We will do
this by showing that a preference aggregation rule satisfying the first two
conditions gives rise to a collection of sets resembling an ultrafilter.

Let us say that a set K C N is wvictorious for a over b such that for any
set of preferences { <, }nen, if a >, b for every n € K then a > b: if a can
beat b with every voter in K then a will beat b in the final result.

In fact, being a victorious set does not depend on the particular candidates
a and b: we first show that if K is victorious for some pair a over b then K
is victorious for every pair of candidates.

Suppose K is victorious for a over b. Then we also show that, for any c,
K is victorious for a over ¢. Suppose the voters have views {<, }nen such
that, for every n € K, a >, c. Whatever their views of b are, let us have
them change their mind about b to have preferences {<! },,cn so that every
voter has b >/, ¢, and in particular, every voter n € K has a =, b >/ ¢. Since
a >, bfor every n € K, a =" b. Since b =, ¢ for every n, by unanimity we
have b =’ c¢. Since =’ is a linear ordering, a =’ ¢, and then by independence
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of irrelevant alternatives, a > ¢ as well. This works whenever a >, ¢ for
every n € K, so K is victorious for a over c.

By a symmetric argument, K is victorious for every d over b. Combining
these steps, K is victorious for every d over every c.

So let us just speak of victorious sets. By unanimity, NV is victorious.
From the definition, if K is victorious and K C J then J is victorious.

Suppose J and K are both victorious and consider some situation
{<n}nen where a =, b for every n € J N K. Choose a third outcome
¢ (we assumed that a third outcome exists). Suppose voters change their
minds about ¢ to have preferences {</ },en as follows. For each n € JN K,
we have a >/, ¢ ! b. For each n € J\ K, we have ¢ =/, b. For eachn € K\ J,
we have a >/, c.

Then, since J is victorious and for every n € J we have ¢ > b, we must
have ¢ >’ b. For every n € K we have a >/, ¢, so a >’ ¢. Therefore a >’ b and,
by independence of irrelevant alternatives, also a > b. This works whenever
a >p b for every n € JN K, so JN K is victorious.

We have shown that the victorious sets form a filter Fl

Next, suppose K is not victorious. That means there is some list of
preferences {<;, }nen so that a >, b for every n € K, but b =~ a. We will
show that N\ K is victorious. Consider a third candidate ¢, and any situation
{<n}nen so that b =, c for every n € (N \ K). We will change the voter
preferences about a to a third situation, {<! },cn, which incorporates some
information from {<;, },en: for every n € K, a will become the voters first
choice (so, in particular, both a =/, b and a >/, ¢), while for every n € N\ K,
we will have a ! ¢ and will also have a >/, b if and only if a =, b. The
voters views of a and b in {</ },cn are the same as in {< },en, so, by
independence of irrelevant alternatives, since b =~ a also b =’ a. For every
n € N we have a >/, ¢, so by unanimity, a >’ c¢. Therefore b >’ c.

Then, by independence of irrelevant alternatives, we must have b > c.
Since this works whenever ¢ <, b for every n € N\ K, so N \ K is victorious
for b over ¢, and therefore is victorious.

Therefore the victorious sets have the “ultra” property. Therefore the
victorious sets are an ultraﬁlterm But, since N is finite, N = {n1} U--- {ny}
for some finite k, and therefore there is some i so that {n;} € N. But then
n; is a dictator: whenever a >,, b, we have a > b. ]

Indeed, this argument shows that when N is not finite, if F' satisfies the

*Though not necessarily a free filter—we have not promised that every cofinite set is
victorious, and indeed, N is finite, so every set is cofinite.
fIn the conventional definition, where we work over filters rather than free filters.
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first two requirements then the victorious sets form an ultrafilter on V.

2.10 Remarks

We considered ultrafilters over N—that is, ultrafilters which consist of subsets
of N—but we can consider an ultrafilter made out of subsets of any sets, or,
more generally ultrafilters in any partially ordered set. This leads to more
general ultraproducts whose ground models are indexed by sets other than
N.

If one replaces the last property of a free filter—that it contains all cofinite
sets—with the weaker assumption that the collection is non-empty (and
therefore contains N), one obtains a filter. Adding the ultra property to a
filter gives the conventional definition of an ultrafilter. The only difference is
that the definition of an ultrafilter given in this chapter excludes the principal
ultrafilters: for each n, the collection of all sets containing n is a principal
ultrafilter. Since the principal ultrafilters are a degenerate case, we have
simply excluded them from the definition rather than repeatedly specifying
"non-principal” everywhere[|

The space of ultrafilters has a structure of its own, as a topological
semi-group—indeed, with a discrete space like N, the collection of ultrafilters
coincides with the maximal compactification of the space, the Stone-Cech
compactification. Ultrafilters have a number of direct (that is, without
constructing an ultraproduct) applications in mathematics [16, 84], and it
is an interesting open question whether all the uses of ultrafilters can be
channeled through ultraproducts [42].

The ultraproduct construction applies to structures much more general
than graphs. Indeed, the ultraproduct construction applies to a vast array
of mathematical objects—it is usually defined for structures of first-order
logic [49], which includes combinatorial structures like directed graphs and
hypergraphs; algebraic structures like groups, rings, fields, and so on; and
also models of set theory. Ultraproducts of the natural numbers and the
reals have become a standard way to approach non-standard analysis |41}
70]. Ultraproducts also pay an important role in set theory [93, [L05], where
one can even consider ultraproducts of the entire universe of sets. The
ultraproduct construction, with a suitable modification, also applies to

*To paraphrase an old joke, if the reader is ever stranded on a desert island, I recommend
giving a talk to the ocean about ultrafilters without specifying that you mean non-principal
ultrafilters. Someone will promptly arrive to remind you that, surely, you meant to specify
the non-principal ultrafilters.
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structures in continuous logic [14], including Banach spaces and C*-algebras,
and normed spaces more generally [83]. (Indeed, one of the motivations for
the development of continuous logic was to explain the already-observed
existence of ultraproducts in non-first-order structures like Banach spaces.)



Chapter 3

Density as Probability

3.1 Density is not Cardinality

We now turn to making sure that for any H, the density ¢ty has the property
that

tr([Gnly) = lim t(Gn).

We have only even defined ¢ (G) when G is finite, so we need to figure out
how to define the left side of this equation. First, we should notice that we
can’t just define tg([Gplu) as a ratio of cardinalities the way we did for finite
graphs.

Consider a sequence of graphs with few (but not zero) edges: let G,, be
the graph C,, consisting of n vertices arranged in a cycle. In a cycle, every
vertex has exactly two neighbors, and this is a property that passes to the
ultraproduct—observe that [z,];; has exactly two neighbors if and only if
{n | z,, has exactly two neighbors} € U.

For any fixed finite cycle k, T¢, (C,,) = () once n > k—that is, there are
no small loops. So, for each k, {n | T¢, (C,) = 0} € U, so [Gyly does not
contain any copies of Cy, for any k.

So each vertex in Gy has two neighbors, each of which has an additional
neighbor, each of which has an additional neighbor, and since we cannot
loop, we get infinite chains that look like - e—e—e—e . A chain like
this has countably many vertices, so [G),];s must contain uncountably many
of these chains. This gives a complete description of [G]y as a graph:
uncountably many chains which stretch forever in both directions, and
therefore uncountably many edges (indeed, the same uncountable cardinality
as the set of vertices).

83
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However lim,,_,;, tk,(G,) = 0: the graph G,, has n vertices and n edges,
80 1K, (Gn) = 75 = % So even though [G, ]y has uncountably many edges,
the “density” of these edges should still be 0.

On the other hand, if G/, is the complete graph on n vertices, [G},]y is a
complete graph on uncountably many vertices. Since tk,(G),) =1 for every
n, the density of edges in [G},];; should also be 1.

So [Gplu and [G] ]y have the same cardinality of both vertices and edges,
but very different densities. Infinite cardinality is a much coarser notion than
finite cardinality, and we will need are more refined notion to make sense of
density on ultraproducts.

3.2 Probability on Internal Sets

Our approach will be to turn [Glyr = ([Vi]u, [Enu) into a probability space.
When V is a set, a probability measure is a function g which assigns, to
subsets of V, a probability in the interval [0, 1].

When X C [V,]y is internal, there is a natural choice for the probability
of X: since X is internal, X = [X,,];s and we should have

| Xl
X)=1 .
M) = Wl

To make this even more explicit, recall that in Section [I.3] we defined a

counting measure: when S C V;,, let us write u,(S) = % for the counting

measure on the n-th ground model. Then our definition is simply
p(X) = Hm i (Xn).
n—U
This is a coordinate-wise definition, so we should make sure it doesn’t
depend on the representation of X we choose.

Lemma 3.1. If [ X, ]y = [Ya]u then

lim py,(Xy) = lim p,(Yn).
n—U

n—U

Proof. If [Xy)u = [Ynlu then there is a K C U so that, for all n € K,
X, =Y,. Therefore, for each n € K, pu,(X,) — u(Y,) = 0, and therefore
limy, s (pin (X)) — p(Yy)) = 0, so also

li X,) =1 Y.,).
n%ﬂn( n) n%ﬂn( )
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For example, suppose that each G, is a complete bipartite graph where
the sides have almost the same size: take G,, = Ky n11 = (Vi, Ey,), where
Vo] = 2n + 1 and we have V,, = X,, UY,, where |X,| =n+1 and |Y,| =n,
and E, = {{z,y} | v € X,, and y € Y,,}. Then, as in the previous chapter,
[En]y will be a complete bipartite graph on [V, ]y. [Xn]Ju and [V ]y are
subsets of [V;,]ys and

| X . n+1

1
Xolu) = 1i X,) = li =1 =3
#([Xnl) = lim o (Xn) = lim Vol “nou2n+1 2

In the finite graphs Ky, ,11, Xy, is approzimately half the vertices (at least
when n is large), but in the ultraproduct, the measure of [X,]y is exactly
one half. In Chapter [, dealing with the finite case, we sometimes noted that
we were disregarding error terms that were sufficiently small—specifically,
erros which were less than €|V,,| for each € > 0 (and when n was much larger
than 1/¢€). In the ultraproduct, these error terms are literally 0.

This demonstrates that the relationship between statements about mea-
sure in the ground models and the corresponding statements in ultraproducts
is slightly more complicated than the straightforward relationship given by
first-order formulas. In this example, {n | u,(X,) > 1/2} = N € U, but
p([Xnlu) < 1/2.

However this is the most that u([X,,]y/) can deviate from the behavior of

the pn(Xy):
Lemma 3.2. Whenever X C [V,]y is internal, taking X = [X, |y we have:
o if {n| pa(Xn) < c} €U then p(X) <,
o if u(X) < c then, for every e >0, {n | u(X,) < c+e} €U,
o if {n| pa(Xn) = c} €U then p(X) > c,
o if u(X) > c then, for every e >0, {n | u,(X,) >c—e} €eU.

All parts of the lemma follow from the definition of lim,, ;.
It will be convenient, once in a while, to have approximations of p which
are internal.

Definition 3.3. u([X,]y) 7 € holds exactly when {n | u(X,) > €} € U.

The lemma above then says that

p([Xnlu) > € = p([Xnlu) Z € = p([Xnlu) > €

w inherits many of the rules we expect of probability from the ground
models:
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Lemma 3.4. If X and Y are internal sets then (X UY) = u(X) + u(Y) —
wXNY).

Proof. Pick representatives X = [X, ]y and Y = [V, ]yy. Observe that XUY =
[Xn U Yn]ut

[UnJu € X UY if and only if [v,]yy € X or [vyJy €Y
if and only if {n | v, € Xp} €U or {n|v, €Y} €U
if and only if {n |v, € X, or v, € Y,,} €U
if and only if [v,]y € [Xn U Ya]u.

Similarly, X NY = [X,, N Y, |u:

[un]u € X UY if and only if [v,]yy € X and [v,]y €Y
if and only if {n | v, € X,} €U and {n | v, € Y} €U
if and only if {n |v, € X,, and v, € Y,,} €U
if and only if [v, ]y € [Xn N Yoy

Therefore
w(XUY) = lim p, (X, UY,)
n—U
= T}i_rle/{(/‘n(Xn) + b (Yn) = pin(Xn NY3))
= u(X) + () — p(X NY),

O
More generally, we have finite additivity.
Corollary 3.5. Suppose' B, ..., B* are pairwise disjoint internal sets. Then
/L(Uigkz B') = Zigk p(B*).
Proof. By induction on k, using the previous lemma O

The conventional setting for probability theory is a o-algebra, in which
we have not only finite unions and intersections, but countable ones.

Definition 3.6. We say B is a o-algebra if B is an algebra and, additionally,
whenever B; € B for every i € N, ;e Bi € B.

When B C P(V) is a o-algebra, a probability measure on (V,B) is a
function p : B — [0, 1] such that:
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o if B; € B for each ¢ and B; N B; = () whenever ¢ # j then pu(U;c; Bi) =
Yier M(Bi).

A probability measure space is a triple (V, B, u) where B C P(V) is a
o-algebra and p is a probability measure.

Since o-algebras are closed under complements and countable unions,
they are also closed under countable intersections.

We saw in the previous chapter that the union or intersection of countably
many internal sets is generally not an internal set, so if we want to do
probability theory properly, we will need to extend u beyond the internal
sets. As a first step, we can show that p satisfies the countable additivity it
is supposed to have as long as the countable union happens to be internal.

Lemma 3.7. Suppose that, for each i, B' € B is internal and B' N B =)
whenver i # j. If U;en BY is internal then u(U;eny BY) = Y02, u(BY).

Proof. In the previous chapter, we proved Theorem if Usen B' is internal
then ;e B' = U<, B' for some finite k. Since the B* are pairwise disjoint,
that means B® = () for i > k and therefore u(B*) = 0 for i > k. Therefore
this follows from finite additivity. O

This makes p a pre-measure on the internal sets: it has the properties a
probability measure should have as long as the sets involved are internal.

Although the union of countably many internal sets is not internal, we
can get close to a countable union: the union of countably many internal
sets is contained in a set with the same measure as the sum.

Lemma 3.8. If each A’ is internal then there is an internal set AT such
that:

« Uien A’ € A", and

Proof. Name the target measure ¢ = lim, oo 4(U;j<pm A?)
We first show that we can prove the statement up to e: for each € > 0,
we will define an internal set A™¢ so that ;e A" € AT and p(A™€) < c+e.

T Al
Define a function f€ by setting f€(n) to be the largest m so that % <

€ y i € A’;L
c+eandset AT = A/*—that is, AT¢ = [Ui< e(n) Anlu- Since % <
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c+ e for each n, certainly u(A*€) < c+e. Since limy, o0 (U<, AY) = ¢, for
, AL
each m, u(U;<,, A') < ¢ < c+ ¢, and therefore {n | ‘U’l%':" <c+e}el,

so {n | A}, € Uicpen) Ah} € U, and therefore A" C A+, Similarly, when
§<e A0 C Ate,
Now consider the sequences

<2 i<3

Then by Theorem there is an internal A" with ey At C AT, and
AT C ATV for all 4. Therefore u(AT) < ¢4 1/i for all i, so u(A*) =c. O

We will usually apply this lemma when the sets A’ are pairwise disjoint,
in which case lim, o0 1(Uj<m A7) = 35 (As).

There is one further prol_)erty of finite sets that we will want u to share.
When A and B are finite sets with the same cardinality, we also expect A and
B to have the same measure. In the ultraproduct setting, we have already
seen that this is too much to expect.

Instead, we should re-examine what we mean by cardinality: two sets have
the same cardinality if there is a bijection between them. In the ultraproduct,
we should only expect the measure to respect internal bijections.

Lemma 3.9. If A and B are internal sets and f : A — B is an internal
bijection then p(A) = u(B).

It will be convenient later to have the more general form of this:
Lemma 3.10. If R C A x B is an internal relation such that

o foreachac A, |{b] (a,b) € R}| =k,

o foreach b€ B, |{a| (a,b) € R} =m,
then ku(A) = mu(B).

Then the graph of a bijection is exactly such a relation with k = m = 1.
We do not need the full generality, but we will need, for instance, the case
where k = 2 and m = 1, saying that each element of A is matched to exactly
two elements of B. Then the measures behave the way we expect: if each
element of A is matched to two elements of B then u(B) = 2u(A).
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Proof. We have A = [A,]y, B = [Bn|u, and R = [R,]y. Since the properties
“for every a, |{b| (a,b) € R}| = k” and “for every b, |{a | (a,b) € R}| =m”
are first-order, we know that the set of n so that R,, C A,, X B,, has these
properties is in .

For any such n, we have k|A,| = m|B,|, so ku(A,) = mu(By,). Since
this holds for a set of n belonging to U, we also have ku(A,) = mu(By). O

This makes sense of the difference between Koo oo and K, o2 we saw in
Section these structures both uncountable complete bipartite graphs,
and are therefore isomorphic, but they have different internal sets. In K o,
there is an internal bijection between the two parts, so for instance each
part has measure 1/2. On the other hand, in K, 2, for every m there is an
m-to-1 relation between the two parts, so the left part has measure 0 while
the right part has measure 1.

3.3 Probability Spaces

What about non-internal sets? We cannot hope to extend p to make sense
for all the subsets of [V},]ys: just as in the more familiar case of the Lebesgue
measure on [0, 1], there is not a way to consistently define a probability on
every single subset of [V},];s. There will have to be some unmeasurable sets
which are not in the domain of .

There is one class of sets we can immediately extend our measure to: if
A is an internal set with p(A) = 0 then certainly we could say p(B) = 0 for
every subset B C A, internal or not. Slightly more generally, a set might be
contained in arbitrarily small internal sets:

Definition 3.11. We say B C [V, ]y is p-null if, for every € > 0, there is an
internal set A, such that B C A, and u(A.) < e.

It is almost immediate that a finite union of p-null sets is also p-null.
Less trivally, even a countable union of p-null sets is p-null.

Lemma 3.12. If each B; is p-null then so is |J;en Bi-

Proof. Let € > 0 be given. For each i, choose an internal set A; O B; so that
p(A;) <e- 27" Let A; = A; \ U;; A}, so the A/ are pairwise disjoint and
UieN A; = UiEN Ai.

Then by Lemma there is an internal set A" O U;en 4i 2 Ujen Bi
with (A7) =37 u(Aj) < 3 n(Ai) <e. m
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More generally, we could extend u to any set which is within a null set
of an internal set:

Definition 3.13. We say B C [V,,]y is u-approzimable if there is an internal
set A so that A A B is p-null. We call A a p-approzimation of B.

We write B(u) for the set of u-approximable sets. We define p : B(u) —
[0,1] by u(B) = u(A) where A is any p-approximation of B.

Note that this definition gives a unique value for the measure of each u-
approximable set: if A and A’ are two u-approximations of B then A A A’ C
(AA B)U (A" A B) is an internal p-null set, and therefore has measure 0, so
H(A) = ().

The p-approximable sets are a suitable family of sets to use as the basis
for probability theory.

Theorem 3.14. The u-approrimable sets are a o-algebra.

Proof. () and V are internal, so certainly p-approximable. If B is u-approximable,
so AA B is p-null then V'\ A is internal as well, and (V\A)A(V\B) = AAB
is p-null, so V'\ B is p-approximable.

Suppose B; is u-approximable for ¢ € N, so for each ¢ we have an internal
set A; so A; A By is pnull. Let Af = A; \U;; Aj, 50 Ujey A} = Usen 4i and
the A are pairwise disjoint. Then by Lemma we have a set AT D (J;cn Ai
with (A*) = 3, p(A)).

Then the internal sets AT\ Uj<i Al must have measures approaching 0,
so AT\ Ujen 4i is p-null.

Then

i€N ieN i
This is a countable union of p-null sets, so is also p-null.
Since MNieny =V \ (Uien(V \ Bi)), Nien Bi is p-approximable as well. [

Theorem 3.15.  is a probability measure on B(u).

Proof. The only thing to check is countable additivity. Suppose each B;
is p-approximable and B; N B; = () whenever i # j. For each B;, fix a
p-approximation A;. Observe that when i # j, u(A; N A;) = 0: since
Bi N Bj == (Z), Al N Aj - (Az A Bl) U (AJ A Bj), and is therefore ,u—null.

So let Aj = A; \ U;<; Aj, s0 u(A}) = u(A;). Choose AT D U,y Ai with
H(A™) = 5 (AL = 3, pn(Ay). Since

ATAYB AT\ |JA)u A A By
7 ieN 1€N
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is p-null, A" is a p-approximation of J;cy Bi, S0

w(U Bi) = w(AT) = 3 p(Ai) = > u(By).

€N
0

The p-approximable sets are naturally complete: any subset of a measure
0 set is measurable.

Lemma 3.16. Suppose X CY,Y € B(u), and u(Y) =0. Then X € B(u)
and pu(X) = 0.

Proof. First, we show that the empty set is a p-approximation of Y. Since
Y € B(u) with measure 0, there is an internal set A with p(A) = 0 so that
Y A Ais p-null. Then, for each € > 0, there is a B, with u(B) < € and
Y A AC B.. Butsince u(A) =0, u(BeUA) <eand (Y ADP)=Y C B.UA.

But then (X A () = X C BcU A as well, so () is a p-approximation of X,
so u(X) =0. O

Corollary 3.17. If X C [V,]u and, for every e > 0, there is a Y. € B(u)
with X CYe and p(Ye) < € then X € B(p) and p(X) = 0.

Proof. If the Y, were internal, this would be immediate because X would be
p-null. Instead, note that X C ;Y4 =Y and, since B(y) is a o-algebra,
Y € B(p) and pu(Y') = 0. Therefore X € B(p) and pu(X) = 0. O

3.4 Probability Spaces on [V, ]}

The sets whose densities we're interested in are not just subsets of [V,]y
itself, but also subsets of [Vn]la for various k. For instance, we are interested
in the measure of {(z,y) | {z,y} € [ExJu} C [Va]}, or the measure of
[(@.9,2) | {2y} € [Buly and {2, 2} € [Enly and {y, 2} € [Euu} C [Vl
(that is, the density of the set of triangles).

The sets [V;,]¥ are themselves ultraproducts—[V,,]¥, is the same as [V,F]y,.
That is, we can forget about the fact that the elements of V,* happen to
be tuples: taking W,, = V¥, we can apply the previous section to [W, ]y =
Vidlu = [Valfy-

Definition 3.18. For any k € N, we define u; on internal subsets X =
[(Xanlu C [Vn]zlf{ by

e (X) (ke )n(Xp) = lim

= lim
n—U
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A set B C [Vn]Z’j is pug-null if, for every € > 0, there is an internal set A,
such that B C A, and py(Ae) < e.

A set B C [V,]F is uy-approzimable if there is an internal set A such that
AN B is p-null, and we call A a ug-approximable of B.

We write B(u) for the set of pp-approximable sets and define py :
B(ui) — [0,1] by pui(B) = ur(A) where A is any pg-approximation of B.

As in the previous section, we have

Theorem 3.19. B(uy) is a o-algebra and py is a probability measure on
B(pux)-
k

However the spaces [V;,]f; are more interesting than just [V,]y by itself,
because these spaces are related to each other—the measure on [V,]% has
something to do with the measure on [V,]y.

Indeed, there is a second way we could have tried to define py: by an
integral. For instance, when X C [V},]%, we could also evaluate

[ 1ty | (@) € X duta).

Of course, when X is not symmetric, we have to worry about the possibility
that integrating in the other order

[t | @y € XY duty)

might give a different value.

These integrals mean something different than the simple measure pa(X).
The measure po is looking at the set of pairs X as simply an unstructured set,
ignoring the fact that its elements are pairs. For instance, when X = [X,]y,
w2 (X) = limy,—y % On the other hand, the integral is calculating the
average, across all values of x, of the measure of the set of neighbors of x.

Another way to look at this is to think of measuring a set by randomly
sampling points. s corresponds to the uniform measure on the set of pairs:
we determine ps(X) by randomly choosing pairs of points, with each pair
equally likely, and checking whether that pair belongs to X. [u({z | (z,y) €
X})du(x) corresponds to first choosing a value of z randomly, with each
possible x equally likely, and only after choosing a point y and checking
whether y belongs to the set {z | (z,y) € X}.

Despite the different meanings, you may have a strong intuition that
these should be the same, which we should be a bit careful about. The fact

that these are the same for Lebesgue measure is Fubini’s Theorem, a familiar
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fact from multi-variable calculus. But Fubini’s Theorem does not apply here:
Fubini’s Theorem only applies to the product of probability measure spaces,
and we will see later that ([V;,]F, B(uk), ux) is not a product space.

These different interpreations are still the same here, but for a different
reason. This distinction is important, because we will be interested in the
product spaces, which we will define precisely later. In fact, the distinction
between the product space and ([V;]F, B(ux), ) is a central concern: we
will discover that the sets which are measurable in the sense of the product
space are exactly the “non-random” sets, and that B(uy) contains additional
measurable sets which are random.

For the moment, however, we want to understand how the spaces
([Val, B(pk), 1) relate to each other. First, we need to consider several
ways we could use the description of a set by coordinates to define other sets.

Definition 3.20. If X C V" and 7 : [1,7] — [1,r] is a bijection then
X" ={(w1,..,2) | (Tr(1), > () € X} € By
If k<randzxq,...,xx €V, the slice of X corresponding to x1, ...,z is
Xoywn = 1@hit, - x) €EVIFR | (g, 2, Tpgns - 2) € X )

We can now write down an abstract description of the properties we
would expect a family of probability measure spaces to have.

Definition 3.21. Let V be a set and suppose that, for each k, we have a
probability measure space (V¥, By, uy). The spaces {(V*, B, ux) bren are a
Keisler graded probability space if:

o (Symmetry) whenever 7 : [1,k] — [1,k] is a bijection and X € By,
— X7 € By, and
— (X7 = pr(X),

o (Products) whenever B € By, and C € B,, B x C € By,

o (Fubini Property) whenever X € By,

— the set of x1,...,7z; € V such that X,, . ., € B, belongs to By,
and has pp-measure 1, and

= Mrr(X) = fﬂr(th--.,wk)dﬂk(xlv s TE)
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These properties seem technical, but they are exactly the properties we
would expect a family of probability measures on V* to have. The first two
properties guarantee that there are enough measurable sets.

However we are allowed to—as we typically will—have additional sets
beyond those required by the product property. The Fubini property puts a
restriction on these new sets, requiring that these additional sets be assigned
measures in a way that is consistent with the measures assigned to sets of
lower arity: their slices have to exist in the lower arity o-algebras, and the
measure must be the one obtained by integrating over the slices.

In particular, we can calculate measures by integrating over one of the
coordinates. For example, let Tc, = {(z,y,2) | {z,y} € F and {z,2} €
E and {y, z} € E} be the set of triangles. Then (Tc,), = EN (Ey x Ey) is
the set of pairs (y, z) which are both neighbors of x and are also neighbors of
each other (so that (z,y, 2) is a triangle), and, when {z,y} € E, (Tc;),
E,NE,.

If we want to find the measure of the set of triangles, us(7c,), we can
calculate either [ ua((Tc,)s)dp(z) or [ p((Tcs)(z,y))dp2(z,y) if one of these
is easier to calculate. Indeed, we will routinely find ourselves switching
between different integrals which calculate the same measure.

zY) =

The Fubini property is only stated for a single order of integration, but
symmetry allows us to rearrange the coordinates to consider other orders
of integration. For instance, if X is a set of pairs (z1,z2) and 7 is the
permutation swapping 1 and 2, we have

() = o (X7) = [ (X)) s (@) = [ g (Ko) dpn (2.

We also note that having the Fubini property for measures is enough to
obtain the same for integrals:

Lemma 3.22. If {(V*, By, &) }ren is a Keisler graded probability space then
for any measurable function on VF+7,

/fde+r Z/(/f(l”l,-~-,Jfk+r)dur(l“k+1,-~-,$k+r)) dp (21, - . -5 k).

Proof. For any € > 0, we may choose a simple function g = >, ¢ixp, with
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|f(z1,..., Tksr) —g(z1, ..., Thyr)| < € for almost all 1,. .., xg4,. Therefore

/fd/um = /gduk+r+6!€! <e

= Ciftgsr(B;) + € where |e| < €

i<d
= Zci /,ur((Bi)xl,,,,,xk) duy + e where |e| < €
i<d
= /ZQNT((Bi)xh...,xk)duk + e where |e| < €
i<d

= / (/f(!EL---,$k+r)dur(l‘k+1,---,$k+r)> dpk(z1, ..., x) + € where [¢/] < 2e.

Since this holds for every € > 0,

/fd,uk+r:/(/f(acl,...,xk+r)dur(xk+1,...,xk+r)) dpg(z1, ..., Tk).
[

The key fact we need is that the natural measure spaces on the ultra-
product form a Keisler graded probability space. The proof is routine, but
long and technical, so we finish the section with it.

Theorem 3.23. The collection of probability measure spaces ([Vn}’&, B(pk), )
is a Keisler graded probability space.

Proof. The approach is that, for each property, we first show that the property
holds for internal sets, and then lift that to all of B(uy) by looking at an
approximation.

First we show symmetry for internal sets. Let A = [A,]yy be internal. For
any bijection 7 : [1, k] — [1, k], since A" = [AT]yy and (pg)n (A7) = (1 )n(An),
we have pu(A™) = u(A).

Next, consider an arbitrary X € B* and take a p-approximation A. Then,
for any € > 0, we have an internal set Ac with p,(A¢) < eand (AAX) C A..
But also ux(AT) = pup(Ae) < e and (AT A X™) C AT, so A" is a -
approximation to X7, so X™ € B¥ and up(X™) = up(A™) = prp(A) = pp(X).

Products of internal sets are certainly internal: if A = [A,]y C [V,]F, and
B = [By)u C [V,];; are internal then A x B = [A,, X ByJu.

Suppose that, X € B, and Y € B,. Consider a pg-approiximation A of X
and p-approximation B of Y. Then for any € > 0, we may choose internal
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sets Ac D (AA X) and B D (BAY) with pur(Ae) < €/2 and p,(Be) < €/2.
Then

(AxB)A (X xY)C[(AAX) x [Valp] U [Vally x (BAY))
(Ae x [Valg) U ([Vn]]Z{ x Be),

and fig 1 ((Ae ¥ [Vn]Z{) U ([Vn]llf{ X Be)) <.

Finally, we turn to the Fubini property. Once again, we start with internal
sets. When A = [A,]y € BFT" is internal, A,,
choice of x1,...,xk, and therefore is in B".

The ground graphs are finite, so the analogous statements hold by count-
ing:

«,, 1s also internal for any

-----

1 [(An)ay,....a|
[0l i) =t Y W
n ($17".7$k)€v]€n n
1
= 2 @l
" (@11 ) EV
|An| k+r
- |Vn‘k+r = Hn (An)

Moreover, we have lim,, ;s 1*7"(A,) = prsr(An), so what we need to do is

show that

lim (Hr)n((An)m,..-,zk)d(/‘k)n(xl’ ey Tg) = /NT((An)xL..-,xk)d:uk(xlv ey )

n—U

This does not immediately follow from our definitions—to prove this,
we have to look carefully at how integrals are calculated. Integrals are
approximated by finite sums: we can break the interval [0, 1] into small
sub-intervals: let J = |1/€| and take [0,1] = IpU [; UIy U --- U I; where
I; = [je,(j + 1)e). Then, for each (z1,...,2x), (tr)n(Ag,. z,) € I; for
exactly one j; let Cf = {(x1,...,2x) | wr(Azy,. 2,) € I;}. Then—still
working in the ground model—we notice that

(ke An) = [ (r)a(Asy o)A@, )

= Z /Cj (Nr)n(Axl,...,xk)d(,uk)n(l‘l, - ,:L'k)

i<J

~ Y (1) (CL) (5 +1/2)e.

i<J
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More precisely, since each interval I; has radius €/2, we have

‘/(Mr)n(Axl,--.wn)d(ﬂk)n(xl’ e Tn) — Z(Nk)n(cé)@ +1/2)e| <¢/2.

J<d

Consider the corresponding sets in the ultraproduct, C7/ = [C]y. Note
that C7 is not quite {(z1,...,2%) | tr(Azy,.. ) € Ij}—because of the behav-

ior at limits, when p,(Az,, . 2,) = j€, we could have either (z1,...,zx) € I;
or (z1,...,x) € Ij_1. Instead, what we have is that p,(Az, .. 4, ) is in the
closure of I;: if (x1,...,2%) = ([zL]u, - - -, [zF]u) € C7 then

o (Agy,wn) = UM (1) ((An)ar o ox) € E = [je, (7 + 1)el.

n—i noes T

Moreover, pux,(C7) = lim, ¢ (pr)n(C3). Therefore

/MT(Aml,...,xk)de(zla cee axk) = Z /C /M‘(Agcl,‘..,xk)d,uk(mla cee ,Cﬂk)
J

JisJ

and so

/ur(Aml,...,xk)duk(ivh o) = > pk(CT) (G + 1/2)e| < €/2.
J<J
Putting this together,
fktr(A) = Hm (pgetr)n(An)

n—U

~ lim > (uk)n(C5) (G + 1/2)e
n—U “

J<J

— Z/ pr(Agy e )dpg(z1, - . Tk)

j<J ¢

= /Mr(Aml,‘..,xk)dﬂk(wla ce. ,l'k)

where the ~ indicates an error of size < €/2. Since we can make € as small
as we like, we have

,Ukarr(A) = /M’I‘(A$1,...,a?k)d/”’k(x17 v ,$k).
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Finally, we must show the Fubini property for an arbitrary internal set
X € B**"(upsr). Let A be a pp i -approximation of X. We will show that,
for almost every x1,...,2%, Az, 2, is & yr-approximation of X, . ., .

Let D C VL]f consist of the “defective” points—those points for which
Agi,..z, Is not a p-approximation of X, . 5. Then Ay, - A Xy | 4 ds
not p-null, so there must be some natural number d > 0 so that A;, . ., A
X4z, 18 not contained in an internal set of measure < 1/d. Let Dy consist
of those z1,...,z such that Ay . A Xy o
internal set of measure < 1/d, so D = J,; Dg.

We will show that each Dy is in B(p) and has measure 0, and therefore
D does as well. For any ¢ > 0, A /A X is contained in some internal set B
with ,uk—i-r(B) < 6/2d‘ Since 6/d > Nk+r(B) = fﬂr(Bm,...,mk)dﬂk(xh e 737k)7
the set of z1,...,z; such that p,(By,, .. 2.) > 1/d must be have measure
< €. This set contains Dy, so Dy is contained in a set of measure < €. Since
D, is contained in a set of measure < € for every e > 0, by Corollary [3.17]
n(Da) = 0.

Then for almost every zi,...,z; we have p,(Az, . 20) = tr( Xz, 2p)s

, is not contained in an

SO
Phtr(X) = pgetr (A)
= //JT(Axl,.‘.,wk)d/'Lk(xla ) l‘k»)

= /,U/T(le,...,xk)d,uk(xlv---7xk>'

3.5 Subgraph Density

The work above justifies the definition of a measurable graph. Ultraproducts
are our main example, and whenever we see a measurable graph, an ultra-
product will not be far behind, but is convenient to sometimes forget about
the extra structure of an ultraproduct.

Definition 3.24. A Keisler graded probability space {(V*, By, i) bren is
atomless if, for all v € V| i ({v}) = 0.

A measurable graph is a Keisler graded probability space {(V*, By, pur) }een
together with a symmetric set E € By. We say a measurable graph is atomless
if the underlying Keisler graded probability space is atomless.

We often say “G = (V, E, pu1) is a measurable graph”, leaving the spaces
By, and measures py for k > 1 implicit. In the rare situation where the space
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By is significant and not implicit from the context, we will spell out the
measurable graph more carefully.

Finite graphs are always measurable graphs, taking By to be the set of
all k-tuples and pg to be the counting measure. The work above shows that
ultraproducts of finite graphs are also measurable graphs, and these will be
our main examples of measurable graphs.

We are only interested in either finite or atomless measurable graphs.
The notion includes other examples—for instance, imagine a measurable
graph where there is a single vertex with half the measure, but the other
half of the measure has no atoms—but we are generally not interested in
those cases.

We are now, finally, ready to define subgraph density in an ultraproduct
and, more generally, in a measurable graph.

Definition 3.25. If H = (W, F) is a finite graph with W = {v1,..., v}
and G = (V, E, 1) is a measurable graph, for any (z1,...,z5) € VL’f we
can define a potential copy 7y, ., of H in V by setting 7y, 4, (vi) = ;.

Ty (G) is the set of (z1,...,z) such that 7, ,, is an actual copy.

This is the definition we would expect: Ty (G) is precisely the set of
tuples (x1,...,zx) which form a copy of H. When G = [G,,]ys is an ultraprod-
uct, T ([Gnlu) is certainly internal: it is the set Mg, o yer{(21,. ., 2) |
{zs,z;} € [EpJu}. By the Lés Theorem, Ty (G) = [Ta(Gy)|n, where Ty (Gy,)
is the set of copies of H in G,,.

The definition of the Keisler graded probability space ensures that each
of the sets {(x1,...,2x) | {zs,2;} € [Eply} is measurable, and therefore their
intersection is as well.

Definition 3.26. We define ty(G), the subgraph density of H in G, to be
(T (G)).

When G = [G,]y, since the Ty are internal, we have ty([Gply) =
limy,—p¢ pin (T (Gy)) = limy, 0t (Gy). This is the property we originally
demanded our notion of a limit graphs should have, which we have finally
achieved—not with a big final proof, but falling right out of our definitions
and the work we did to show that those definitions made sense.

The quantity tx,(G) has a particular significance, since it is essentially
the density of E itself. Indeed, by definition,

tiy (E) = po({(z,y) [ {z,y} € E}).

We can generalize ty to symmetric functions:
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Definition 3.27. If H = (W, F') then

()= [ T1 o) diw,

{”Ui,'L)]'}EF
if the integral is defined.

Often we restrict to L* functions (that is, functions f so that there is a c
with | f(z)| < ¢ for almost all z), for which such integrals are always defined.
We need f to be symmetric because the edge {v;,v;} € F' is unordered, so if
f(xs,x;) and f(x;,x;) were not the same, we wouldn’t know which one to
include in our product.

Then ty(xg) = ty(F). At least when f only takes on positive values,
we can think of this as counting the density of “copies” of H in a “weighted
graph” where an edge with f(z,y) = 2 counts as a double edge, an edge with
f(z,y) = 1/2 counts as half an edge, and so on.

It is convenient to count not only the number of copies of a graph, but
the number of extensions of a partial copy. That is, suppose H = (W, F') is a

graph with W = {wy,ws, ..., wx}, and we have already picked, for instance,
vertices x1 and x9 in V to correspond to wy and ws. We would like to know
how many choices of x3,...,x) correspond to copies of H.

Definition 3.28. Let H = (W, F) with W = {wy,...,wi}. For any d <k
and any x1,...,2xq € V, define

T(G,x1,...,xq) = {(x4s1,. .- xx) € VE? | 7y, 4, is an actual copy of H}

and
tH(Gaxla cee 7$d) = :uk—d(TH(valv v 7$d))‘

The Fubini property assures us that when H = (W, F) is a graph and
H =Wy, F | (Vgo)) is a subgraph,

ty(G) = A/ (G) ty (G, xy,. .. 7$|Wo\)dM\Wo|'
H

This notation generalizes our earlier approach to degree: tk,(G,z) =
I xe(z,y) dui(y) = degg(x). More generally, this lets us count things like

s (Go2) = [ Xl p)xe(e,2xe (v 2) dua(2),

the number of pairs {y, z} which form a triangle with z, and

tio (Gry) = xwly) [ xe(@,2)xply 2) i (2),
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the number of ways to extend a pair x,y to a triangle. As this example

illustrates, ty (G, x1,...,x4) is 0 if it is impossible to extend 1, ..., x4 to a

copy of H because an edge from H is already missing—if there is no edge

between z and y, there are no choices of z which will make {z,y, z} a triangle.
The Fubini property promises that

[ t1,(G.) s = 11, (@)

—that is, if we add up, over all vertices, how many extensions there are to a
triangle, we get the number of triangles—and

[ et )ty (Goy) diie = 1, (6)

—if we add up, over all edges, how many extensions there are to a triangle, we
again get the average number of triangles. (A non-edge, of course, belongs
to no triangles.)

Note that even though only H appears in the notation t;7, the definition
depends not only on the graph (W, F'), but on the ordering {wy, ..., wg}: if

H is the graph , the function tg (G, x,y) could be either

/XE(% 2)xe(Y, 2)XE(®, w)XE(Y, w) dus

xe(e,y) [ xe(@, ), w)xe(z w) dus,

depending on whether wi,ws are chosen to be adjacent or non-adjacent
vertices from H.

3.6 Sampling

Every ultraproduct of finite graphs is a measurable graph and we can now
show that, at least for questions of subgraph density, every atomless measur-
able graph resembles an ultraproduct.

There is a canonical way to sample a random finite graph from a measur-
able graph G = (V, E, ui1): choose finitely many vertices vy, ..., v, according
to the measure p; on V, and let G, = ({vi,...,vpo,}, E | {v1,...,Vp}).
Our requirement that pi({v}) = 0 for each v € V means that when i # j,
P(v; = v;) = 0, so, with probability 1, G, is a well-defined finite graph
whose properties we can consider.
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Actually, we can say something slightly more general: whenever {(V*, By, tix.) }ren
is an atomless Keisler graded probability space and f is a symmetric, Bo-
measurable function with values in [0, 1], we can choose finitely many vertices
V1,...,Vy, according to the measure p1 on V' and then, for each pair v;, v;, let
P{ij) € {0,1} be a random value obtained by flipping a coin which comes up
heads with probability f(v;,v;). We can set Gy, = ({v1,...,Vvn}, {{vi,Vv;}|
Pij) = 1})-

Lemma 3.29. Let {(V*, By, i) }ren be an atomless Keisler graded proba-
bility space and let f be a symmetric Bo-measurable function with values on

[0,1]. For any finite graph H and any € > 0, there is an m so that whenever
we sample an n vertexr graph G, from f with n > m,

Pllta(f) —tu(Gn)| <€ >1—ce.

Proof. Our arguments look much like they did for R,,.

Let H = (W, F), write W = {w;,...,wy}, and suppose n is a large finite
number. First, we consider E(tg(G,,)). For each m: W — {1,...,n}, let ¢,
be the random variable whose value is

H f(vfr(i)avﬂ(j))'

{w;,wjYeF

When 7 is injective, observe that E(c,) is simply ¢z (f).
By the linearity of expectation,

E(th (Gn) = 7 3 Elcr).

Since there are at most Cn/"I=1 non-injective functions 7 : W — {1,...,n}
for some constant C, ths means that

1
As in the proof of Theorem we use McDiarmid’s inequality. This
time the random variables are the v; and the function of vy, ..., v, is the

subgraph density ¢ty in the graph induced by these vertices. A single vertex
participates in at only ]W\n'm_l copies of m, and therefore changing a
single vertex can change the subgraph density by at most |W|/n. Then
McDiarmid’s inequality says

W2 _ 2e“n

P(|E(tH(Gn)) — tH(Gn)’ > 6) <2 "nT =2e W2,
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Once we pick e, the value ‘WTQ is fixed, so by choosing n large enough, we
can make this bound as small as we like. O

Specializing to the case where f = yxg gives the following.

Corollary 3.30. Let G = (V, E) be an atomless measurable graph. For any
finite graph H and any € > 0, there is an m so that whenever we sample an
n vertex graph Gy, from G with n > m,

PHtH(G) - tH(Gn)| < 6] >1—e

This immediately implies the same claim for finitely many graphs at
once.

Corollary 3.31. Let G = (V, E) be an atomless measurable graph. For any
finite list of finite graphs H1,...,Hy and any € > 0, there is an m so that
whenever we sample an n vertexr graph Gy from G with n > m, for each
i <k,

Pllta,(G) —tu,(Gpn)| <€ >1—e.

Proof. Apply the lemma with €/k. O

Corollary 3.32. Let G = (V, E) be an atomless measurable graph. For
each n, let G, be an n vertex graph sampled from G (with the G,, sampled
independently from each other). Then, with probability 1, for every finite
graph H,

Jim (G = t(G),

Proof. There are countably many finite graphs, so it suffices to show that,
for each one individually, the probability that lim, o tz(Gy) # ta(G) is 0.
So fix a finite graph H and fix ¢ > 0. We will show that, there is an m so
that, with probability > 1 — ¢, for every n > m, [tg(G,) — ty(G)| < e.

For a given m, the probability that there is any n > m with |tz (G,) —
tu(G)| > € is at most

o @, AW -2
S B(l(Ga) 1 (G)] > ) < 37 26 TP < / 2 Wy = S LT

n>m n>m

m

In particular, choosing m large enough, this probability is smaller than €. [J

Note that this corollary gives us true limits, not just ultralimits: every
ultraproduct of the G,, has the same subgraph densities as G.
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Consider the following: we begin with the function f which is constantly
equal to 1/2. By sampling, we obtain a sequence of graphs G, whose
ultraproduct G is a proper graph—it is either 1 or 0 everywhere. But this
ultraproduct is clearly related to the original graph: for instance, ty(G) =
tr(f) for all finite graphs H. One of our goals later will be seeing how we
recover the function f from the graph G; indeed, we will discover that f is
the “non-random part” of the graph G.

3.7 The Possible Subgraph Densities are Compact

One reason to consider atomless measurable graphs, even if our main interest
is finite graphs, is that they compactify the space of subgraph densities: rather
than speaking of sequences of graphs with subgraph densities approaching
some limiting values of interest, we can focus on a single measurable graph
achieving these limiting values.

Theorem 3.33. Let ( be a function assigning, to each finite graph H, a
density ((H). Suppose that for every finite list of finite graphs Hy, ..., Hy
and every € > 0, there is a finite or atomless measurable graph G so that, for
all i <k, |((H;) —ty,(G)| <e.

Then there is a finite or atomless measurable graph G such that tg(G) =
C(H) for all finite graphs H.

A more formal approach to this idea, which we do not investigate in
detail because we will not otherwise need it, is to call ( a possible subgraph
density if there exists some finite or atomless measurable graph G so that, for
every H, ((H) = tg(H). There is a natural topology on the space of possible
subgraph densities—take a basic open set to be {¢ | ((H) € I'} for an open
interval I. (This topology is even metrizable—if we put the finite graphs
in an order Hi, Ho, ..., we can define d({,({) =Y, W) Then the
theorem says that the space of possible subgraph densities are compact.

Proof. One way to prove this is to drop through the world of finite graphs.
Fix an ordering of the finite graphs, H1, Ho, . ... For each k, choose a finite or
atomless measurable graph G, so that, for all i < k, |((H;) —tw,(G},)| < 1/2k.
If G, is finite, let G, = G).. If G} is atomless, by Corollary we may
sample a graph G}, from G, with |tg,(Gy) — tm,(G),)| < 1/2k for each ¢ <k,
s |C(H:) — ti, (Gy)| < 1/k.

Then for each H;, we have

b, (Glu) = lim t11,(Gr) = C(H3).
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O]

We will need to know that the same results apply if we restrict ourselves
to graphs omitting certain subgraphs entirely.

Theorem 3.34. Let ¢ be a function assigning, to each finite graph H, a
density C(H). Let X be a collection of forbidden finite graphs.

Suppose that for every finite list of finite graphs Hy, ..., Hy and every
e > 0, there is a measurable graph G so that:

o foralli <k, |((H;)—ty,(G)| <e,
o foreach He X, Ty(X)=0.

Then there is a measurable graph G such that tg(G) = ((H) for all finite
graphs H and Ty (G) =0 for all H € X.

Proof. This follows by the same proof, noting that when we sample G,, from
G, if Ty(G) = 0 then Ty (G,,) = (0 (because G, is in fact a subgraph of
G), and when Ty (G,,) = 0 for all n then Ty ([Gnlu) = 0 as well (by Los’
Theorem). O

3.8 Remarks

The development of measures in ultraproducts (and nonstandard models
more generally) goes back to Loeb [108], and measures of this kind are called
Loeb measures. More precisely, the measure we have defined is the completion
of the usual Loeb measure; the construction of Loeb measure is more robust
than the construction we have used here (for instance, it can be carried
out in settings of nonstandard analysis other than ultraproducts). See, for
instance, [70] for details.

The notion of a graded probability space was introduced by Keisler [97]
and used, in a context very close to the one we are concerned with, by
Keisler’s student Hoover [86].

The Furstenberg correspondence—a correspondence between finite sets
and dynamical systems introduced by Furstenberg to give his proof of Sze-
merédi’s Theorem [66]—can be understood as a special case of the ultra-
product construction, where the use of an ultrafilter can be replaced by a
well-chosen countable filter. (In proofs using the Furstenberg correspondence,
this takes the form of some sort of diagonalization argument.)
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Chapter 4

Extrema

We have now developed enough machinery to begin applying it to prove
some facts about finite graphs. One natural application is to questions
about extrema—to questions about what the largest or smallest value of
some ty(G) can be. Since the atomless measurable graphs compactify the
possible subgraph densities, they are the natural setting to look for optimal
(as opposed to “nearly optimal”) graphs.

In this chapter we consider two related problems of this kind:

o What is the maximum possible value of tk,(G) given that G is large
and does not contain any copies of some finite graph H?

o What is the smallest possible value of ¢k, (G) given that G is large and
tk,(G) = c?

4.1 Mantel’s Theorem

The simplest case of these questions is also the first result of extremal graph
theory, Mantel’s Theorem.

Theorem 4.1. If G has no triangles then tk,(G) <

N[

The bipartite graph illustrates that this bound is optimal: the bipartite
graph K, , has no triangles and tx, (K, ) ~ 1/2.

Proof. Since the graph has no triangles, whenever {z,y} € E, x and y must

107
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have no neighbors in common. In particular, degq(x) + degs(y) < 1, so

tk,(G) = /XE(x,y) <ldydx
> [xp@ ([ xp(.2)dz+ [ xuly,w)dv)dy do

= 2/(><E(~’U,y)dy)2dfC

>2 (/ XE(a:,y)dxdy>2
= 2K, (G)?,

s0 3 > ti,(G). O

Our approach to generaling this will be to use the basic insight that
makes calculus relevant to optimization: at an extremum, the derivative in
every direction must be 0. In our context, that means that if G is a graph
maximizing tk,(G) subject to Ty (G) = 0 and we “change G a little bit” to
some graph G5 where we still have T (Gs) = (), we need tx, (Gs) < tk,(G).
In particular, this means that “the derivative in the direction of Gs” must
be < 0.

This will allow us to take global information—Ilike “tx, (G) is maximal”—
and convert it into local information—Ilike “almost every vertex in G has the
same number of neighbors”.

4.2 Shifting Measures

We already showed, in Section that extremal graphs exist. We next need
to make precise the idea of taking a graph and “changing it a little bit” in
some direction.

We want to consider what happens if we take a measurable graph G =
(V, E, u1) and modify p; slightly. First, consider the analog in a finite graph.
We could imagine modifying a large finite graph by making changes to a
small number of vertices—say, by deleting a small fraction of the vertices, or
taking one vertex and “duplicating” it (adding another vertex with the same
neighbors). These modifications become natural operations in a measurable
graph, because we can change the measure slightly to get a new measurable
graph.

If this new measure could concentrate on a set of measure 0, it could end
up having totally different behavior than the original one. So the case to



4.2. SHIFTING MEASURES 109

focus on is where the new measure is absolutely continuous with respect to
the old one.

Definition 4.2. If © and v are both measures on B, we say v is absolutely
continuous with respect to p, written v < p, if there is a measurable function
f such that, for every S € B, v(S) = [q fdu. In this case f is called the
Radon-Nikodym derivative of v.

We can sometimes think of f as a “weight”—when f(z) is more than 1,
it means z is “more imporant” to v than it was to pu.

Lemma 4.3. Suppose {(V* By, i) }ren is a Keisler graded probability
space and v < p1. Then there is a unique Keisler graded probability space
{(VE, By, i) Yken such that vy = v and, for all k, vy, < ju.

Proof. Let f be the Radon-Nikodym derivative of v. Then for S € By, we
define
I/k(S) = /Xg(l‘l, ey xk) H f(.l‘l) d,uk.
i<k

Then v, < pg and v; = v by definition.

We must check that {(V¥, By, ux) ren is a Keisler graded probability
space. Symmetry of vy, follows by the definition and the symmetry of py.

The Fubini Property holds since

Dir(8) = [ xs(arcmner) T fli) dpns,

i<k+r

= / |:/X5(x17'~-7xk+7‘) H f(a:z) dur(xk+1,...,xk+r) Hf(acl) duk(xl,...

k<i<k+r i<k

= /Vr(sxl,...,xk) H f(xz) dlufk

i<k
= /Vr(Scm,...,ack) dvy,.

To see uniqueness, suppose {(V¥, By, ;) xen is a Keisler graded proba-
bility space with v] = v; and each v}, < p. We proceed by induction on k,
showing that v;, = v}. Since 1] = vy by assumption, we assume that v}, = vy.
Then for any S € By, we have

Viir(8) = [ vh(Sur) dvi (1)

- / Vo(Sa,) dvi (1)
= Vk+1 (S)

axk)
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O]

In light of this lemma, when we have a measurable graph G with measure
w and a new measure v < u, we immediately have a new measurable graph
with the same underlying measurable sets as G, but the new measure.

We will mostly be interested in a particular choice of v: when we take a
particular set B C V and look at the measure in which B has slightly more
(or less) measure and the rest of the graph has slightly less (or more).

Definition 4.4. For any B C V with uq(B) > 0, let

1 )
B
vs (S) = ——mS\B)+ 1+ —= SN B).
£(8) = 1glm(S\B)+ (14 g (S B)
The Radon-Nikodym derivative of uf is the function whose value is
11W(1 + ﬁ) on B and ﬁ outside of B.
Then we have:

. 1/§3 is a probability measure,

. Vf;B<<M1,

B B)+4
« v5(B) = “(1+)5 )
[ ) ]/OB:MI

The measure uf with > 0 corresponds to the following idea: suppose
we take a small number of points from the set B and duplicate them in such
a way that we add a set of new points of measure J; we then renormalize the
measure so that the measure of the new, larger set is still 1 (by dividing by
1+9).

To see why we are interested in the measure l/f, consider the case where

B={z eV |tg,(G,z) > p2(E) + €}

has positive measure. Recall that tk,(G,z) = [ xg(x,y)dui(y) is the nor-
malized degree of x, so B is the vertices with more than their share of
neighbors.

Consider what we expect l/(;B to do when § > 0: we are making the vertices
with too many neighbors “count for more”, so the edge density tk, should
increase. But there is a countervailing trend: it might be that tk,(G, ) is
large because = has many neighbors in V' \ B, and those neighbors count for
less in yf.
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But the first trend is linear in § while the second is quadratic. For
instance, when we think of 1/(’53 as meaning that we duplicate a small number
of points in B, when we select two points z,y randomly according to I/(; ,

the probability that one of these is a new point is about T+o)? + 6) However the

probability that both are new points is about a :;)2

The linear part contributes about % edges—in particular, it

increases the edge density by about i Taking the derivative with

1+5)2
respect to 0 lets us focus on the linear part.
We can state this in the following general form, considering the density

of K, for any y.

Lemma 4.5. Let G = (V, E, u1) be a measurable graph with tk, (G) = ¢, let
B C V with positive measure, and let u = ﬁ Jptk, (G, z)dp . Let Gs =

(V,E,uP). Let h be the function with h(§) = tx,(Gs). Then h'(0) = r(u—-c).

In words, u — ¢ is the amount by which vertices in B belong to too many
copies of K,.. (When u — ¢ is negative, vertices in B belong to too few copies
instead.) This lemma says that when § is very small, so we add a very small
number of new copies of vertices in B then we add about r(u — ¢)d new
copies of K.

The change in copies of K, comes from copies where at least one of the
vertices in the copy is a “new” vertex. We get a coefficient of r because a
copy of K, has r vertices, each of which could be a new vertex. We look at
what happens when § is very small because in this case the number of copies
of K, containing multiple new vertices is negligible.

Proof. Observe that

tKr G6 / H XE xzaSU] d( )

1<i<y<r

/ I xe(iz)du +r (5 >/XB(1‘1) 1T xe(@i ;) du,

1<i<y<r 1<i<j<r

r\ o2
+<2>M(B)/XB(331)XB(M) [ sz de+

1<i<j<r

/HXB ;) H XE(l'i,ZUj)er].

i<r 1<i<y<r
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In particular, since h,(0) = ¢ = tk, . (G),

tk, (Gs) — k. (G)

/ .
i (0) = limy 5
_ hmc—}—rué—i—é?('--)—c(l—l—é)”
5§—0 (14 9)r
=r(u—c).

4.3 Turan’s Theorem

We are now in a position to prove the generalization of Mantel’s Theorem
from triangles to K.

Theorem 4.6 (Turédn’s Theorem). For any r > 3, if Tk, (G) = 0 then
tK2 (G) <1- %

Proof. Suppose not, so there is a measurable graph G = (V, E,u) with
tk,(G) > 1— -1 and Tk, (G) = 0. By Theorem there is a measurable
graph G with Tk, (G) = 0 maximizing the value tk,(G) among all such
measurable graphs.

We claim that, for almost every z, tk,(G, ) = tk,(G). Suppose not. Let
¢ = tk,(G) and, for any € > 0, let B = {z | tx,(G,z) > c+ €}. Suppose
p1(B) > 0. Consider the graphs G5 = (V, E,vP). By Lemma when
h(d) = tk,(Gs), h'(§) > 2e¢ > 0. In particular, when § is small, tx,(Gs) > c.
But Tk, (Gs) = 0, so this contradicts the maximality of G. Therefore, for
every € > 0, pu1(B) = 0.

Since G is evenly distributed, let V' C V be a set with (V') = 1 and,
for all z € V', ti,(G,z) = ¢ > 1 — -1, We obtain a copy of K, in G by
successively choosing elements: given x1,...,Z, a copy of K,, in V' with
m < r, for each i < m, {y € V' | {;,y} ¢ E} has measure < -1, and
therefore the set of y € V' such that {x;,y} € F for each i has measure
>1— - >0, and in particular is non-empty, so we may choose x,, 11 € V'

r—1 =
so that z1,...,Zm, xmy1 is a copy of Kyy41. This gives us a copy of K,
showing that |7k, (G)| > 0. O

This immediately gives a finite version.

Corollary 4.7. For each r > 3 and any € > 0, there is an n so that if G is

a graph on > n vertices with tx,(G) > 1 — L= + € then |Tk,(G)| > 0.
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Proof. Suppose not. Then for some r and some € > 0, for each n there is a
graph G, with > n vertices and tk,(Gp) > 1 — 5 + € and |Tk, (Gy,)| = 0.
Then take any ultrafilter ¢ and consider G = [Gp]u: tk,(G) = lim,_yy tk, (Grn) >
1 — L 4 ¢ while Tk, (G) = 0 by Lo§’s Theorem, contradicting the theo-
rem. O

It is typical that our finite consequences have an asymptotic character—
our ultraproduct arguments naturally lend themselves to working with “suffi-
ciently large” graphs. In some cases, including this one |19} 34, 51], there are
sharper results available by other methods: these ultraproduct techniques
are not well suited to identifying the exact number of edges at which copies
of K, appear.

Turan’s bound is optimal:

Lemma 4.8. For every r > 3, there is a measurable graph G with tx,(G) =
1— L and |Tk,(G)| = 0.

Proof. Take G to be the complete r — 1-partite graph where the parts all
have the same size. That is, let G = (V, E') where V is a disjoint union of
r— 1 parts, V = U;-, Xi, u1(X;) = 15, and let E consist of all pairs {z,y}

—
such that z € X; and y € X; where i # j. Then po(E) =1 — -1, but if we
have r vertices x1,...,z,, two must belong to the same part and therefore
do not have an edge between them. O

4.4 Counting K; in the Equal s-partite Graphs

We will spend most of the rest of this chapter investigating the minimum
number tk, (G) can be in large graphs given that tk,(G) = ¢ for some value
¢ € [0,1]. This turns out to be a difficult problem which took more than fifty
years to resolve (from Goodman’s work in 1959 |74] to Reiher’s solution in
2012 [132]).

The first step will be showing that the complete s-partite graphs with all
parts the same size have as few copies of K, as possible; this will answer the
question at the specific series of values tk,(G) = 1/2,2/3,3/4,. ...

It will be convenient to give names to the complete s-partite graphs from
Lemma (4.8

Definition 4.9. Let Pg be the measurable graph P; = (V, E) where:

e V is a disjoint union V' = U;<; X; where 1 (X;) = L for all 4,

S

o {z,y} € E if and only if z and y are in different parts.
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tk, (Ps) is easy to count by considering what happens when we successively
choose 7 vertices randomly: we get a copy of K, if the vertices all end up in
different parts. The first vertex can be in other part, the second vertex must
in any of the other parts, which happens with probability 1 — %, the third
must be in any part other than the two already used, and so on.

Lemma 4.10. When s > r, tk, (Ps) = Hi<7~(1 _ 1)

S

We will calculate a lower bound on ¢k, (G). This lower bound won’t be
sharp in general, but it happens to be sharp at exactly the values 1 — %

In order to do this, we will need a more sophisticated way to relate the
values of tg for different values of G. We noted earlier that our notion of
counting subgraphs really counts “ordered” or “labeled” graphs—we defined
tc to be an integral involving ordered tuples (z1,...,x,). We now define a
symmetric analog, which we abbreviate using the letter ¢ (for “counting”).

Definition 4.11. If H is a graph with n vertices,
1 :
(T, .., xn) = EHW a permutation of {1,...,n} [ (Zza),. s Tr(n)) € Ta(G)}.

That is, cg(x1, . . ., 2y ) is the fraction of orderings of the vertices x1, ..., x,
which give us a copy of H. When G is a symmetric graph, cg(x1,...,z,) is
either 1 or 0, but when G is not symmetric, we could get intermediate values;
for instance, if V is the graph with two edges on 3 vertices (the triangle
minus one edge), and {x,xe,x3} are vertices so that {z1,ze}, {x1,23} € E
but {z2,23} € E, cv(z1,22,x3) = %—there are six possible orderings of the
three vertices, and the only ones which give copies of V are the ones which
match 1 to the tip of the V.

Integrating over cy just gives us ty again.

Lemma 4.12. [cydu, =tg(G)
Proof.

1
/CH(-le--vxn)dUn :/EZXTH(xﬂ(l)a---vxfr(n))d,un
1
- mZ/XTH(xW(l)a"'7x7r(n))d:un

= % > tu(G)
=ty(Q).
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The power of cyg comes from comparing different graphs, as in the
following lemma.

Lemma 4.13. Let K. be the graph on r > 2 vertices with () — 1 edges.
Then

- (G) < "2, (6) + =t ().
Proof. Note that:
o if {x1,...,2,} is a copy of K, then K- (1,...,2p) =1,
o if {x1,...,2,} is missing exactly one edge then K- (1,...,2p) =
o if {z1,...,2,} is missing more than one edge then K- (x1,...,2,) =0.

Let K,_1(r) be the graph on r vertices where the first r — 1 vertices are

[ ]
complete but the r-th vertex is isolated. (For instance, K3(4) is ﬁo) Note
that tx () (G) = tk,_,(G) (the extraneous vertex has no effect when calcu-

lating the integral since we are counting ordinary, not induced, subgraphs).
Then

o if {z1,..., 2} is a copy of K, then ck, _, (y(21,...,2;) = 1,

e if {x1,..., 2} is missing exactly one edge then ek, () (%1,..., @) = 2.

In particular, considering cases, we see that for any (x1,...,z,), we have

r—2
e (T1,. . 2p) < — 1cKT(x1, ceTy) + p— 1cKr71(r)(x1, cey ).
Integrating, we get
e (6) < T, (G) + otk (O).
4 r—1 r—1

O

We should expect many inequalities of this kind to be true—we should
expect that the presence of some subgraphs requires the presence of other
subgraphs in various quantities. This lemma—saying that if we have copies
of K7, we ought to have either some copies of K, or a large number of copies
of K,_1—is typical. Finding the right inequalities for a given proof is a
matter of trial and error, though automated tools can now help in some
situations [162].
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Theorem 4.14. If tx,(G) = ¢ > =2 then
tk,. (G) > c(2c—1)Bc—2) -+ ((r—1)c— (r —2)).

This inequality, for various values of r and in various forms, is from |74,
81}, (109, |118, 124} 132]

Proof. Unsurprisingly, the argument is by induction on r. The main step
is identifying an inductive relationship between the number of copies of K,
and the number of copies of K;._1. We will show, by induction on r,

if r > 2 and tk,(G) = ¢ > L then

15,41 (G) = (re = (r = 1))k, (G).

Applying this inequality inductively immediately gives the statement of the
theorem, so all that remains is inductively proving this inequality.

When r = 1, this is immediate (noting that we always have tx, (G) = 1).
So suppose r > 2 and that the statement holds for r — 1.

We get an upper bound on tk, (G) using Cauchy-Schwarz:

(b, (@) = (// ek (@1, dpn () dppr 1 (1, . .,$r_1)>2

2
= (/ K, (1, xr1) / H XE(xi, @) dug (zr) dpr—1 (21, - - ,xr_1)>

i<r
2
<t (6) [ e (e a) ( J Moxsaia) dm(a:n) dir1 (@1, )
i<r

= tk,_,(G) /CKT_l(xly —oxe) [ xe(@s v)xe(@iz) duea (21, - 21, y, 2)

i<r
=tk,_,(G) /CKT_I(iL’l, ce s Tpo1) H Xe(zi,y)xe(xiz) dprs1 (T, . Tr—1, Y, 2)

i<r

= tx, (Gt (G)

r+1

where K., ; is the graph from the preceding lemma containing all but one of
the edges on r 4 1 vertices.
Combining this with the inequality from the previous lemma gives:

(1, (G))? < t, (Gt (G)

< b (O, 1 (G) + 1, (G).
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But applying the inductive hypothesis to one copy of tk, (G) on the left side
of this inquality,

((r = Ve = (r = )i, (G, (G) < e, , (O) 1, (G) + 11, (G),

. t G . . _
so canceling KT%” (which we may do since ¢ > == > 1 — —= so

tk, ,(G) > 0) from both sides gives
(r(r = De —r(r = 2))ix, (G) < (r = ik, (G) + ik, (G),

or

r(r—1c—r(r—2)—1
r—1

tK,41 (G) = tx, (G) = (re — (r = 1))tx, (G).

O]

When tk,(G) = 1-1 = =1 the bound on the right is =152 ... % =
tk, (Ps), so we have:

Theorem 4.15. If tx,(G) =1 — 1 then tk (G) > tx, (Ps).

That is, for the specific edge densities 1 — %, the graph with s equal parts
has as few copies of K, as possible.

4.5 Interpolating Between s-Partite Graphs

The remaining question is what happens in the gaps between the graph
Ps—say, the interval tx,(G) € (1/2,2/3). We know that tk,(G) > ¢(2¢ — 1)
in this interval, but we don’t yet have examples of graphs achieving this
minimum, so there might be a better lower bound.

There is a natural way to interpolate between the graphs P and Pgy1:

Definition 4.16. When a € [0, %], Py, = (V, E) is the measurable graph
where:

1—sa

s+1 and

e Vis a disjoint union V' = ;<. Xi where p1(Xsy1) =

w(X;) = % for i <s,

o {z,y} € E if and only if z and y are in different parts.
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So Py 1/s = Ps while Ps g = Ps11, and when a is strictly between 0 and %,
P, is a graph with s +1 parts where one part is smaller than the others. We
can imagine the sequence of graphs growing, starting with Py ;—the empty
graph—and growing to P; , (a bipartite graph where one part is small); as a
approaches 0, Py, begins to resemble the equal bipartite graph, and when a
reaches 0, P1p = P2 = Py /5, and a third part begins growing.

Our choice to index the graphs P, , in precisely this way may seem odd—
for instance, our choice to arrange that a decreases as the density increases.
The main reason is that, however we paramaterize the intermediate graphs,
we will be more interested in tk,(Ps,) than in a, and with this choice, we
get the comparatively simple formula

_s(14a)[(s—1)(1+a) 1-sa] 1—sas(l+a)

tk., (P =
KQ( 37(1) s+ 1 s+ 1 s+1 s+1 s+1
S
— 1—a?
s a)

Lemma 4.17. tg, (Poq) = 58— (*H) (1 - a(r - 1)).

Proof. There are two ways to find a copy of K, in P,,: by choosing all »
vertices from the s large pieces, or by choosing one vertex from the small
piece. So

s 14+ a\" s 1+a\""'1-sa
tx. (P =l !
KT( S’a) " (7“) (S—l—l) T (7"—1) (s—i—l) s+1

rl(14+a)"t | [s s
- s+ 1)r [<T>(1+a)+<r_1>(1—sa)

(
Crl(l4a) | [s+1 s s
e [0 (00
(1 +a)t (s+1 ~alr —
o (s+ 1) ( r >(1 (r=1).

O

It will be convenient to name these values. For the remainder of this
chapter, for any ¢ € [0, 1), we define:

« s(c) is the unique integer s so that c€ [1— L, 1— SJ%I), and

— _ s(o)+l
e afc) =4/1 S0 ¢
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We have chosen these values precisely so that tx,(Py(c).a(c)) = ¢
We define

Fole) = (14 a(c)) 1 (s(c) +1

Fersa )(1—a<c><r—1>>

so that tKr (Ps(c),a(c)) = .7-}(0).
We can compare these densities to the lower bound we found in the
previous section. For instance, in the case where r = 3,

0.6 T T T T
0.4} 3
) //
X ~
-~
0.2 | 7 2
= | !

| |
%.5 0.55 0.6 0.65 0.7 0.75
K, (G)

The solid curve is the lower bound tk,(G)(2tk,(G) —1) from the previous
section. The dashed lines are tk,(Ps,) when s,a are chosen to have the
correct value of tk,(Ps,). There is a gap, though a small one—that is, based
on what we have seen so far, it is possible that there is a graph G with, say
tK, (G) = 0.6 but tK, (G) < UK, (PS(0.6)’a(0.6)).

It was conjectured for decades that, in fact, there are no such graphs.
This was settled in steps, for values of r and s, and shown in full generality
by Reiher in 2012.

Theorem 4.18 (’132]). For any G, tKT (G) > tKr (Ps(tK2(G)),a(tK2 (G)))

Equivalently, for any G, tk, (G) > F,(tk,(G)). That is, P, 4 is actually
the graph that has as few copies of tk, (G) as possible subject to tk,(G) =
tky (Psa)-

The proof involves looking at a graph which violates the conjecture by as
much as possible—that is, a graph maximizing F,(tk,(G)) — tk, (G)—and
combining a great deal of careful work investigating the specific behavior
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of the functions F,(c¢) and F).(c) in various intervals with several different
techniques for relating subgraph densities to limit the possibilities for what
such an extremal graph can look like.

Rather than give the full proof, we will give the special case where r = 3
and tk,(G) € (1/2,2/3) in the next section.

In order to do this, we need some specific elementary calculations involving
F3, which we collect in the rest of this section. The calculations are purely
algebra and calculus, and we gather them here only to avoid interrupting
the flow of more substantive arguments to carry them out; the reader likely
wishes to skip to the next section and refer back to these as needed.

Lemma 4.19. F3 is concave down in each of the intervals (1 —1/s,1 —
1/(s+1)).

Proof. From the formula for F3(c), we can calculate 5. Within each of
these intervals, s(c) is constant. Letting s = s(c), we calculate:

, s+1 s+1
a(e) =— =— .
96./1 — s+l 2s - a(c)
S
Then
36 s+1 18 s+1
Fi(c) = — 1 '(¢) = 1
30 =~ T ( ' >a<c>< +al)d(0) = S ( : )( +a(o)
and finally
18 s+1
1 . /
Fale) = s(s+1)2 ( 3 >a (c)
which is negative since a’(c) is always negative. d
: _ 3(s—1)
Lemma 4.20. llmCHlisj»l_ Fh(e) = 2252,
Proof. We can use the calculation from the previous proof: sincelim__ ., 1 a(c) =
s+1—
0, we have
18 s+1
lim Fi(c)= lim ——s 1+a(c
eslmy” o() SO 8(8+1)2< 3 )( (©))

B 18 s+1
Cos(s+1)2\ 3
18  (s+1)s(s—1)

s(s+1)2 6
3(s—1)
s+1
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O
Lemma 4.21. Ifs > 2 and c € (1—-1/s,1-1/(s+1)) then Fz(c) < 3Fj(c)c.

Proof. Since, on each interval (1 —1/s,1 —1/(s+ 1)), F3(c) is increasing
while Fj(c) is decreasing, it suffices to consider the limit as ¢ approaches

1 — 5 from the left. At this limit, F3(c) = 3(;:11) by the previous lemma

while F3(c) = (3712# In this whole interval, ¢ > 1 — 1, so

;fé(c)c — F3(c) > 26(5 — 1) — (s —1)(s —2)

s+1 52

(5-1° (s-1)(s-2)

s(s+1) s2
:s—l{Qs—l_s—Q}

s s+1 s
5—12s— 25— (s*—s—2)
s s(s+1)
_5—132—35+2
s s(s+1)

The polynomial s2 — 3s + 2 has roots 1 and 2; in particular, this means that
once s > 2, each of these terms is positive, so the expression is positive as
well. O

4.6 Minimizing Triangles when the Density is in
(1/2,2/3)

We consider a graph maximizing F3(tk,(G)) — tk,(G) and spend most of this
section deriving various properties such a graph must have. We will conclude
the section by proving the special case of Theorem where r = 3 and
tk,(G) € (1/2,2/3). (This was shown in [130], and the proof here follows
that paper closely.)

The main insight is the generalization of what we did in the proof of
Turdn’s Theorem: an extremal graph (that is, a graph maximizing a function)
must have some corresponding derivative equal to 0.

Lemma 4.22. Suppose that H(z,...,zq) is a function and G is a graph
such that among all graphs, G maximizes

H(tk,(G),. .., tx,(Q))
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and all partial derivatives of H exist at (tx,(G), ..., tk,(G)).
Then, for almost every vertex x,

Zz tK (G, x) ZzathK

2<i<d Zi 2<i<d

In our case, we will apply this with the function H(z9, 2z,) = Fr(22) — 2,
so that

H(tx, (), tx,(G)) = Fr(tk, () — 1k, (G).

This function measures how big the “deficiency” in G is—how many copies
of K, it is missing relative to Ps(tK2 (G))alti, (G))-

Proof. Suppose not. Then there is some € > 0 so that there is a set A of
positive measure such that, for all x € A,

Zz tKGa: Zz

2<i<d Zi 2<i<d 9z

Either those x € A such that

Zz Zz )+e

2<i<d Zi 2<i<d Zi

or those x such that

> St @ Y igt

2<i<d Zi 2<4i<d “i

,T) + €

must have positive measure. Without loss of generality, let B be a set of
positive measure so that, for all x € B,

> s > Y i

2<4<d Zi 2<4<d Zi

(This other case is symmetric.)
For i € [2,d], let u; = m%B) [tk (G, x)dur. Let Gs = (V,E,vB) as
in Lemma and let h;(0) = tk,(Gs). Then, by Lemma hi(0) =




4.6. MINIMIZING TRIANGLES WHEN THE DENSITY ISIN (1/2,2/3)123

Therefore
d oH
%H(tKQ (G(S)a e 7th(G5))|5=0 = Z ti(z (G(;)’(s:()ai
2<i<d ¢
OH
= i(u; =k, (G)) 5+
292'; 01
1 oH
11(B) /ngdz( x(62) ~ (G,
S €
~ m(B)

Since this derivative is positive, there must be some small enough § so
that H(tk,(Gs), ..., tk,(Gs)) > H(tk,(G),...,tk,(G)), contradicting the
maximality of G. This contradiction completes the proof. ]

In this section, we just need the following consequence. Let us write K§L

for the graph I: —that is, K3 with one extra edge attached.

Lemma 4.23. Suppose G is a graph mazimizing F3(tk,(G)) — tk,(G) and
a(tk,(G)) # WI(G)) Then, taking X = F3(tk,(G)),

20y (G) = 3ty (G) = (2Atk, (G) = 3tk (G))tk, (G).

Proof. Since a(tk,(G)) # m, we are not at one of the sharp corners in
2

F3, so Fi exists and by the previous lemma, for almost every = we have
Qfé (tK2 (G))tK2 (G, 1‘) — 3tK3 (G, ZL‘) = 2)\tK2 (G) — 3tK3 (G)

So we may calculate
20ty (G) = 3ty 4 (G) = QA/XE(xay)tK2(G7'T) dpg — 3/XE(=’E7@/)75K3(G71L") dpz
= [ xp(e,9)2N(Gr0) = 3ty (G 2) d

— /XE(a;,y) dua(2XMtk, (G) — 3tk,(G))
= 1K, (G) (2K, (G) — 3tk (G)).
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This is a typical application. By replacing xg with some other graph, we
could prove a more general result: in a graph maximizing F3(tk,(G))—tk,(G),
q

for any graph H (for instance, ¢Z>) we have

2MH 4K, (G) = 3thk, (G) = (2Mtk, (G) — 3tk, (G))tH (G)

q
where H + Kj is the result of attaching an edge to a vertex of H (D*)

L
>
and H +Kj3 is the result of attaching a triangle to the same vertex (¢ )
In this notation, V is Ko 4+ Ko and K?f is Ko + K3
We can do something similar with edges.

Lemma 4.24. Suppose that H(z2,...,zq) is a function and G is a graph
such that among all graphs, G mazimizes

H(tKQ(G)7 v 7th(G))

and all partial derivatives of H exist at (tx,(G), ..., tk,(G)).
Then, for almost every edge {x,y} € F,

1\ 0H
) > 0.

2<i<d

Note that with vertices we obtained an equality, but with edges we
get an inequality. This is because when edges are “suboptimal”, we could
delete them and improve GG, but when edges are “superoptimal”, we cannot
duplicate them. In the language of optimization, we are encountering a
boundary condition—an edge cannot have value greater than 1—and so, at
such the boundary, we can only expect a derivative to be non-positive. (We
could find a dual lemma, showing an inequality in the other direction when
{x,y} € V?\ E, but we will not need this here.)

Proof. Again, suppose not. When yg(z,y) = 0, also tk, (G, z,y) = 0, so for
the claim to fail, there must be an € > 0 so that, letting B = {(z,y) € E |

*Strictly speaking, we are attaching Ko and K3 not to just a graph H, but to a graph
with a distinguished vertex. In the terminology of [130], we are “adding 1-flags”—taking
two graphs, each with a distinguished vertex, and combining the distinguished vertices.
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> 9<i<d (;) g—ZtKi(G,x,y) < —€}, ua(B) > 0. For each § € (0, ua(B)), choose
some Bs C B with u1(Bs) = 9. Set Gs = (V, E \ Bs, p1). Then

tk, (Gs) :/ I x&\5; (@), 25) du

53’ <i

= [ 11 xwlay)(1 = xoy (o)) i

jg'<i
:/ > OF T sy TT xss(ag ) dps.
SC(5) GaNe(D\S (j.j")es

Once again, we can take the limit as ¢ goes to 0, so all terms where |S| > 1
will become negligible:

g, (Gs) —tk, (G) 1

i, (0 21 lE) */ S 0T xe(@ia) TI xss(zsz) dus

§—0+ 1) ) _ N ) 1
SC(3).0<Is| (G:4"€()\S (7.4")€S

= —<;> /x35 (z1,22) 11 XE (x5, x5) dp;
(

3,30E(A)N(1,2)}

Bs

Therefore the right-hand derivative

d i OH
EH(tKQ(G(s%7th(G5))|5:0: Z _<2> éé tKZ(G7$7y)dM28ZZ

2<i<d

> €.

But this means that, for some sufficiently small ¢, H (tk, (Gs), . . ., tk,(Gs)) >
H(tk,(G),...,tx,(GQ)), contradicting the maximality of G. O

Recall the graphs K,_1(r) from Lemma in particular, we need the
graphs Ko (3)— I e —and K3(4)— I>' o

Lemma 4.25. Suppose G is a graph mazimizing F3(tk,(G)) — tk,(G)
a(tg,(Q)) # m Then, taking A = F4(tk,(G)),

31 (G) + 350 (G) < Tty (G5 (C).
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Proof. Since a(tk,(G)) # s(tTl(G))’ we are not at one of the sharp corners in
2

F3, so Fi exists and by the previous lemma, for almost every z,y we have

0 < 2F3(tk, (G))xe(2, y) — 6tk, (G, x,y),

which is equivalent to

3tK3 (G,x,y) < ‘Fil’)(th (G))XE(‘Tv y)'

Therefore

3t (G) + 354 (G) = 3/><E(fc’y)><E(w,w)XE(y,w)
(1= xp(2,2)(1 = X6, 2) [XB(2,w) + (1 = xB(2,w))] dia

=3 [l y)xmle sl w)(1 - xp(e2)(1 - Xp(y:2) du
= [ 3t (G ) (1 = Xl 2)) (1 = X5, 2)) dpy

< [ Fta (G)xwla )1~ xulw.2)(1 = (. 2) dus
= F5(t, (G))ids(s) (G).
O

We could think of the first two lines of the calculation as expressing the
“equality”

I>' [ QU I>o—c = I>r -e

where the dashed line represents an edge which may or may not be
present. In particular, the quantity

[ xe@ e w)e(y. w1 = et 2) (1= xe (. 2) du

counts the induced copies of this third “graph”, consisting of a triangle x, y, w
and an additional vertex which is definitely not adjacent to  or y but might
or might not be adjacent to w.

Again, the quantity (1 — xg(x,2))(1 — xg(y, 2)) could be replaced by
any other function of x,y when we apply the inequality, giving relationships
between other pairs of graphs, and the flag algebra framework [130] introduces
notation for dealing with these combinations, as well as more general notation
for graphs where some edges must be present, some must be absent, and
some might be present or absent.
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The reader might wonder where these graphs are coming from and why
we are counting them. We have no satisfying answer to that, except that they
will make the proof work: discovering the argument presumably involved a
substantial amount of experimenting with the relationships between various
graph densities to discover the essential ones.

We also need two general relationships, in the style of Lemma[£.13] among
different subgraph densities in arbitrary graphs.

Lemma 4.26.
ti, (G) + 21k, (G) < 3tye+ (G) + 3t;?3ﬁ(G) + 312504 (G).

Proof. As in the proof of Lemma[£.13] we do this by considering each possible
set of four vertices and considering how many copies of each of these graphs
it could contribute. For this we need the analog

, 1 ,
gy, ) = — {7 a permutation of {1,....n} [ (xr1), - Tx(m) € Tid(@)
n!

of cz. Then we have [ ¢ du, = t%H%(G) as in Lemma So it suffices
to show that, for every (z,y, z, w),

CKy ($7 Y,z, w)+2CK3(4) (:Uv Y,z, w) < 3CK;F ($7 Y,z, ’(U)—FBC;?g(iU, Y,z, w)+3cﬁlj(4) (x’ Y, z, ’UJ)
3
Observe that:

o if {z,y, 2, w} contains no triangles, all four terms are 0,
o if {z,y, 2, w} contains one triangle and no extra edges,
ek, (T, Y, 2,w) = 0, ey 0y (7, y, 2, w) = 1/4,
Ckf (@, y, 2z, w) = O,ci%i(x,y,z,w) = 0,0?5(4)(33,y,z,w) =1/4,
o if {z,y, 2z, w} contains one triangle and one extra edge,
ek, (7, Y, 2,w) = 0, ey 0y (7, y, 2, w) = 1/4,
Ckf (x,y,z,w) =1/4, ci?gf(a:,y,z,w) = 1/4,c?i4)($,y,z,w) =0,
o if {z,y, 2z, w} contains one triangle and two extra edges,
ek, (7, Y, 2, w) = 0, ey 0y (7, y, 2, w) = 1/2,

CK;(LU,:I/,Z,U}) = 1/3,6;?;(27,3/,2,’[1}) = 076?5(4)(1"73/’ Z7w) = 07



128 CHAPTER 4. EXTREMA

o if {z,y,2z,w} is a copy of Ky,
ek, (7,9, 2,w) = 1, ey a) (2,9, 2, w) = 1,
CK;(x,y,z,w) = l,c%ﬁl(x,y,z,w) = 0,0?5(4)(36,34,2,11)) =0.
O

We need one more equality of this kind. We could show it the same way,
by counting up what happens in each configuration, but we can also simply
calculate the integrals.

Lemma 4.27. .
13hg) + 2tv(G) = 1k, (G) + i, (G).

2

Proof. We can just combine the integrals in the correct way. For illustration,
we draw the “graphs” whose counting is represented by the integral:

t38sla) + 2tv(G)
= [ Xl )0~ w0~ x(,2) + 2, ) 2 dis [ oro] s

= [ xp(@ (1 = xp(e,2) (1= xply,2) + xsley)xe( e, 2

+xEe(@,y)xe(,2)(1 = XE(Y, 2)) + XE(2, y)XE(7, 2) du3 I o I>. 4 I/. n I/.

= /XE(fv,y)(l —x£e(,2)) +xe(®,y)xE(T, 2)XE(Y, 2)

+xe(@,y)xe(r, 2) dys I/.+I>.+I)'

= /XE(rc,y)(l - XY 2)) + xe(®,y)xE(T, 2)XE(Y, 2)

+ xE(@, y)xe(y, 2) dus I,'+I>'+b

= /XE(fUa y) + xe(@,y)xe(r, 2)xE(Y, 2) dus I:’ + I>'
= tK2 (G) + tKg (G)
O

With just a bit of calculating, we are prepared to prove the first case of
Theorem [4.18
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Theorem 4.28. For any G with tk,(G) € (1/2,2/3), tk,(G) > F3(tk,(G)).

Proof. By Theorem[3.33] there must be some G' maximizing the gap Fs(tx,(G))—
tk, (G), and we will work in this G. Let ¢ = tk,(G), b = tk,(G), s = s(c) = 2,
and a = a(c). The function Fj is differentiable in the interval (1—1/2,1—1/3),
so let A = F4(c).

Combining, in order, Lemmata [4.26], [£.25] [4.23] and [£.27] we have

tk,(G) +2b < 3tK+(G) + 315"“1( )+ 3tmd( (@)
+(G) + )\tmd )(G)

— 2AtV(G) (2X\c — 3b)c + )\tmd( (@)

= 2Mtv(G) = (2Ac = 3b)e + Ae + b = 2ty (G))

< 3tk

In particular, since tk,(G) > 0, we can isolate b:
b(2—3c—A) < Ace(l —2¢).

By Lemma [£.19] the function F3(z) is concave down on the interval (1/2,2/3).
In particular, for every ¢ € (1/2,2/3), F3(c) > lim._,9/3 F3(c) = 1 by Lemma

20 so

B> /\c(1—2c).
—2—-3c— A\

We are left with some tedious algebra to show that the right side of this
equality is, in fact, equal to F3(c). Since s(c) = 2, we have

2(1 + a)?

F3(c) = 9

(1 —2a) and F3(c) =1 +a.

It is more convenient to work in terms of a, so noting that ¢ = %(1 —a?), we
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have
Ac(1—2¢)  (1+a)-c(l—2c)
2—-3c—A 2-3c—(1+a)
21— a)(1-4(1-a?)

:(1+a)2_2(1_a2)_(1+a)

2 —1+ 5a® — 4a*

=§(1—|—a) 2;—a—1
:2(1+a)—(a—1)(a+1)(2a—1)(2a+1)

9 (2a+1)(a—1)

_ g(l +a)(—(a+1)(2a — 1))

— M(l —2q)
9
= F3(c).
Therefore b > F3(c).
This holds for the graph G maximizing F3(c)—b, so for all G, F3(tk,(G)) <
tk, (G). O

4.7 Remarks

We have cheated a bit with our definition of absolute continuity: normally
one says that v < p if, for every set S with p(S) = 0, also v(S) = 0. It is
immediate that our definition—that v(S) = [¢ f du for some f—implies this,
and the quite non-trivial Randon-Nikodym theorem shows that these two
definitions are equivalent.

While we have focused in this chapter on proving exact inequalities for
densities in measurable graphs, any of these theorems could also be viewed as
a statement about approximate inequalities in sufficiently large finite graphs.
Since statements about measures and integrals are not first-order, finding
the right statement can sometimes be a bit trickier. Many arguments in the
literature handle this in an ad hoc way (as in [90]), which usually suffices.
A general framework extending first-order logic by predicates for measures
exists as well [71].

Razborov’s flag algebra framework [130] gives a sort of calculus for
calculating the sorts of inequalities between graph densities we needed several
of. For examples much beyond the sorts here, working by hand quickly
becomes unwieldy, but examples have been calculated using the Flagmatic
software [162], including a variety of proofs of new extremal results [52, 53].



Chapter 5

Structure and Randomness

5.1 Quasirandomness

We can identify quasirandom (rather than just e-quasirandom) measurable
graphs.

Definition 5.1. G = (V, E, 1) is quasirandom if tc,(G) = (tx,(G))*.

By Lemma m te,(G) > (tk,(G))* for any graph G. (We originally
proved this in the setting of finite graphs, but our proof, written entirely
in terms of calculations with integrals, was really always in the measurable
graph setting.) So again, quasirandomness means that ¢c,(G) is as small as
possible: the value of tk,(G) forces there to be a certain number of cycles of
length 4, and a quasirandom graph has only as many as it has to.

Theorem 5.2. [G,]y is quasirandom if and only if, for every e > 0, {n |
Gy, is e-quasirandom} € U.

Proof. We have tc, ([Gpnly) = limy, s tc, (Gp) and (tik, ([Grlu))* = lim, i (tx, (Gn))*.
If, for every € > 0, {n | G,, is e-quasirandom} € U then, for every € > 0,

tey([Gnlu) = lim tc, (Gn) < gigzlj(tm((?n)f +e= (tk, ([Gal) ! + e,

50 tc, ([Galu) = (ti, ([Galu))*
If there is an € > 0 such that {n | G,, is e-quasirandom} ¢ U then

to,([Galur) = lim to, (Ga) 2 Tim (i1, (Ga))* + € = (1, ([Galea))* + €.

131
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As in the finite case, quasirandomness implies that edges are evenly
distributed, in the sense that whenever X and Y are sets, the density of
edges between X and Y is the same as the density of edges in total.

Theorem 5.3. If G = (V, E, 1) is quasirandom then whenever X CV and
Y CV are sets in By,

p2(EN(X xY)) = po(E)pua (X)p (V).

The proof we gave of the analogous theorem in the finite setting, Theorem
[1.28] goes through essentially unchanged. Rather than repeat that here, we
will wait for Corollary where we will give another proof building on the
machinery we develop below.

Using this, we can give our long delayed proof of Theorem [I.3T] that
quasirandom graphs have the correct subgraph density for all finite graphs.
We first show an analogous statement for the ultraproduct and then, in the
next section, use properties of ultraproducts to prove the original version of
the theorem.

Theorem 5.4. If G = (V, E, p1) is quasirandom then for every finite graph
H = (W, F), we have ti(G) = plfl where p = tx,(G) = ua(E).

Proof. First, consider the case where H = Cs, the triangle, to get the main
idea. In this case

toy(G) = /XE(%y)XE(y,z)XE(Z:w) dps.

That is, tc,(G) is the probability that, when we select three random vertices
x, y, and z, that they form a triangle. Using the Fubini property, this is
equal to

/(/XE(:I:,?J)XE(Z/, z)XE(z,x)dug(x,y)> dp(2).

That means that we fix the vertex z and, for each z, ask what the probability
that two random vertices z and y will form a triangle with z is.

So consider some fixed vertex z. It has a neighborhood Ng(z2) = {x € V|
{z,z} € E}. In order for (z,y) to form a triangle with z, we need = € Ng(z),
y € Ng(z), and also {z,y} € E.

That is, we are looking for

p2([Na(z2) x Na(2)] N E).

Quasirandomness—specifically, Theorem [5.3}—implies that this is equal to

pi(Ne(z))2
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If we pick two random vertices, the probability that they have an edge
between them is p. Quasirandomness tells us that if we pick two random
neighbors of z, the probability that they have an edge between them is still
p—the neighbors of z are neither more nor less likely to have edges between
them.

In particular, that means

te,(@) = [ xuly. 2)xs(z2) dus.

Notice that [ xg(y, 2)xE(z, ) dus is the same as ty (G) where V' is the graph

, so we have reduced counting triangles to counting copies of a graph
with one fewer edge.
To find ty (G), we can repeat this argument with a different edge:

te,(G) = p- () = p | (xil, )z, 2)da(y, 2)) di()
That is, we are fixing x and looking for
p2([V x Na(z)] N E).

Theorem [5.3] applies again: for each x, this is equal to

pr(V)u(Ne(@) = [ xe(z,a)du(y).

SO
tes(Gu) = P2/XE(ZJU) dus = p°.

The general argument follows the same structure. We proceed by induc-
tion on the number of edges, and at each step, we choose a single edge ¢ € F
and look at the iterated integral where we fix all the vertices except the two
vertices on that edge. Quasirandomness will show that ¢ty (G) =p - ty-(G)
where H- = (W, F \ {e}). This reduces us to finding ¢5-(G), which is
covered by the inductive hypothesis since H~ has one fewer edge.

Formally, note that

ta(G) = pw|({(21, ..., zjw)) | for each {vi,v;} € F, {x;, 2} € Ey})

:/ H XE(xi,a:j)du|W|(a;1,...,x‘W‘).
{Ui,’l)]'}EF

We proceed by induction on |F|. If |F| =0, so H is a graph with no edges,
then t5(G) = 1 and the claim is immediate.
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So suppose |F'| > 0. Pick some edge {vj,,v;, } € F. Then we will calculate
t(G) using the integral

t1(G) = [ ma({(ay, 1) | for each {vy,v5) € F {ai, vy} € EDpu .

This corresponds to first choosing z € VIWI=2, representing all the vertices
other than z;, and x;,, and then asking how many ways there are to choose
xj, and x;, so that we get a copy of H.

In order for z,x;,,x;j, to be a copy of H, we need four things to happen:
Z needs to contain all the edges it supposed to have, z, has to be adjacent
to certain vertices in z, x;, has to be adjacent to certain vertices in 7, and
zj, and x;, have to themselves be adjacent.

We can split up these requirements. First, let us take P~ C VIWI=2 to
consist of those Z = (x1,...,7%) € VIWI=2 (omitting the indices x;, and z, )
such that whenever {v;,v;} € F with i,j & {jo,j1}, {zi,z;} € E. (Phrased
another way, if we let H' be the subgraph of H obtained by deleting v;, and
vj,, and all edges incident on either, P~ is precisely T/ (G), the set of copies
of H', indexed appropriately.)

Given T = (x1,...,2)) (omitting the indices zj, and zj,), let P C V
consist of those  which are suitable choices for z;: = € P if, for each
i such that {v;,vj,} € F, {z;,2} € E. Similarly, let P! C V consist of
those = which are suitable choices for xj,: z € Pl if, for each i such that
{vi,vj,} € F, {zs,x} € E.

Then

(@) = [ pa(B0 (P x PY)du ().

Here we use quasirandomness: no matter what Z we choose, pa(E N (P2 x
Py)) = pu(P7)u(Py), so

(@) =p [ n(POR(P i ().

But [p- u(PR)u(Pg )dpw|—2() is precisely tw,r\(fv;, v;,})(G), which, by
the inductive hypothesis, is equal to p/¥'l=1, so tg(G)=p- plFl=1 = pIFl O
5.2 Consequences for Finite Graphs

We can use Theorem [5.4] to give a proof of Theorem The technique is
typical of the way we obtain results about finite graphs using ultraproducts.
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Theorem (1.31). For every finite graph H = (W, F'), each € > 0, there is a
§ > 0 so that if G = (V, E) is 6-quasirandom, |t (G) — tx, (G)F1] < e.

Proof. Suppose not. Then there is a finite graph H = (W, F') and an € > 0
so that for every n > 0 there is a G,, = (Vj,, E),) which is 1/n-quasirandom,
V| > n, and

(G = (t1,(G)) 1| > €.

Let [G} ]y be an ultraproduct of the sequence (Gy,)nen. Let p = lim,, s tk,(Gp) =
tk, ([Gnlu). Since Gy, is 1/n-quasirandom, tc, ([Gply) = limy—y te, (Gr) =
pt, so [Gynly is quasirandom.

By Theorem lim, sy tg(Grn) = tu([Gnlu) = plFl. Therefore, taking

¢ small enough,
{n | tks(Gn) = pl <8} 0 {n | [tr(Gn) = pT| < e/2} €U
But consider some n in both of these sets: we have
[£11(Gin) = (t1¢, (G ™1] < "= (1, (G)) T (Ga) =TT < €/24€/2 < e,
which is a contradiction. O

The basic structure here is almost ubiquitous in our proofs. When
we wish to prove a statement about sufficiently large finite graphs, we
begin by assuming the statement is false. This will lead to a sequence of
counterexamples; we work with the ultraproduct of this sequence and get a
property which contradicts our claim about the sequence.

We could have carried out this proof without ever mentioning ultra-
products. Indeed, we could take the arguments in the proof of Theorem
.4 and translate them, step by step, into arguments in the finite setting.
The difficulty is that the arguments would become peppered with addi-
tional €’s; for instance, each time we used quasirandomness to argue that
pe([X x Y NE) = pu(X)u(Y), we would have to instead argue that e-
quasirandomness ensures |pu2([X X Y] N E) — pu(X)u(Y)| < 0 for some 6.
The main value of the ultraproduct in this argument is hiding all those €’s
and §’s by letting them reach the limit value of 0.

5.3 The L? Norm

We are going to develop tools for working with quasirandom graphs: we will
develop a “norm” which will let us measure how random a graph, and more
generally, a function is. This will give us an explanation for why tc,(G) is
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significant in ways that, say, tc,(G) is not: tc, does not have an associated
norm.

As a preview, we recall the properties of the L? norm, which will be a
model for the seminorm we are interested in.

Definition 5.5. When f : V¥ — R is measurable, we define ||f||2
\/f fL'l,.. iEk )2 d:u’k

We define L?(p,) to be the set of measurable functions such that || f|| L2()
is finite (i.e. the integral exists).

(b)) =

When considering the space L?(jy), it is standard to identify functions
“up to almost everywhere equality”—that is, when ||f — g[|12(,,), We treat
f and g as equivalent, and even write f = g. Note that this is Weaker than
pointwise equality—two functions could agree in this sense, but actually
have f(z) # g(x) for some values of x. However this is the same as requiring
that {z | f(z) # g(z)} have measure 0. So when we write f = g, we mean
equality except possibly on a set of measure 0. This is consistent with our
view that sets of measure 0 are negligible.

It is a standard fact that the L? norm is a norm; that is:

e for any f, HfHLQ(uk) =0,

o if [|fllz2(u,) = O then f =0 (the function constantly equal to 0, or at
least equal to 0 except on a set of measure 0),

o for any real number c, ||c- f[|r2(u,) = lel - [|fllz2(uy), and

o f+glleeque) < N2 + 1191220

The last property is the triangle inequality.

One might ask why we use the power 2—why not work with ([ (f(x1,...,zx))? duk)l/p
for some other value of p? One good reason is that the L? norm associated
to an inner product.

Definition 5.6. When f,g € L?(u), {f, D2 = S f@1, . 2)-g(@1, . ox) dpg.
With this definition, |[f[|z2(.,) = \/{f, [)£2(u)

This inner product is bilinear:
(f,ag +bh) = a{f,g) + b(f, h)
and
(af +bh,g) = a(f,g) +b{h,g).
The Cauchy-Schwarz inequality can be stated in the form

(s 9) 2y < 22y - 1191122
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5.4 The U? Seminorm

We will define a norm-like operation based on tc,:

Definition 5.7.

11l = V [ Han @ ) F oy )dp.

Of course, when f = g is the characteristic function of a graph, || f||y2 =
Vtc,(E). We will establish the basic properties of this operation and then
use those to see how it relates to quasirandomness.

For an arbitrary measurable function f, this integral might not exist. It
would be enough to restrict to functions f whose fourth power is integrable—
the L*(p2) functions, which are the functions for which [ |f|* duso exists—but
it will be sufficient for us, and simpler, to impose a stricter restriction and
consider only the almost everywhere bounded functions.

Definition 5.8. L°(u) € L?(uy) is the space of functions f such that there
is a real number ¢ > 0 such that pi({(x1,...,z%) | |f(21,...,21)| > c}) = 0.

That is, L*°(ug) is the functions which are restricted to [—c¢, ¢] for some
¢, except on a set of measure 0.

|| ||¢72 is known as the Gowers U? seminorm. It is the first of the Gowers
uniformity seminorms. (The others will appear later, when we generalize to
hypergraphs.)

As the name suggests, || - ||g2 is a seminorm, not a norm: it is possible
to have ||f||g2 = 0 even when f is non-zero function, but the other three
properties of a norm (non-negativity, multiplication by scalars, and the
triangle inequality) are satisfied, as we will prove shortly.

Definition 5.9. An operation || - || is a seminorm if it satisfies:
o for every f, ||f]| =0,

o for any real number ¢ and any f, ||c- f|| = || - || ],

« forany fand g, [[f + gl < [IfI] + llgll

We could define operations like || - ||;2 corresponding to other graphs,

like ||f||cs = i’/f flx,y)f(y,2)f(z,2) dus. However for most graphs, this
fails to be a seminorm. Even the form suggests immediately that the result
will not always be non-negative: there is no squaring going on, and indeed,
it is not hard to find f so that ||f||c, is negative.
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Example 5.10. Let A CV be a set with u(A) = 1/2 and define f(x,y) by:

—1 ifreAandyec A

) -1 ifzgdAandy g A
F@9) =90 ifrecAandydA
0 ifzgAandye A

Then, for any z,y, z, f(x,y)f(y,2)f(z,y) is 0 unless all three belong to A
or all three do not belong to A, in which case f(z,y)f(y,2)f(z,y) is —1. In
particular, ||f||c, = —1/4 < 0.

However Cy is not the only graph which gives us a seminorm, and it will
be useful to consider a second example in parallel.

Definition 5.11. When f € L>®(us2),

il = ¢ [ @) st 2) dus

We call this the V seminorm because it corresponds to the graph .\o/.
The V seminorm is not as common (or important) as the U? seminorm, but
belongs to a larger family of seminorms which extends the Gowers uniformity
seminorms.

Before proving that || - ||y2 and || - ||y are seminorms, it is helpful to
introduce the inner product-like notions corresponding to them. Unlike
an ordinary inner product, the U? version of an inner product has four
arguments.

Definition 5.12.

(f1, f2)v :/fl(l',y)fg(x,z)du;;

and

(f1, f2, [3, f1)us Z/fl(fﬁ‘,y)f2($,y/)fg(fﬁlay)le(lilay/) djy.

Analogous to the equality HfH%Q(uk) = (f, ) r2(uy)» We have [|fI[} =
<f7f>V and HfH4U2 = <f7f7f7f>U2‘

Linearity in each coordinate follows by the linearity of integrals; for
instance,

<f7 ag + bg)V = CL<f, g>V + b<f7 h)V
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and

<f17f21f37ag + bh>U2 = a<f17f27f37.g>U2 + b<f17f2af37h>U2

Most importantly, the V and U? norms satisfies a version of Cauchy-
Schwarz we will use over and over again.

Theorem 5.13 (Gowers—Cauchy—Schwarz).

o |(f1, fo)v] < I Allv - I f2llv, and
o (1o fon fos o < A flluz - 1 fallve - | fslloz - (| fallpe-

Proof. Both parts follow by the use of Cauchy-Schwarz.
For the first part,

2

|(f1, f2a)v ‘/f1 z,y) fa(x, 2) dus

= |/ ([ emant) ([ o )n(e)) o)
/(/flxydu )du/(/fbxydﬂ )du

= 141K - IR,

2

so taking square roots of both sides,

|(f1, v < fAllv - [ f2llv-

The second part is similar, but we use Cauchy-Schwarz twice.

[(frs foo fos f) o
~|[ e hle ) B ) da|

(o)
- |/ ([ sy anty ></ffcy )i )ul)) ) diale, )
)

/(/fwyfsxydu Qduzxfc

[ 51 6 o |

4

IN

IN

| [ £l oo Vol ) S )

|/ /fz z, ) fa(2 ) duly )) dpz(z, z")

2

2
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Consider one of these pieces:

\/fl o) frlaa ) fo (s p) ol ) |

2

‘/ (/f1 (2,9) f1(x, 9 )du(x) (/fg (@', y) fs(2',y)du(x )) dus(y,y')
/(/fl r ) A N) ) el </fs 2, y)f )du(:c’)>2duz(y,y’)

~ [ e hle ) A ) iy s / ol o) e, fala! ) e o s
=[1fillg= - 11 £l -

Similarly,

< (| falltr2 - 11 fallgr=-

2
‘/fz(%y)fz(x,y’)f4(w’,y)f4(:v’,z/)du4
Putting these together,

(fro fo, f3, £)* < AU fullge - 1 fslle - 1L el fal I,

and therefore

(1, S, f, f)| < M fulloz - |1 felloz - W fslloz - [ fallo2-
O

This argument gives some idea what makes C4 and the V graphs special:
they correspond to “doubling vertices”. If we begin with a single edge {z,y}
and “double” the y vertex, we get the V graph—the single vertex = adjacent
to two different vertices. If we take the V graph and now double the z vertex,
we get the graph Cy: two copies of y and two copies of z, with both y vertices
adjacent to both = vertices.

This doubling is exactly what lets us apply the Cauchy-Schwarz inequality,
and helps explain why C4 and V give us seminorms while most other graphs
don’t.

Theorem 5.14. || - ||v and || - ||y2 are seminorms.

Proof. For any L* function f, ||f|lv = \/f (f £z, y) du(y))? du(z); since
the quantity ([ f(z,y)du(y))? is non-negative, ||f||v is always defined and

non-negative. Similarly, |[fllp2 = V/J (/ f(2,9)f(2',y) dply))” dpia(w,);
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since the quantity ([ f(z,y)f(2',y) du(y))? is non-negative, we ensure that
|| fllr2 is always defined and non-negative.
For any real number c,

le- fllv = \/ [ @4yt 2 dus = |el - 11l

and

e+ Fllpe = \/ [ A5 ) 5@ ) ) 5 s = el |l
To see the triangle inequality for || - ||y, observe that
1f + 9l = (f +9.f +g)v
= <f7f>V+2<fvg>V+ <g7g>V
< AR+ 20 fllv - llallv + 1lgll¥
= (I1£1lv + llgllv)?,

so [[f +gllv < [Ifllv + llgllv-
Similarly, to see the triangle inequality for || - ||;2, we work with the

fourth power;
Wf+9gllte =(f+9.f+9.f+9.f+ v
= <f7fafaf>U2+<faf’f7g>U2 +'+<gag)gag>U2
\
(

IN

| Fllge + 1 Ellgll + - + gl
[1£1lw= + llgllo=)"-

Therefore

L+ glloz < I fllo2 + lgllo2
O

It will be convenient to place the V and U? norms in an order with the
L? norm and the absolute value.

Lemma 5.15. For any f, | [ fdua| <||fllv < [Ifllv2 < 1f1l220u0)-
Proof. Write 1 for the function constantly equal to 1. Then
[ e = [ o)1, 2) dus

= [(f, 1)v
< [Ifllv - [1lv
= [If1lv
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since ||1||y = [1dus = 1.
Similarly,

1R = [ @) f (2. 2) dpy

= <f7f7171>U2
< I £1IZ - 11172
=117

since ||1||2 = [1dps = 1. Taking the square root of both sides gives

£V < (£l
Finally,

flle = [ F@p @)@ )@y du
< [1£ll72
by Cauchy-Schwarz. O

The inequality | [ f dua| < ||f]|r2 is an extension of our old observation
that tk,(G)* < tc,(G). This suggests that we might think of an arbitrary
function f as quasirandom exactly when ||f]||;2 = | [ f dpal.

The V and U? norms satisfy an additional inequality which connects them
directly to the structure of the graded probability space, which characterizes
what makes them useful:

Theorem 5.16. For any measurable set B and any f € L (u2),

1 (@ y)xs(@)llv < |Ifllv

and

Lf (@, y)xs(@)|lo2 < [[fllo2 and [[f (2, y)xBW)llo2 < [[f]lo2-

Applying the U? version of this lemma twice, once in the 2 coordinate
and once in the y coordinate, shows that

1f (2, y)xs(@)xeW)llvz < [ f]lv2-

That is, when we restrict a function to a rectangle, the U? norm does not
increase.



5.4. THE U? SEMINORM 143

Proof. Let B be measurable and let f € L>(us) be given. Letting B = V'\ B,
we have

f(x,y) = f(z,y)xs(x) + f(2,9)x5().

For the V norm, observe that

IR = (s v
=(fxB + fxm fxs+ fxg)v
= (fxB, fxB)v+2(fxB. [xg)v + (x5 [XB)V

= sl +2 [ F@.)xa) @ 2xp() dus + | xalf

= |l xslI% + If x5l7
2
> || fxBllv-
For the U? norm, the argument is similar except that there are more

terms to worry about. We prove the first inequality for the U? norm since
the last inequality follows symmetrically by the same argument.

||f||;4]2 = <f7f>f7f>U2

=(fxB+ fxg fxs+ fxg [xs+ fxg fxs+ fxgue

= (fxB, fxs, fxB: fxB)v2 + (fx5: fxB:. fxB, [xB)v2 + -+ (fx5 fx5 X5 [XB)Ue-
There are a total of 16 terms we need to consider in this sum. We will show

that each term is non-negative.
Fach term has the form

/ Flx,y)xs, (@) f (@, y)xs, () f (2,9 )xss (2) f (2, y) xs, (2) dpa

where S1, S, 53,54 are each either B or B.
If S1 # S3 or So # S4 then this integral is 0, like the middle term in the
V norm argument above. For instance,

[ Hamxs@ @ p)xss @y g @) @ y)xe) dis =0

because for every x, one of xp(x) and xz(x) must be 0, so the product is
always 0.
However there are four terms,

/ Flx y)xs, (@) f (@, y)xs, () f (2,9 )xs, (2) f (@', y) xs, () dpa
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which do not cancel out so simply. But
/ f(@y)xs, (@) f(@' y)xs, (@) (2,9 )xs, () f (2", y) xs, () dpa

=/ (/f(ﬂﬁ,y)m1 () f (2", y)xs, (") du(y)>2du2(9«“»$')v

which is always non-negative because the integrand is squared.
Since all the terms are non-negative,

FllEe = (FxBs FxB, FXBs FXB)U2 = || fXBfe.

O]

This implies that when || f||;2 = 0, f is orthogonal to any “rectangle” of
the form X x Y.

Lemma 5.17. If || f||y2 = 0 then whenever X CV andY CV are sets in
B(u),
/f(m,y)XX(w)XY(y) dpz = 0.

Proof. We have

[ e @ @) dua| < 1500 @ @le < fllv = o

O

5.5 Seminorms, Even Distribution, and Quasiran-
domness

We would like to identify the relationship between the U? norm and quasir-
andomness. When E C V? is a symmetric measurable set, the definitions
say that E is quasirandom exactly when ||xg||y2 = pa(E).

However this turns out not to be the most important perspective on the
relationship. We will ultimately want to be able to take any L>°(u2) function
f and decompose it into a structured part and a random part—to write
f=f"+ f where ||f"||y2 = 0 and fT has some sort of nice description.
This is similar to the spectral perspective, where we write f as a sum of
eigenfunctions; indeed, one way to give a description of f* will be as the
sum of the eigenfunctions.
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When f = xg is quasirandom—and, more generally, when ||f||;2 =
|| f dpa|—this decomposition will be particularly useful because f* will turn
out to be a constant function.

Before proving this, it will be useful to develop the analogous theory for
the V norm, both to preview the techniques and as a step in the proof.

The V norm corresponds to a weaker notion of randomness than quasir-
andomness.

Definition 5.18. f is evenly distributed if, for almost every z, [ f(x,y) du(y)
J f(x,y) dus.

Like the V norm itself, the definition of even distribution is asymmetric in
the two variables, so we will most often apply it when f itself is symmetric.

In particular, when f = yg is the characteristic function of a graph, f is
evenly distributed when (outside of a set of measure 0), every point = has
the “right number” of neighbors.

For instance, the bipartite graph with two equal parts—the graph where
there is an A C V with u(A) =1/2and E=Ax (V\ A U(V\A) x A—
is evenly distributed, since po(E) = 1/2 and, for every x, u(E,) = 1/2.
(But this graph is very far from being quasirandom—for instance, it has no
triangles. )

Theorem 5.19. Let f € L™(uz) and take p = | [ f dus|. The following are
equivalent:

e f is evenly distributed,
« [Ifllv=p

« |lf =pllv=0.

Proof. If f is evenly distributed then

Iflly = \/ [ Fan) s 2) dus
= \//(/ f(@,y) duly))>du
= \//p2 dp
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If || f|lv = p then
f=ply = —pf—p)v
=(f, fiv—=2(f,p)v + (p,p)v
=p° —2/f(ﬂf,y)pdu3 + p?

= p? —2p/f(fr,y)du2 +p?
—0.

If || f — p|ly = 0 then

0=|f-plly

= [ ([ 1) ants) ) ante)

Therefore {z | [ f(z,y)du(y) = p} must have measure 1, so f is evenly
distributed. O

Knowing that x g is evenly distributed—that is, that tv(E) = tk,(E)?*—
is not enough to guarantee that E contains the right number of copies of
all graphs, as the example of the bipartite graph above shows. However
equidstributed graphs satisfy an analog of Theorem for a limited family
of graphs:

Theorem 5.20. If G = (V, E) is evenly distributed with tx,(F) = p then
whenever H = (W, F) is a tree—that is, H contains no cycles—ty(E) = plFl.

Problem 5.21. Adapt the proof of Theorem to prove this. Adapt the
proof of Theorem to prove the finite analog: for every tree H and every
€ > 0, there is a § > 0 so that if |ty(G) — tk,(G)?| < § and G is sufficiently
large, then |ty (G) — ti, (G)Fl] < e

Theorem 5.22. Let f € L*>(u2) be symmetric and take p = | [ fdus|. The
following are equivalent:

° HfHU2:p7
o |If =pllp2=0.

Note that when f = xg, ||f|ly2 = | [ f due| is saying that E is quasiran-
dom.
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Proof. First, suppose ||f||yz = p. Since p < ||f||v < ||f||lyz, we also have
|| fllv = p, so f is evenly distributed. We can calculate

If =pllte = (f =p.f =P, f =D, f =P
- <f7f7f7f>U2 _<f7f7f7p>U2+"'+<p7p7pap>U2'

There are sixteen total terms in this sum which we need to consider; we will
show that all of them are equal to p*. The first and last terms are certainly
equal to p?.

Consider the four terms with f three times and p once. For instance

(ot dphur = [ Fay)f @)1 g)p du
=p [ £ @) [ 1y duly') dus(a. o' y)

= [ @) ) dus
YAl
:p4,

The other three of these terms are equal to p* by symmetric arguments.
Consider the six terms with f twice and p twice. These are not all
symmetric: four of them are like

(v dow)v = [ H@)pf @ ppdus
where the two copies of f share a variable, while two are like
opp v = [ P fy) dpa
For the first group,
[ Haypt @ ypdus = v () =
For the second group,
[ F@t @) din =2 flavy) dpo)® = o',

There are four terms where f only appears once, all of which are symmetric
with

(f,p.p.p)v = /f(:ic,y)p3 dug = p*.
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Putting these sixteen terms together,
I = pllge = p* — 4p* + 6p* —4p" +p* = 0.
Conversely, suppose ||f — p||g2 = 0. Since

ez = 1lf =+ plloz < [If = plloz + lpllv> = 0+ p,

we have ||f||pz < p. Since we always have p < ||f]|y2, it follows that
[ fller2 = p- O

This gives us an almost trivial proof of a version of Theorem (Care-
fully comparing the finite proof we gave with the work above will show that
this is really the same argument, with all the work packaged into various
lemmata.)

Corollary 5.23. If E is quasirandom then whenever X CV andY CV
are sets in B(p),

p2(E N (X xY)) = pp(E)u(X)pu(Y).

Proof. Let p = pa(F). Since E is quasirandom, ||xg — p||gz = 0, so by
Lemma [5.17] we have

0= /(XE(w,y)—p)XX(a?)xY(y) dpg = /XE(fC,y)XX(w)Xy(y) dMQ—p/XX(fE)XY(y) dpa,
which is the same as saying that

p(EN (X xY)) =pu(X)u(Y).

5.6 Transfer

We would like a systematic way of drawing conclusions about finite graphs
from theorems about measurable graphs. We have pointed out that “internal
statements” have the property that they are true in an ultraproduct exactly
when they are true of most of the ground graphs.

However the last two chapters have been mostly concerned with state-
ments which are not internal. Consider Turan’s Theorem, Theorem The
statement

for each r > 3, if tk,(G) > 1 — = then [Tk, (G)| > 0
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is not internal. First, the “for each r” is considering only natural numbers
r—it is not the sort of “for all” contemplated by Lemma Second, we
know that expressions about measure like tx,(G) > 1 — fll are generally
not internal.

However (recalling our internal comparison - from Definition this is

equivalent to the statement:

for every r > 3 and every e > 0, if tk,(G) 7 1 — %1 + % then

p
Tk, (G)[ > 0.

The last part—“tx,(G) = 1 — - + L then [Tk, (G)| > 0"—is the sort of
statement that passes between ultraproducts and ground models, so this has
the form “for all natural numbers r, e, o,.” where, for each r and e, o, is
an internal statement. This is the perspective taken in the proof of Corollary
we first fix values of the natural numbers r and e and then use the
internality of o, .

This leads to a general principle, which we could formulate as follows.
(We will restate it more formally and more generally later in this section.)

Suppose that, for every natural number k, o, is an internal
statement. If, for every k, oy is true in [G, ]y then, for each k,
{n | ok is true in G,,} € U}.

Note that it might not be the case that {n | every oy is true in G, } € U.
For instance, consider the case where oy, is the statement “there are at least
k elements” and each G, has n elements: then oy is true in G,, if and only
if & < n, but [Gy]y is infinite, so every oy is true in [G,]y. That is, we
are comparing the situation where every oy, is true, simultaneously, in the
ultraproduct to the case where each o}, individually, is true in “most” of the
Gh.

Next, let us consider a more complicated statement. Theorem says
that

whenever G is a measurable graph, for every finite graph H =
(W, F), if tc,(G) = (tx,(G))" then t5(G) = (tk,(G))"

while the corresponding statement about finite graphs is Theorem [I.3}
for every finite graph H = (W, F) and every € > 0, there is

a d > 0 so that if |tc,(G) — (tx,(G))* < & and |V| > 1/,
[t1(G) — (tx. (G)Fl] < e.
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These are clearly related claims, but there has been some transformation,
from the exact equalities in the measurable graph to approximate equalities
in the finite graph.

The “for every finite graph” quantifies over the countable set of finite
graphs, and we can replace exact equalities between integrals with =~ com-
parisons: the statement of Theorem is equivalent to

whenever G is a measurable graph, for every finite graph H =
(W, F), if, for every § > 0, |tc,(G) — (tk,(G))* 2 8, then for
every € > 0, |tg(G) — (tr, (GN)F]] Z e

Then we can reorganize the quantifiers to get the also equivalent statement:

whenever G is a measurable graph, for every finite graph H =
(W, F) and every e > 0, there is a d > 0 such that if |tc,(G) —
(11, (G))*] 3 1/e then [ty (G) — (tx, (G)F1] 3 1/d.

The statement “if |tc, (G)—(tk,(G))*| 3 1/e then |ty (G)—(tk, (G)FI| 2 1/d”
is internal. So Theorem [5.4] is ultimately equivalent to a statement of the
form “for all H, e there exists a d such that o .4 holds” where o4 is
internal.

This is more complicated than the structure of Turan’s Theorem—there
are now two “external quantifiers”—first the “for all H and e” and then
“there exists a d” followed by an internal statement ]

Theorem 5.24 (Transfer). Suppose that for every pair of natural numbers
y and z, 0y . is an internal statemenﬂ. Then the following are equivalent:

o in [Gplu, for every y there is a z so that oy . is true,
o for every y, there is a z so that {n | oy, is true in G} € U.

Note that the second clause has a built-in uniformity: it requires that,
for each y, there is a single choice of a value z which works for most G,,.

Proof. Let |Gy be given. First, suppose that, for every y there is a z so that

0y, is true in [Gy]y. Then, since oy, is internal, {n | o, . is true in Gy, } € U.
Conversely, suppose that, for each y, there is a z so that {n | gy . is true in G,,} €

U. Then for this z, again since o, . is internal, oy . is true in [Gy]y. O

*As is common, we count “for all H and for all e” as a single quantifier over the pair
(H,e).

fHere—and everywhere we use the term “internal statement”—one can replace it with
“formula of first-order logic”, which means essentially the same thing.
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There is an analogous statement for internal sets: suppose we want to
consider sets of the form S = () enU,en SY* where the S¥# are internal.
The set S is not internal (unless the unions and intersections trivialize).

Theorem 5.25. Suppose that, for every pair of natural numbers y and z and
eachn, SY* C GE. Then, for any [buJu € [GynlY, the following are equivalent:

o for every natural number y there is a natural number z so that [gn]z,{ €
[5%72]1/17

o for every natural number y there is a natural number z so that {n |

by € SU*} € U.

That is, Nyeny Uzen[SH*]u consists of those elements [by]es Which belong
“uniformly” to N,eny U.en S3°. The proof is exactly the same as the proof
of the Transfer Theorem. We have stated this for single natural number
parameters y and z, but it would be the same if we had several, y1,...,ym
and 21, ..., 2n.

5.7 Remarks

The U? norm was well-known prior to Gowers work, at least as early as
the original papers on graph quasirandomness [30]. Gowers’ name and the
notation U? have become attached to it since [75] gave the right generalization
to hypergraphs. The name “V norm” and notation || - ||y are nonstandard;
the perspective here emphasizing this norm as a building block to the U?
norm comes from [158], where a generalization of this approach is used for
hypergraphs.

The question of when a graph G = (V, E) has, like V and Cy, the propety
that tg(-)'/I”! is a norm, has been studied ([37, 82]) and is closely related to
Sidorenko’s conjecture [140].

The transfer theorem, as we have stated it, is more commonly stated in
the setting of nonstandard analysis [10, |70, [125| [126], where it is a central
property. In axiomatic approaches (as opposed to the semantic approach our
ultraproducts represent), it is generally included as one of the characteristic
axioms |15, 55, (122].
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Chapter 6

Regularity

6.1 Rectangles

L?(us2) is a vector space, and the functions which have U? norm 0 form a
subspace, so we expect to be able identify a dual space. That will let us
decompose functions, writing

f=f+f
where ||f~||p2 = 0 and f* is orthogonal to all functions with U2 norm 0.
Definition 6.1. We say f is dual to U? if whenever ||r||;2 = 0, [ frdus = 0.

One of our goals this chapter is to characterize the functions which are
dual to U%. By Lemma whenever X, Y C V| xx(x)xy(y) is dual to
U?2. On the other hand, if f is dual to U? and non-zero then, in particular,

[ ffdu®= HfH%g(M) > 0, so we must have || f||;2 # 0.
The following result then tells us that when f is dual to U?, at least f
correlates with a rectangle.

Theorem 6.2. When f € L*(u2), ||fllyz > 0 if and only if there is a
rectangle X x Y such that ‘fXXy fdug‘ > 0.

Proof. The right to left direction essentially follows from what we have
already done. Suppose there is a rectangle X x Y such that ’fXXY f d,ug‘ > 0.
Then using Lemma and Theorem we have

0< | [ £l @y (v) i < [ hxx(e)er Wllee < 17z,

153
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Conversely, suppose || f||y2 > 0, so
0.< |17l
= [ @i i)y du
— [ | t@s@ i@ 1) duati )| dpala’ ).

Let us assume that po({(z,y) | |f(z,y)| > 1}) = 0 (the case where this holds
with 1 replaced by some value d follows the same argument after scaling).
There must be some 2/, y" with |f(2/,4y')| <1 so that

[ e ) 1)) —es0

> ] [ 1@ £ sy de

(And also p({z | [f(z,y)| > 1}) = u({y | [f(z',y)| > 1}) = 0.)

For any interval [a,b], let Xop = {z | f(2,9') € [a,b]} and Y], p) = {y |
f(@',y) € [a,b]}. If we choose [a,b] and [c, d] so that |b— a| and |d — ¢| are
small, the value of this integral on X, X Y| 4 does not depend much on

f@@',y) or f(x,y):

<

/ P ) 9) ') dpe
Klat)*Ye.q)

ac / f(z,y) dps
Xa,b) X ¥e,a)

/ f(z,y) —adp
Xa,b]

a | F(a,y) dp
Xla,b) % Yc,q)

+ 16— al - |e — d|(Xap) 1 (Vieq)-

+

: ‘/ @' y) —cdp
Yie,q

<

In particular, if we take K > %,

¢ < \ [ fa) i@ )ty dus

S F@,y) f ey F (@ y) dps
i<K <K Xy irnyen Yy iy
.. € €
<> > iy / f(zy)duz| + 5.

i<K j<K X/ (v YTz G4 )]
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In particular, this means there must be some i, j so that

‘/ f(z,y) dua| > 0.
Xty Y Verz, G+ )y/ea)

O]

This suggests that the rectangles will be the building blocks for the
functions which are dual to U?2.

Definition 6.3. Bg?l C By consists of sets of the form |J;<;, X; X ¥; where
each X;,Y; € Bj.

The 2 in the notation 2,1 reminds us that 5871 consists of sets of pairs,
while the 1 tells us that these are the sets generated by unary sets—that is,
by rectangles.

What we really need is for 8871 to be an algebra—that is, to be closed
under complements, finite unions, and finite intersections. Normally this
requires more than just closure under finite unions, but since the complement
of a rectangle is a finite union of rectangles, our definition of 8871 is sufficient.

Lemma 6.4. 13871 is an algebra—that is:
o whenever B € By, also V\ B € Ba 1,
o whenever By,...,Bj € By, also Uigk B; € By,
o whenever By, ..., By € By, also ;< Bi € Ba1.

Proof. 1t is helpful to note that when B = [J;<;, X; X Y;, we can rewrite B as
a union {J;<y X/ x Y so that for any i, j < K/, either X] = X/ or X/N X} =10,
and either Y;' = Y] or Y/NY] = (). To see this, we identify all the intersections
of the X; and the Y;—all sets of the form X, = ;c, X; N ﬂigs(V \ X;) for
some s C [1, k], and all Yy = ;¢ Yi N (N;gs(V \ Y:) for some s C [1,k]. (The
sets X, are precisely the atoms of the finite algebra of sets generated by the
sets {X;}, and similarly for the Y.)

Suppose s # s’. Then there is an i € s A s’; without loss of generality,
assume ¢ € s. Then X, C X; but Xy N X; = 0. Therefore X; N Xy = 0.

So we can take B to be the union of those X x Y, such that there is
some ¢ with X, C X; and Y; C Y].

Without loss of generality, let us write B = [J;<;, X; X Y; with the
additional condition that for any i,j < k, either X; :_Xj or X; NX; =0,
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and either ¥; = Yj or ¥; NY; = (. Then we can see that V2 \ B is also a
union of rectangles: for each X;, let Y/ = Uj<k, X,=X; Y;, and set

VE\B=]JX;x (V\Y]).
i<k

The second part holds since a union of unions is a union, and the third
part follows from the first two since

(Bi=V*\

i<k

U\ By

i<k

O

We really want to work with o-algebras, so we have to extend BSJ slightly,
to those sets which can be approximated using 8871:

Definition 6.5. By C Bo consists of those sets B € Ba such that, for every
€ > 0, there is a B, € 8371 such that ps(B A Be) < e.

Theorem 6.6. By is a o-algebra.

Proof. Clearly ) and V2 ¢ Bo1. If B € By then, for every e > 0, pa((V2\
B) A (V2\ B.)) = ua(B A B,) < e.

We can show that By is closed under unions of two elements (and
therefore under finite unions and intersections): if B, B’ € By then, for any
e > 0, we may find B, B, with us(B A B.) < €/2 and ua(B' A Bl) < €/2.
Then

p2((BUB') A (BeUBL) < pua(B A Be) + (B A B) <e.

Suppose we have a sequence with B; € By for all i € N. By replacing
each B; with B; \ Uj<i Bj, we may assume the B; are pairwise disjoint. For
each ¢, choose By—i € 8871 with pa(B; /A By—i) < 2771, Since the B; are
pairwise disjoint, po(U;>n Bi) = D>y #2(Bi) < 1, so we may choose N
large enough that ps(U;sy Bi) < €/2. Then

p2(| B | By-i) <> pa(BiABy-i)+pa( | Bi) <€D 27 4e/2 <e.
i <N <N i>N <N

O]
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6.2 Grids

We can now define a subspace of L*(u9) which, we will eventually show,
exactly captures the notion of being dual to U?.

Definition 6.7. L°°(B,) is the subspace of L*(u2) consisting of functions
which are measurable with respect to Ba 1.

Suppose V' = ;<. B; is a finite partition (so when i # j, B; N B; =
()). Then the corresponding rectangles form a partition of V2. We will—
temporarily—define a “grid” on {B;},<; to be a step function on these
rectangles—that is, a function of the form

> vigxs()xs; ()

i,j<k

for some choices of constants +; ;. (This definition is temporary because we
will give it its proper name in the next section.)

Lemma 6.8. For any function f and any finite partition V' = U<, Bi, the
grid

Z ;5 i X B; (JJ)XBJ. (y)

4,5<k
fBiXBj f(@,y) dps

i a(BxE) 18 the grid minimizing the L?(us) distance from

with Cki’j =
f-

Proof. Consider an arbitrary grid -, ;< Vi X, (7)xB,;(y) and let e;; =
7i.j — @ ;. We will show that choosing e; j = 0 minimizes the L?(usz) distance.
The main point is that «; ; is chosen so that fBixBj(f — ;) dps = 0. Then

1 = 3 i @, e = [(F = 3 %0 @, ) die

LISk ij<k
=D / (f = 7i3)*xB; (2)xB; (y) dpe
i<k
=D /(f — aij — eij)°xB,(x)xB, (y) dua
i, <k
- Z /(<f - ai,j)z —2(f —ayj)ei; + Q%j)XBi(x)XBj (y) dua
1,7 <k

= /((f —aij)? + €} ;)xB, (x)xs, (y) dpa.

i,j<k
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In particular, choosing all values of e; ; to be equal to 0—so 7v;; = o; j—
minimizes the L?(us) distance. O

Theorem 6.9. If f € L>(By1) then, for every e > 0, there is a partition

. Js o p. F@y)dpe
V' = U;<k Bi such that, taking o; j = W, we have

1 = > aigxs (@)xs, W)l L2 < €
1,7<k

Proof. Let f and € > 0 be given. It is a standard result about measurable
functions that f is approximated by simple functions:

I[f— Z%XDK%?J)HL%M) <€/2
i<d

with D; € Bo 1. Each D; can be approximated by finite unions of rectangles:
for each D;, we have
€

pDi 5 | X x Yij) < o,
j<di R

SO

1f = D2 e, @xvi, W)llr2gm) < e
i<dj<d;

We rearrange the X, ;,Y;; into a partition {B;};<) as in the proof of
Lemma Since >« g j<a; VXX, ,; (T)Xy; ;(y) is a grid, we have

1 =" aiixs, (2)x8;, W)lr2) < I —E( | {Bi x Bj}ij<i)llr2u) < €

,J

O

We actually want a small refinement of this result which is more compli-
cated to state, but more useful. In particular, we want to insist that the sets
B; in the partition be internal. The property of the internal sets we need
is that they are a dense algebra in B;—that is, the internal sets are closed
under complement, finite union, and finite intersection, and every set in By
can be approximated by internal sets. In practice, the case where are always
interested in is when B is the internal sets.
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Corollary 6.10. If f € L>®(Ba1) and B C By is a dense algebra then,
Jor every € > 0, there is a partition V = ;<) Bi with each B; € B and

) Jo o p. F@y) dps
w1 (Bi) > 0 such that, taking Q= W, we have

1 = 32 oupxm s, )|z < e
1,5<k

Proof. Follow the same proof, using the fact that each D; can be can be
approximated by rectangles from B, and taking sets of measure 0 and
combining them with a set of positive measure. O

The simplest examples of such functions are things like the character-
istic function of a bipartite graph: we have V = B U By and f(x,y) =
XB1 (x)XBz (y) + XBa (x)XB1 (y)-

When 0 < f <1, we can represent these functions by drawing grids. For
By
Bs

instance, the bipartite function can be drawn as B1 B, where we think

of this grid as representing V2, with one copy of V on each axis. The filled
in boxes are where the function is equal to 1 and the empty boxes are where
By
By

By Bs

the function is equal to 0. On the other hand, is the characteristic
function of the complement—two complete graphs, one on B; and one on
Bs, with no edges between them.

In Section we constructed the graphs G, which interpolated between
these two examples. The graph G, itself is not represented by a grid, but
there is a related grid indicating the densities of edges between various
regions. To define the graph G, we partitioned V' into four regions and

(when p < 1/2) gave them densities like E where black regions are ones
where edges are always present, white regions are where no edges are present,
edges in the light grey region are present with probability p, and edges in
the dark gray regions are present with probability 1 — p.

More generally, a grid can have different regions of varying sizes. In the

grid ﬁ we have V' = By U By U B3 U By where p;(B3) is smaller than
the measure of the other regions and the «; ; are various values in [0, 1] (for
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instance, we can see that ag 3 is a small but non-zero value, while a1 is a
dark grey corresponding to a value close to but not equal to 1).

Whenever f € L>(Bg;) and 0 < f < 1, Theorem says that f can
always be approximated by grids like these. In particular, sets in B 1 can
be approximated by grids which are mostly “black or white”—that is, we
can arrange for most of the measure to be on rectangles where the constant
is either close to 0 or close to 1.

Lemma 6.11. Suppose E' € By 1, V = U<, Bi is a partition, and there is a
grid so that

Ixe = > igxs @)xs, W)l 12 < />
1,7<k
Then
/.LQ( U Bl X Bj) < €.

1,7 <k, jE€(e,1—¢€)

Proof. Since xg(z,y) € {0,1} for all z,y, whenever € B; and y € B;j so
that a;; € (¢,1 — €) we have

Ixe(@,y) — > aijxs (x)xs, )] = Ixe(@,y) — ajl > e
ij<k

Therefore, letting U = U; j<k,a; je(e,1—c) Bi X Bj

e > |lxm— Y @ijxs (@)xs;W)l|72(u)
ig<k

N / (xe = Y aijxs(@)xs, () dps

,j<k

> / € dpis
U

= po(U)€x
So ua(U) < e. O

The existence of some rectangles where the constant «; ; is in the interval
(e,1 — €) is sometimes unavoidable, as the following example shows. The

idea is to use the diagonal: ﬂ No matter how many rectangles we use to

approximate this, the part along the diagonal will still be “fuzzy”: &



6.2. GRIDS 161

Theorem 6.12. There is a Keisler graded probability space {(V, By, pk) }ren
and an E € By so that whenever V. = J;<;, Bi s a partition there are
i,j <k so that 1/4096 < “2UBXEIEE) < 4095,/4096.
Proof. Naturally, we will construct G as an ultraproduct. Let V,, = {1,2,...,n}x
{0,1} consisting of two copies of the interval {1,2,...,n}. We let E,, consist
of those pairs ((z,0), (y,1)) with z < y.

Let V = [V,]Ju and E = [E},]y. First we must show that E € By ;—that
is, for every k, E can be approximated up to 1/k by unions of rectangles.
Given k > 0, whenever n is big enough we can partition {1,2,...,n} into
intervals Ij of size roughly 1/k by taking I} = {1,...,|n/k]}, I2 = {|n/k| +
1,...,|2n/k|}, and so on. Then the sets I}* = I7 x {b} C V,, where b € {0, 1}
form a partition of Vj,. Take I/* = [I7:%)y, so py (I?) = 1/2k.

Observe that

J<j'<k J<'<k

Therefore

pu2(E A U 70 x [j/’l) = po(E\ U 770 % [j’,l)

J<i'<k j<j'<k
<m(( |J POxH\N( | POxP)
J<j'<k J<ji'<k
J<k
= 1/4k>.

Next we must show that any partition contains some “fuzzy” rectangles.
The idea is not so complicated, though the details involve some technical
computations. We need to distinguish between the two parts of V': for each n
and each b € {0,1}, let V,,;, = {1,2,...,n} x {b} C V},, and set V;, = [V}, p]us.
(Technically we are writing Vp and V; to mean both the first two elements
of the sequence V,, and the sets V3, C V, but from here on we always mean
the subsets of V.) Although these are separate sets, we know that they are
really two copies of the same set: there is an internal measure-preserving
bijection S : Vi — V; defined by taking 5 = [B,]yy where 5,(x,0) = (z,1).

The simplest sort of partition would be to break the sets Vj and V; into
intervals. If we could find two intervals which overlap, in the sense that
po(I1 N B(Io)) > 0, then E would have intermediate density in Iy x I;.
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A more general partition might have sets B; which contain parts of 1
and parts of Vi; we can fix this by partitioning B; into the sets B; o = B;NVp
and B; 1 NVi. We will then look for ig,7; so that E has intermediate density
in Bj, 0 % B;; 1. To lift this to intermediate density in B;, x B;,, we will have
to discard the case where the set B, is only a tiny part of B;; fortunately,
there are few points belonging to B;, where B; is almost entirely contained
in V1_p, so we can discard these points.

The sets B;, might not be intervals. However what we really need from
an interval is that it contains both many small points and many large points.
So we will look at an arbitrary set B; ; and identify a “middle interval”—that
is, we partition B, ; into three parts, the small elements (below some ¢;), the
large elements (above some d;), and the middle elements (between ¢; and
d;). If we can find sets Bj, o and B;, 1 whose middle parts overlap—that is,
so that c;, is below d;; and ¢;; is below d;,—then B;; o X B;, 1 contains both
many pairs in £ and many pairs not in £. To ensure that we can find a pair
with overlapping middle intervals, we require that the middle intervals be
large, so that most points belong to a middle interval.

To make all this precise, let us note that our example has a lot of extra
structure we will want to use.

We can make sense of the ordering < on the sets Vg and Vi: for z,y € Vj,
we choose representatives x = [(zn,0)]yy and y = [(yn,0)]yy and set = < y
if and only if {n | z, < y,} € U. As usual, we can check that this is well-
defined, in the sense that it does not depend on the choice of representatives.
Furthermore, by ¥Lo§’s Theorem, < is a linear order on V. We may similarly
define a linear ordering on Vi, which we also call <.

We can also make sense of the ordering between the two parts—indeed,
this is precisely what E does, so if x € Vy and y € Vi, we can say = < y
exactly when (z,y) € E. Note that this is monotonic in the ways we would
expect; for instance, if (z,y) € F and 2’ < z then (2/,y) € E as well.

So now suppose we are given an arbitrary partition V' = (<), B;. Let us
define a further partition B;j, = B; N V}. -

For each i,b where p1(B;p) > 0, we can divide each B;j into a “lowest
part”, a “highest part”, and a “middle”. More precisely, we choose elements
cip < d;p so that w({x € B;y | z < Ci,b}) = %Ml(Bi,b) and p({z € B;y |
x>dip}) = % p1(Bip). To see that these exist, observe that we can divide V3
into finitely many intervals Ig with g (IZ) < p1(Bip)/k very small and then
take the least j with p1(B;p N Ui<;j Ilf) > r, and then by choosing ¢, € Ij,
we have ui({x € Bip | ® < e }) € [r — pi(Bip)/k, 7+ p1(B;p)/k]. Choosing
such a sequence with k£ — oo and using sequential comprehensiveness gives
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us the desired c.
Suppose we find ig,7; so that the middle intervals overlap—that is,
(Cig,05 diy 1), (i1 1, dig0) € E. So

1
p2((BigoxBiy 1)NE) > pa({z € Bigo | © < cip0}x{y € Biy1 |y > diy1}) > aul(Bio,O)Ml(Bn,l)a

and also
12((Big,0xBiy ))\E) 2 pa({x € Bigo | > digox{y € Bi1 |y <cij1}) 2 éul(Bio,O):ul(Bil,l)'

So it remains to find elements ig,7; so that the middle intervals overlap.
Observe that the middle intervals, collectively, contain 3/4 of the measure
of each V;,—that is, setting My = U;{z € By | cip < x < dip}, we have
p1(My) > 3u1(Vy)/4. Since B is measure-preserving, Mo N B~1(M;) has
measure at least 3u(Vp)/4, so we may choose an x € My N 3~1(M;), and
then choose g, with ¢;y0 < * < djy,0 and ¢;, 1 < B(x) < d;) 1.

There is one remaining technical difficulty: we have arranged for E to
have positive density in B;, o X B;, 1, but our original promise was to consider
B;, x B;,. To deal with this, we refine the sets M. For each b, let S, consist of
those i such that py(B; ) < pa(B;)/8. Observe that uy(U;es, Bip) < 1(V3)/8
(any measure in (J;e s, Bip must be supported by twenty times as much
measure in Vi_p). So let Mj = Ujgs, {7 € Bip | cip < = < dip}, so
pa(M]) > 5u(Vy) /8, so My N B~1(M]) still has positive measure. Then we
select ig, 71 as before and we have

p2((Big X Bi) N E) _ pa((Bigo X Biy)) NE) 1

(Big)un(Biy)  — 64 (Big0)p(Biy,1)  — 40967
- p2((Big X Biy )\E) 1
and, similarly, (B By Bi(()))ll«l (1B¢1) > 1096 ]

6.3 Conditional Expectation

The o-algebra Bs 1 is a sub-o0-algebra of Bo. Whenever we have two o-algebras
like this, we can talk about the conditional expectation of functions from the
larger o-algebra with respect to the smaller one.

For the purposes of this section, we do not need to worry about the full
abstraction of a Keisler graded probability space. All we need is a probability
measure space (V, B, u) and a sub-o-algebra D C B.

We write L?(B) for the set of functions f which are measurable with
respect to BB and such that [ f2du is finite. We write L?(D) for the subset
of L? consisting only of functions which are measurable with respect to D.

In the presence of a measure, we can define the conditional expectation.
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Theorem 6.13. For any f € L*(B):

o There is a function g € L*(D) such that, for all h € L*(D),

1f = gllez <|If = hllze,
and

e If go, g1 € L?*(D) both have the property that for all h € L*(B), ||f —
gillz < |If = hllr2, then [|go — 91| 2.

Proof. The proofs of both parts follow from a “quantitative” version of the
second part. Let f be given and let a = infycp2(py |[f — hl[L2-

What we will show is that if gg, g1 € L?(D) are “almost as good as a” at
approximating f then go and g1 must be near each other. More precisely, if
I|f — gillr2 < a+ € for each i then ||go — g1||z2 < V8ae + 4e€.

For observe that

go + g1 go + g1 g0 + g1
IIf - 172 = (f - f = )2
2 2 2
1 1 1
= (£ D 2wy = (90002 = {fr 1) 12 + {90, 90) 12 + {91, 91) 12 + 5 (90, 91) 12

1 2 1 2 1 2
= §’|f —gollz2 + §|\f —qllze — ZHQO —g1l|72

1
<(a+e?-— ZHQO — 1|32

Since we must have ||f — 239812 > «, it follows that [|go — g1]|z2 <
V8ae + 4e2.

This immediately gives the second part: if we had such a gg, g1, we would
have ||go — g1||z2 < ¢ for all é.

To prove the first part, for each n we may choose g, with ||f — gn||72 <
a+ 1/n. This is a Cauchy sequence, since for each € > 0, when n is small
enough, ||gn — gm||z2 < € for all m > n. Then by the completeness of L?, we
may choose g to be the limit of this sequence. O

Definition 6.14. When f € L?, we write
E(f | D)

for the function in L?(D) given by the preceding lemma.
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When B € B, we write E(B | D) as an abbreviation of E(xp | D).

We refer to the conditional expectation interchangeably as the projection
onto D (or, more properly, onto L?(D)), since the conditional expectation
operation is indeed a projection of a vector space onto a subspace.

E(f | D) represents the “best approximation” to f using only the sets
from D.

Lemma 6.15. For any f € L*(B) and g € L*(D),
« [ fgdp= [E(f|D)gdp,
« J(f —E(f[D))gdu=0.

Proof. The two parts are equivalent (using the linearity of the integral and
moving an integral to the other side of the equality), so it suffices to prove
the second part.

Suppose not—suppose | [(f —E(f | D))gdp| = ¢ > 0. Let h = E(f |
D)+ W g. his also in L?(D), and we will show it is a better approximation

of f:
—BlI2, = _ ¢ 2
If =it = [(f ~E(/ | D) Hg|,L2g> n

= IIf = (I Pl — 21 [(F =B [ D)ot H2 lglz
E(f | D)2 — —
_Hf_ (f’ )HLQ_ HgHL2
<IIf —E(f | D)IIZ2,
which contradicts the definition of E(f | D). O

We can think of ||E(f | D)||.2 as a measurement of what portion of f
has been explained by D.

Lemma 6.16.
/122 = B | D)3+ 11f —E(F | DI
Proof.
Al = [(/ ~E(f | D)+ E(f | D)?d
= IF B | D)% +2 [ (7~ B( | DYE(S | D) da+ [[EC(S | DI

= IE(f [ D> + [If — E(f [ D)IIZ--
O
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The “grids” of the previous section were examples of conditional ex-
pectation: when V' = J;<;, B; is a partition of V' then the finite collection
D = {B; x Bj}i j< is a sub-o-algebra of By (because the collection is finite,
there are no countable unions or intersections to consider). Because this
collection is finite, L?(D) is exactly the functions we called grids, and Lemma
@ . . fB-xB-f(gC’y)d”2

shows exactly that the choice of coefficients a; = ———2-—F~—

’ n2(Bix Bj)
the function in L?(D) minimizes the L?(yu2) distance to f, and therefore in
this case

gives

E(f[D) = Z O‘i,jXBi(x)XBj(y)'

1,7<k
It is sometimes convenient to note that when we have bounds on f, these
bounds pass over to E(f | D).

Lemma 6.17. If f < a almost everywhere then E(f | D) < a almost
everywhere.
Dually, if a < f almost everywhere then a < E(f | D) almost everywhere.

Proof. We prove the first part since the second is symmetric. Let g = E(f |
D). Suppose that for some € > 0, u({z | g(x) > a}) = 6 > 0. Then let
¢’ () = max{g(x),a}. Since g is measurable with respect to D, the level set
{z | g(x) > a} is in D, so ¢ is measurable with respect to D as well. But

1f = g'llzz < If = gllz — €6 < |If = gllz2,
contradicting the minimality of || f — g|| 2. O

In particular, if f = xp then E(f | D) is bounded between 0 and 1.
Slightly more generally, if f € L>°(B) then E(f | D) € L>®(D).
Orthogonality to L?(D) is equivalent to having trivial projection.

Theorem 6.18. For any f € L?, E(f | D) is the function which is equal to
0 almost everywhere exactly when, for any g € L*(D), (f,g)2 = 0.

Proof. If E(f | D) =0 then f —E(f | D) = f and, by the previous lemma,
(f,g)r2 = 0 for any g € L*(D).

Conversely, if E(f | D) is not 0 almost everywhere then |[E(f | D)||r2 =
€ > 0. Then

I£1IZ2 = If — E(f | D) + E(f | D)l[7

=|lf —E(f | D)|[22 +2(f —E(f | D))z + |[E(f | D)||%
=|f —=E(f | D)2 + [[E(f | D)|[7.
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In particular, || — E(f | D)||2, < ||f][2.. Since
If =E(f I D72 = |I£1I72 = 20/, E(f | D)) + |[E(S | D)|[72,
we must have (f,E(f | D))z > 0. 0
Lemma 6.19. E is linear:
E(af + bg | D) = aE(f | D) + bE(g | D).

Proof. Consider any h € L?(D). Let z = aE(f | D)+bE(g | D) and ' = h—z.
Note that h — z € L?(D), so (af +bg — z,h — 2);2 = 0. Then

laf +bg — hl|}2 = |[(af +bg — 2) — (b — 2)|[32
= |laf +bg — 2|[22 — 2(af +bg — z,h — 2) 2 + ||h — 2|32
= |laf +bg — 2|72 + ||h — 2|32
> ||af + bg — 2|2,

so z =E(af + bg | D). O
Lemma 6.20. [[E(f | D)[z2 <||fl[z2
Proof.
1f1172 = (B(f | D)+ (f —E(f | D)), E(f | D) + (f —E(f | D)7
= [|[E(f | D)7 + IIf —E(f | D)IIZ2

since (E(f | D), f —E(f | D))z = 0. 0

6.4 Conditional Expectation on Rectangles

Naturally, we want to apply the work of the previous section with the
o-algebras By 1 C Bs.

In addition to the other properties preserved by projections, in this setting
there is a notion of symmetry which is also preserved by projections.

Lemma 6.21. If f € L*(ug) is symmetric, so is E(f | Ba1).

Proof. Let f* =E(f | By1). Suppose not, so {(z,y) | f*(z,y) # f*(y,2)}
has positive measure. Then there is some § > 0 so that B = {(z,y) |
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[T (x,y) — fT(y,x) > d} has positive measure. This set belongs to Ba 1, as
does B = {(y,7) | (21) € B}, 5o

| ey - rteaad = [ Hegdd - [ g de
B B B
= [ Fravdd - [ ey de
B Bop
— [ tapdit = [ ) de
B Bop
— [t~ [ ) dp®
B B
=0

But this is a contradiction, since [z fT(z,y) — [ (y, ) du® > du(B). O

We can compare this projection to the U? norm.
Theorem 6.22. ||f||y2 = 0 if and only if [[E(f | B2,1)l|12(u,) = 0-

Note that |[E(f | B2,1)l|z2(u,) = 0 is the same as E(f | Bz1) = 0—that
is, except on a set of measure 0, E(f | Ba1)(x,y) = 0. Therefore the U2
norm is 0 exactly if the projection is the trivial function which is 0 almost
everywhere.

Proof. By Theorem I|E(f | B21)|lrz = 0 exactly when, for every
g € L2(Ba), (f>9)12(uy) = O-

Every rectangle xx (z)xy (y) is in L?(Ba1), so if ||E(f | Ba1)llr2(us) =0
then for every rectangle X x Y, (f, xx(%)xy (¥))r2(u) = 0, so by Lemma
B2 (17l = 0.

Conversely, suppose [[E(f | Ba1)l12(4,) > 0, so there is a g € L*(Ba)
such that (f, g)r2(,,) > 0. We want to work with sets, not the function g,
so we have to stratify ¢ into level sets: sets of the form B, = {(z,y) | a <
g(x,y) < b}. These all belong to By (because g is By 1-measurable, which,
by definition, means all its level sets belong to Ba 1). Also, for any partition

(—00,00) = Usep (@i, aiy1]

a; + Q41
/fngQ = Z/ngBai,ai+1 dMZ ~ Z %/fXBaiv“Hl d,LLQ,
i

i

there must be some a, b so that ‘f IXBa, d,uz’ =€e>0.
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Since B,y € Ba1, there must be some B € BY | so that ps(Bap A B) <
€/|1f1lz2(uy)> and therefore

‘ / fxBdupz| >0
as well.
Since B is a finite union of rectangles, there must be some rectangle with
|| fXxxy duz| > 0. Therefore, by Lemma [6.2] || f||y2 > 0. O

It is worth noting that one half of this proof is much harder than the
other: when the U? norm is non-zero, this quickly implies that the L? (12)
norm of the projection is non-zero. In the other direction, it requires a lot
more work to get from knowing that the L?(u2) norm of the projection is
large to conclude that the U? norm is large. Later we will see that this
reflects a quantitative fact: knowing that the U? norm is larger than some
€ > 0 will tell us that the L?(us) norm of the projection must also be larger
than some ¢ > 0 which we can calculate from e. But in the reverse direction,
we will see examples where even though the L?(u2) norm of the projection is
as large as we want—say, 1-—the U? norm can be arbitrarily small.

Lemma 6.23. f belongs to L*(Ba1) if and only if f is dual to U>.

Proof. Suppose ||r||yz = 0 and | [ frdus| = € > 0. We may choose g =
2ick XX, (2)xyi(y) so that |If = gllr2e) < gy - Then

| [ordna= [(f+ (g~ £ dus
:/f?“der/(g—f)?"duz

€

> € 71 22 (o)

20722 ()
> €/2.

/97‘ dpz = o /XXi (2)xv: (y)dp2 = 0,

i<k
a contradiction.

Suppose f is dual to U?. Let f+ =E(f | B21) and f~ = f — f*. Then
0= [ 5 dpa= [ 1t dpn+ [ 75 dpn =0+ 1 |Bage.

So [|f 7 [lz2(u2) = 0,50 f = fT, s0 f is measurable with respect to By,;. [
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So, for our purposes, a function is “structured”—totally non-random—if
it belongs to LZ(BQJ). These are exactly the functions approximated by
grids we discussed above.

The analogous statement for graphs has to take into account that E(xp |
By1) is never 0 (unless E is nearly empty) because po(E) = [ xpdus =
JE(xE | B2,1)dus. Instead, the analogous notion of E(xg | B2,1) being
trivial is for it to be a constant function (up to measure 0).

Theorem 6.24. ||xg||y2 = p2(E) if and only if E(xg | Bz,1) is the function
constantly equal to po(E).

Proof. Let p = po(FE) and let f be the “balanced” version of E, f = xg — p,
so [ fdus =0.

By Theorem [5.22] ||xg||p2 = po(E) if and only if || f||;2 = 0 which, by
the previous theorem, holds if and only if [[E(f | B2,1)||12(u,) = 0. We finish
by noting that E(f | B21) = E(xg —p | B2,1) = E(xe | B21) — p (since
conditional expectation distributions over sums and p is Bs j-measurable),
SO ||E(f | 82,1)||L2(#2) =0 if and only if E(XE ’ 5271) =D. ]

The U? norm ||f||2 is positive exactly when f has some correlation with
Bo.1. However it is not accurate to say that the U 2 norm measures how much
f correlates with Bs 1; in fact, even if f € L? (Bz,1), so f is entirely described
by Ba 1, the U? norm can take on any value between | [ f dus| and 1122 (juo) -

Instead, the U? norm reflects something about the “complexity” of
f. For example, consider graphs E with us(E) = 1/2. We always have
l[XE||p2 > 1/2 in this case, so it makes sense to focus on the U? norm of
f(z,y) = xg(z,y) — 1/2, which counts how many “extra” rectangles the
graph F has, beyond the ones it must have. When E € By, f € L*(B), so
we will have ||f||g2 > 0.

When E can be described using a small number of rectangles, ||f]|;2 will
be larger. For example, consider the case where E is the bipartite graph
B x By U By x By with p(By) = u(Bg2) = 1/2. This can be represented by
the grid

u

which only has four “boxes”. The U? norm of f is 1/2.
On the other hand, suppose E comes from a grid like
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where the boxes are filled in randomly. Again, let f(z,y) = xg(z,y)—1/2.
Then ||f]|y2 is smaller—roughly 0.279 (depending on the exact distribution
of squares). And, as the number of squares increases, the U? norm continues
to decrease. (If we fill in a k x k grid randomly with black and white boxes
to get the graph E, the U2 norm of xg — 1/2 will be roughly W)

Note that [|f|[r2(u) = lIXE — 1/2[|12(4y) = 1/2, s0 X is always “far”
from the constantly 1/2 function in the L?(us) norm. However, when E is
built out of many rectangles—when F is “complicated”—xg is close to 1/2
in the U? norm.
To see t?is, consider the 100 x 100 grid:

v

Visually, parts of the grid are beginning to look like a grey blur. A finer
grid, say 10000 x 10000, would be indistinguishable to the eye from a constant
grey. There is some sense that a graph built from a very large number of
small, randomly chosen squares is close to the function which is constantly
1/2. The norm which reflects that these are close is the U? norm.

More generally, suppose we begin with a graph E which may or may
not belong to By 1, but where ||xg||y2 is just a bit larger than us(E). Since
lIxEllr2 > w2(E), this means that E' is not quasirandom. We can decompose
Xe =E(xg | B21) + (xg — E(xg | B2,1)). It could be that ||xg||y2 is “not
too big” because the structured part [[E(xg | Ba,1)||12(u,) is itself not too
big. It could also be that E is entirely, or almost entirely, structured—
that ||E(xz | 82,1)HL2( is close to pg(E)—but that E(xg | B2,) is very
complicated.

p2)

6.5 Graph Removal

We can now prove the main technical step in our proof of Roth’s Theorem
(that is, Szemedédi’s Theorem for arithmetic progressions of length 3), which
is an interesting theorem in its own right.

The triangle removal lemma says that if we have a graph with tx,(E) =0
then there is a set Z whose measure can be a small as we want such that
Tk, (E \ Z) = (. That is, if a graph has very few triangles, we can remove
all of them by removing a small set of edges.

First, we note that subgraph density depends only on Bs;—that is, if
we want to examine how dense a subgraph is, we can focus only on the
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projection to Ba 1.
Lemma 6.25. For any symmetric f € L*(u2), tu(f) = ta(E(f | B2,1)).

While the proof involves some fiddling around with Fubini’s Theo-
rem, the idea is simple. For simplicity, let us assume f = yg. Suppose
H = (W, F) and I pick a potential copy 7 : W — V and want to know
what the probabiltiy is that it’s an actual copy. That is, I want to evaluate
J v, v,3er XE(2i, 25) dpgw). The key observation is that if pick some par-
ticular term in this product, all the other terms can only interact with at
most one coordinate—that is, I can write this in the form

I xe(@iz;)duw, :/XE(wlvx2)f(xlax37"')g($27$37-")d:U'|W|
{vi,v;}€F

where f does not depend on z9 and g does not depend on x1. This is precisely
a function which depends only on one coordinate at a time (this is what
we need to use Fubini’s Theorem to show)—that is, the function (z1,z2) —
[ f(z1,23,...)g(x2, 3, . . .) dijw|—2 is Ba,1-measurable, which means

/XE($179€2)f(fE1,$3,---)9(362,903,---)du|W| = /E(XE | Bo1) (1, 22) f (21, 23, . . )9 (22, @3, . . .) dpy

Proof. Let H = (W, F). Let fT =E(f | By1) and f~ = f — f*. Then
w() = [ T1 S du.
{vi,v;}eF

We successively replace each f in this product with f*: for S C F, we show
by induction on |S| that

tH(f):/ II @z II fs) dyw,

{vi,vj}ES {Ui,vj}GF\S

When S = (), this is the definition of ¢ (f). Suppose S = S"U{(v,v")}. Then

wN= [ T e T S i) duw

{’Ui,’l)j}es {Ui7vj}€F\Sl
=[ T ey T feae)st o) dow
{v;,v;}€8 {viv; }EF\S

[T e T Sana)f ) duw

{vi,vj}ES {Uiﬂ}j}EF\Sl
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so it suffices to show that

I o) I fl@z)f (00) duw =0.

{’Ui,’Uj}ES {Uiﬂ}j}EF\Sl

Here we use Fubini’s Theorem:

I iz  JI f@oz)f o) dyw

{vi;}€8 {viv; }EF\S’
:// I @iz  JI Flaz)f () dp(es, ;) dpw-o-
{vi;}€s {vivj }EF\S’
For any fixed ’W’ -2 tuple (xl,...,xi_l,xi+1,...,xj_l,xj+1,...,x|w|),

v es [T @i 25) v, 0,3em s f (@i, ;) belongs to By 1—in fact, we can
decompose this function into the form

cgo(x)g1(z").
Therefore
I @) I f@iz)f (0,0)du(w,z;) =0.
{’Ui,’Uj}GS {vi,vj}EF\S’

The same argument would apply to induced subgraph density.

Definition 6.26. When f € L*(u2) is symmetric and H = (W, F') with
W = {wl,...,wk},

t?}d(f) :/ H f(xi7xj) H (l—f(xz,xj))d,uk

{w;w;}eF {wiwye(y)\F
Lemma 6.27. For any symmetric f € L™ (ug), t7%(f) = t94E(f | B2a)).

Theorem 6.28 (Triangle Removal). Suppose tc,(E) =0. Let B C By be a
dense algebra. Then for every € > 0 there is a B € B so that ua(E N B) < €

and
Te,(E\ B) = 0.

That is, if there are very few triangles, we can remove a set that is as
small as we like and thereby remove all triangles. Moreover, we don’t want
to remove just any set—we want to be able to pick a big enough sub-algebra
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of sets B and promise that the set E belongs to B. The only case we really
care about is when B is the internal sets.

Specifically, following the ideas of the previous sections, we can take a
sufficiently fine grid, xp ~ > <, @ jXB,XB, and remove all the sets E'N
(B; x Bj) where «; ; is small. Since we only remove edges where the density
is small, we remove few edges this way. On the other hand, if the grid
is a good enough approximation of E, any time we have (z,y,2) € B; x
Bj x By where «; j, o; , and ;. are all not too small, we should get about
a; o 0 g (By) p(Bj) pu(By) triangles inside B; x Bj x By,.

Proof. Let f* = E(E | Ba1). We have tc,(fT) = tcy(E) = 0 by the
previous lemma. Let E+* = {(z,y) | f*(z,y) > 0}; then we must also have
to,(ET) = 0. Also

pa(ENE®) = [ xm(a,y) (1= xps (2,) dps
— 12(E) = [ Blxp | Ban)xwr dus
— 12(E) = [ E(xp | Bay) du

= pa(E) — /XEduz

By Corollary we may choose positive measure sets {B;}i<q in B so
that V' = ;<4 B; and, for suitable constants,

Ve
IxE+ — D igxs (@)xB; W)l r2(u) < e
,j<d
B ] +
Indeed, we may assume that a; j = M(L}jz;i—w. Let B/ = Ui,jgd,ai,j>3/4 B;x

B;.
If (z,y) € ET\ E' then xp+(z,y) = 1 while o;; < 3/4, and therefore
XE+ = 2ij<d QijXBi (T)xB;(y) > 1/4. Therefore

pp(ET\ E') < 16/(><E+ — > aiixs (@)xs, () dus
ij<d
= 16|Ixp+ — Y @ijxs (@)xs; )22,
ij<d

<€,
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so pua(ET\ E') <€ 50 u2(E\ E') < € as well.

We will let B be the complement of E', so ENB = E\ E' and E\B C F'.
Towards a contradiction, suppose T, (E') # (). E’ is a union of rectangles
from the grid {B;}i<q, so there must be some triangle (i, j), (4, k), (¢, k) so
that B; x Bj x By, C T, (E'), and therefore tc, (E") > pu(B;)p(Bj)p(By) > 0.

Since pa(ET N (B; x B;)) > 3/4, at most u(B;)u(B;)u(By) of the
triangles in B; x Bj x By do not have (z,y) € ET. Similarly, at most
T1(B;)(B;j)(By) fail to have (z,z) € E* and at most §u(B;)u(B;)u(By)
fail to have (y,2) € ET.

So tey, (ET) > Tu(B;)u(B;)u(By) > 0, which contradicts the assumption.
So Te,(E') = 0, and therefore B = E \ E’ is the promised set. O

Theorem [6.28| generalizes to arbitrary graphs with only notational changes.

Theorem 6.29. Let H = (W, F) be a finite graph and suppose tg(E) = 0.
Let B C By be a dense algebra. Then for every e > 0 there is a B € B so
that p2(B) < € and

Ty(E\ B) = 0.

Proof. Let f+ = E(E | Bz,1). By Lemma tu(ft) = tg(E) =0, so
letting E+* = {(z,y) | fT(z,y) > 0}, also ty(E') =0 and ue(E \ ET) = 0.
By Corollary we may choose a partition V' = [J;<; B; so that each

. B;xB;)nE+
B; € B, p1(B;) > 0, and, taking a; ; = “2(}(&(;—;])3?)),
NG
Ixp+ = D @ijxs; (@)xs, W2 < 7=
%d s W)l < ey
Set B/ = Ui,de,ai,pquﬂH B; x Bj. 1If (z,y) € ET \ E' then xp+ —

2 i j<d Qi jXB; ()xB; (y) > ‘F‘ﬁ, SO

pa(EX\NE) < (F1+1) [ = 3 augxa(e)xs, () duo
i,j<d
= (IF]+ Dllxp+r — > aigxs (@)xs, )72
1,5<d
< €.

So we take B = E \ E’, and therefore E\ B = ENE’ C E’. Suppose
Ty (E') # 0, so there is a copy 7 : W — V of H in (V, E’). For each w € W,
there is an atom B,, € B’ so that w € B,,. Then for every 7’ : W — V such
that 7'(w) € By, 7’ must be a copy of H, so tg(E’) > [Tyew #1(Bw) > 0.
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We now show that ty(ET) > \F\+1 t(E"), which gives the desired con-
w )

tradiction. Fix an edge e = (w, € F and consider the copies m of H in
(V, E') such that (7(w), 7 (w’)) ¢ . This is

/XE’ I—xp+) [ xedyw
feF\{e}

Since all the copies of x g are measurable with respect to B’, this is equal to

[ =E0w 1 82) 1T xeduw.
fer\{e}

By the definition of E’, this is

1

< — ty4(EN.
_|F|+1H( )

If 7 is a copy of H in (V, E’) but not (V, E™) then there must be some
such edge, so the set of such 7 has measure

|F|

Z |F|+1 (E') = |F|+1tH(E,)'

That leaves at least 1 (E'") copies which must also be copies in (V, ET),

[F[+1 |+1
soty(ET) > \F\+1tH(E/) > 0. This gives the desired contradiction. O

There is a finite analog of this theorem, known as the Graph Removal
Theorem.

Corollary 6.30 (Graph Removal). For every e > 0 and every finite graph
= (W, F), there is a 6 > 0 so that whenever G = (V, E) is a graph with
ti(G) < 3, there is a B C (%) so that (h% <eand Tg(E\B) =10

Proof. Suppose not, so for some € > 0 and some finite graph H = (W, F'), for
each n there is a Gy, = (Vy,, E,) with t5(Gp) < 1/n but whenever B C (')

with ("V ") < e, Tu((V, En \ B)) # 0.

Note that t5(G) < 1/n and Ty (G) # © implies that |V, | > n, so
lim,, 00 |Vi| = 0.

Consider any ultraproduct [G,]y = G = (V, E) and the corresponding
Keisler graded probability space, so t(G) = 0. Let B C Bs be the internal
sets. Then there is a B € B with us(B) < € and Ty (F \ B) = (). Since B is
internal, B = [B,|y. In particular, we may choose an n with ||V"“ < € and

such that Ty (FE, \ B,) = 0, contradicting the assumption. O
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6.6 Roth’s Theorem

We can now prove Roth’s Theorem—that is, Szemerédi’s Theorem for arith-
metic progressions of length 3, which we state as Theorem [6.31] below. The
idea is to construct a graph whose triangles represent arithmetic progressions
of length 3; the “trivial progressions”—progressions of the form a, a, a—will
be a collection of triangles which, despite having measure 0, cannot be re-
moved by removing a small number of edges, and then triangle removal will
imply that there must be many triangles, some of which are non-trivial.

Theorem 6.31 (Roth’s Theorem). For every e > 0, there is an N so that
whenever n > N and A C {1,2,...,n} is a set with % > ¢, there is an
a € A and a d >0 such that a,a+ d,a+ 2d € A.

Proof. Suppose not. Then there is some ¢ > 0 which is a counterexample:
for every N there is an n > N and an A, C {1,2,...,n} with V:Z—"‘ > ¢ but
A contains no arithmetic progression a,a + d, a + 2d.

We define graphs G,, = (V,, E,,) as follows:

e V,, is the disjoint union of X, Y,, and Z,, where X,, =Y, = Z,, =
{1,2,...,3n},

o (z,y) € X,, x Y, belongs to E, if x + 2y mod 3n € A,,
o (z,2) € X, X Z,, belongs to E,, if 2z —x mod 3n € A,
e (y,2) €Y, x Z, belongs to E, if z4+y mod 3n € A,.

We go up to 3n rather than n to avoid some minor technical issues where
the modulus would cause fake progressions from overlowing past n.

Suppose (2,9, 2) € Ty (En). Let a =242y mod 3nand d = z— (x +y)
mod 3n. Then a € A,; in particular, a < n. Alsoa+d=x+2y+z—x—y =
y+ 2z mod3n € A,, so a+d mod 3n < n as well. Similarly, a + 2d
mod 3n € A,. If d > 0 then d mod n gives an arithmetic progression.

However if d = 0 then z = =z + y mod 3n. Let T, = {(z,y,z +y
mod 3n) | x 4+ 2y € Ay} (the “trivial” triangles).

For any fixed y € Yy, [{z | z — 2y mod 3n € A,}| = |A,| > en?, so

|En N (X, XY,
9n?2

€
>3
|EnN(Y,

nXZn)‘ € |Enﬂ(XnXZn)| €
9n2 Z 9 and 9n?2 Z 9> SO

Similarly,
2

9n?2

>

W ™
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Relatedly, we need one additional structure on the finite sets: consider
the functions py; : X,, xY,, = X,, X Z,, and p¥ : X,, xY,, = Y}, X Z,, given by
pr(z,y) = (z,z +y mod 3n) and p¥(x,y) = (y,x +y mod 3n). Note that
both these maps are one-to-one, and so in particular measure-preserving.

Pick any nonprincipal ultrafilter ¢ and let G = [Gy]y and E = [E,]y.
We also set X = [ X Ju, Y = [Yalu, Z = [Znlu, p* = [pElu, and p¥ = [p¥]u.

Suppose tc,(E) = 0. Then there is an internal set B = [By]y with
wa(E\ B) < €/12 such that Te,(F \ B) =

It will be more convenient to divide B into the three pieces corresponding
to the three pieces of E: set Bxy = BN (X xY), Bxz = BN (X x Z), and
Byz = BN (Y x Z). Consider those (z,y) € X x Y such that

(z,y) €
° (.’E,y) QI Emey,
(

x I+y)€Eﬁsz,

. (y,x—i—y) gEﬂByz.

More formally, this is the set
E™=(En(X xY))\ [Bxy U(p") " (Bxz)U (") (Byz)]-

Note that when (z,y) € EN(X xY), also p*(z,y) € F and p¥(x,y) € E (by
the definition of E above), so if (z,y) isin E\ E~ then either (z,y) € E'\ Bxy,
p*(z,y) € E\ Bxyz, or pY(z,y) € E\ Byz. Therefore

p2(E7) > p?(E) — u*(B) > ¢/3 — 3¢/4 > €/12.

Therefore E~ is non-empty, so there is an (z,y) € E~, so (z,y,z +y) €

Tc,(E \ B), which is a contradiction.

So to,(E) > 0. Since pu3(T') = limy o0 2‘?—:;'3 < limy,—o0 2’71% = 0, there
is an ([xnlu, [Ynlus [2n]u) € Ty (E) \ T. Therefore for some (indeed, almost
every) n, there is an (zy, Yn, 2n) € En \ Th, giving an arithmetic progression

in A,,, which is a contradiction. O

6.7 Szemerédi Regularity

Frequently Corollary [6.10] is combined with the observation that most pairs
in the resulting approximation are “regular”. Recall the notion of e-regularity,
as specialized to a bipartite graph:
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If £ C X xY, the triple (X,Y,FE) is e-regular if whenever
X' CXandY' CY with u1(X’) > euq(X) and p1(Y') > epp (Y),
l[dp(X",)Y") —dp(X,Y)| <.

Lemma 6.32. If f € L*™(By1) and B C By is a dense algebra then, for
every € > 0, there is a partition V = ;<) B; with each B; € B, ju1(B;) > 0,
and such that /’LQ(Ui,jgk\(Bi,Bj,E) is not e-regular BZ X BJ) <e€

What this lemma is telling us is that we have a finite partition of V2 into
rectangles B; x B; so that F is “well-behaved”—that is, e-regular—in most
of the rectangles.

Proof. By Corollary choose a a V' = ;< B;i so that each B; € B,

. B;xB;)NE
p1(B;) > 0, and, taking oy ; = WL(Q(;i—XJB)j)),
E(xE | B2,1) — Z i jXB; (y)HLZ(,Q) <é.
1,7<k

Let Sp be the algebra of sets generated by {B;}; j< and let By be the algebra
of sets generated by rectangles from Sp, so E(xg | Bo) = 32, j<i, @iiXB: (2)XxB; (v)-
Consider some pair 4, j so that (B;, B, E) is not e-regular, and choose
Xz"j - Bz‘ and }fi,j - Bj so that ‘dE(Xi,jvxfi,j) — Oéi,j| > €. Let S@j be the
algebra of sets generated by Sy together with {X;;,Y;;} and let B;; be
the algebra of sets generated by rectangles from &; ;. In particular, the
atoms of B;; are the same as those of By except that B; x B; has been
split into four pieces—X; ; x Y, (B; \ Xi;) x Yij, Xi; x (B; \ Yi;), and
(Bl \ Xi,j) X (B] \}/;J) Therefore

IE(xE | Bij) = E(xe | Bo)ll72() = (ds(Xij: Yig) — i) m(Xij)p (Vi)
> €' u(Bi)p(Bj).

(In the first line, we are discarding the other three sub-rectangles since we
only care about the inequality.)

Let Z = {(4,7) | (Bi, B}, E) is not e-regular}. Let S; be the algebra
generated by U(; jyez Si,; and let By be the algebra of sets generated by
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rectangles from S;. Then, by our choice of {Bi}igk,
65 > HE(XE ‘ Sl) - (XE | SO)H%Q(;Q)
= /B E(xe | S1) —E(xe | So))? dus

1,7 <k

> Y /B E(xs | §1) — Blue | S0))? dia

(1] YeZ
=z 64 Z ,u
(i.5)eZ
O]

Lemma [6.32] also has a finitary version. Before proving it, we should note
that the property of being an e-regular bipartite graph is preserved by the
ultraproduct.

Lemma 6.33. If ([Bynlu, [Crlu, [Enlu) is e-regular then {n | (B, Cy, Ey) is €e—
regular} € U.

Proof. The contrapositive is easier: suppose {n | (B, Cy, E,) is not € —
regular} € U. Then for each such n, there is X,, O B, and Y,, C C,, with
bl > e, {2 > €, and |dp, (X0, V) — dp, (Ba, Co)| > €.

Therefore, taking X = [X,]yy and Y = [V, ]y, |[dp(X,Y) —dg(B,C)| > ¢,
o (B,C, E) is not e-regular. O

Theorem 6.34 (Szemerédi’s Regularity Lemma). For every e > 0 and every
ko, there is an N so that whenever G = (V, E) is a finite graph with |V| > N,
there is a partition V = {J,<y, B; such that:

e k< N:
o for eachi, |B;| < |V|/ko,
o there is a set R C [1,k] x [1,k] of regular pairs so that:

— if (i,j) € R then (B;, B}, E) is e-regular,
— |Upjygr Bi x Bj| < €e[V[*.

The first condition says that the size of the partition is not too big—in
particular, V can be chosen to be much, much larger than N. It is common
to replace the second requirement with the requirement that there be at least
ko parts and that the partition be an “equipartition”—that the pieces B;
differ in size by at most 1. Such a version can be obtained from this one by
a certain amount of additional fiddling with the pieces.
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Proof. Suppose the thorem were false, so there is an ¢ > 0 and an n and, for
every N, a graph Gy = (V, Exn) with |Vy| > N so that there is no such
partition of size < N.

Let G = [GNlu, V = [VN|u, and E = [En]y. By Corollary choose
a partition V' = |J,<;, B; so that each B; is internal, each p1(B;) > 0, and

IE(xz | B21) —E(xe | {Bi x Bj}ij<i)llrz(u) < €.

If any of the B; have measure > 1/kg, we split them into into smaller pieces.
Then, as in the proof of Lemma W 12(Uo<i j<k|(Bi,B;,E) is not e—regular Bi X
Bj) < €.

Each B; = [B;n)u. There are only finitely many i, so we may find an
n so that whenever (B;, B, E) is e-regular, (B;,, Bjn, Ey) is e-regular, and
Nl(Bi,n) is S 1/k’0 ]

This does not fully capture the strength of Corollary [6.10} In the ultra-
product, we get a partition which is within € of being optimal among all
partitions. But if we examine the proof of Lemma [6.32] we only compared
the partition we got to one other partition. (Indeed, a partition whose size
can be calculated—it has size at most k2¥.)

In the finite world, we can’t hope for a uniform (independent of |V)
bound on an almost optimal partition. For suppose we had some bound N;
then consider some number M much larger than N, and a graph |V| with
many more than M vertices where we partition V' = (J;<,, C; where the C;
all have the same size, and then for each rectangle C; x CJ_-U C;UC;, we flip a
coin and either place the whole rectangle in E (if the coin is heads) or none of
it (if the coin is tails). (This is basically the example from the end of Section
) Then the partition into only N parts does not provide any meaningful
information—on each rectangle we will have po((B; x Bj)NE) ~ 4 2(B; x B;)
(because the rectangle is subdivided into many rectangles C; x C; which are
randomly assigned to be in or out of the graph). Yet there is some excellent
partition, namely V = ;< Ci.

So we can’t hope to find a bound on optimal partitions. But we can hope
to find a bound on partitions which are optimal among partitions which are
not too much bigger.

Theorem 6.35. For every € > 0, every n, and every function F : N — N
there is an N so that whenever G = (V, E) is a finite graph with |V| > N,
there is a partition V- = ;< Bi such that:

« k<N,
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o if k' < F(k) and V = ;<4 D; is a partition so that each Dj C B; for
some i < k,

IB(xE | {Dj x Dji}jj<i) —B(xE | {Bi X BirYair<i)||L2(us) < €

Proof. Suppose not. Let € > 0 and F' be a counterexample and, for each N,
let Gy = (Vp, E,) with |[Vy| > N be a graph with no such partition of size
< N.

Let G = [GNlu, V = [VN|u, and E = [En]y. By Corollary choose
a partition V' = [J;<, B; so that each B; is internal, each p1(B;) > 0, and

IE(xe | B21) —E(xe | {Bi X Bj}ij<i)llrz) <€

Let each B; = [B; Ny In almost every G with N > k, the B; x form
a partition, so by assumption there must be some ki < F(k) and some
partition Vy = UjSkEV{DJvN}jSk}, so that each D; v C B; v for some i <k
and

NEXE | {Dj x Djr}jjr<ry,) — EXE | {Bi X Birtigr<i)l| L2 () = €

F(k) is finite, so there must be some k' so that {N | ¥y = ¥’} € U. For
each j <k, let D; = [D; n]u. For each j and each N, there is an i; y <k
so that Djn C By, N, so there is an i; so that {N | iy = i;} € U, so
Dj C By, So the partition V = {D;};<i refines {B;}i<x, and therefore

IE(XE [ {Bix By bii<i)l|r2(ue)te < I€E | {Djx Dy} jram N2 (u) < BB | B2, 12 ()
contradicting the choice of {B;}i<k. O

This version was introduced by Alon, Fischer, Krivelevich, and Szegedy
in [8] and has gone by a variety of names, like “strong”, “robust”, and
“metastable”.

6.8 Which Rectangles are Needed

Given f € L?(u2), the question of whether ||E(f | Ba1)llp2(us) # 0 seems like
it ought to depend on the particular choice of o-algebra B;. For instance,
if we replace By with some B} C By, fewer functions are measurable with
respect to By, = By x Bj. We might think that a function f could be
measurable with respect to By 1 but not Bj ;.

Yet our work above shows that this is not the case—{|E(f | B2,1)|[12(u,) #

0ifand only if||f]| # 0, and the integral [ f(z,y)f(a',y)f(z,y/) (', o) dua
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does not depend on the particular o-algebra B;. The explanation is that the
definition of a Keisler graded probability space forces certain sets to belong
to By, and therefore these must be sufficient to express the projection of
f onto By ;. In particular, this tells us that when [[E(f | B2,1)|12(u,) # 0,
f not only correlates with some rectangle, but correlates with a rectangle
which can iteself be described using f. We can look more closely at the proof
to identify which sets are actually used to construct the rectangles we need.

Lemma 6.36. Let f € L>®(u2) with ||f||yz > 0 and let B C By be any
o-algebra large enough that, for almost every a € V', we have the property

for every interval I C R, {z | f(a,x) € I} and {z | f(z,a) € I}
are both in B.

Then [[E(f | B % B)||12() > 0.

Proof. Without loss of generahty, we assume that {(z,y) | |f(z,y)| <1} has
measure 1. (If not, there is some ¢ > 0 so that f/c has this property, and we
can work with f/c instead.)

Since

0< 5l = [ Hovw) | [ Fa ) F@ ) F@' o) e )| o),

there must be a set of 2,9 of positive measure so that

[ 1@ @116 ) dpstep)| = > 0

We can choose some z’, 1y’ whose level sets are in B.

Choosing n > 1/e, we may divide [—1,1] into intervals, [-1,1] C
Uij<nl—1 +i€/2,—1 + (i + 1)€/2). For each i < n, let A; = {z | f(x,y) €
[—1+ie/2, —14(i+1)e/2) and B; = {y | f(2',y) € [-1+ie/2, —1+(i+1)e.2)}.
Then

e=| [ o) S 0) o)

-3 L, S0 ) diatr)

< Z/ (=1 +4ide/2)(—1+ je/2) dua(z,y)| + €/2.

In particular, there must be some rectangle A; x Bj € B x B such that
| [a,xm, (@) duz| > 0. -
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Theorem 6.37. Let f € L>®(u2) be given and let B C By be any o-algebra
containing such that, for almost every a € V,

for every interval I C R, the sets {xz | f(a,z) € I} and {x |
f(z,a) € I}.

Then E(f ‘ B x B) = E(f ’ 82’1).

Proof. Let f~ = f—E(f | B x B).

Since E(f | B x B) is B x B-measurable, it must be the case (by Fubini’s
Theorem) that for every a € V and every interval I, the sets {z | f(a,x) € I}
and {x | f(xz,a) € I} are in B. So for almost every a, it is also the case
that {z | f~(a,2) € I} ={z | f(a,x) = E(f | B x B)(a,x) € I} is in B, and
similarly for {z | f~(z,a) € I'}.

IfE(f | BxB)#E(f| 8271) then ||[E(f~ | BQJ)”LQ(“Q) # 0, so by the
previous lemma, |[E(f~ | B x B)||12(,,) # 0, which is a contradiction. [

6.9 Points of Density

There is another perspective on the proofs of Traingle and Graph Removal
(Theorems and which is perhaps more consistent with our focus
on infinitary and limit behavior. Instead of looking at a fixed finite partition,
we will take a limit of finer and finer partitions.

We can think of the sets in our partitions as behaving like neighborhoods
in a topological sense. (Indeed, we could think of the sets in our partition as
being a clopen basis for some topology.) Around any point, we have smaller
and smaller neighborhoods—that is, as we look at finer and finer partitions,
we look at the component from the partitions containing our point.

We can then ask which points are “typical”. As motivation, recall
Lebesgue’s density theorem: if A C R"™ is a Lebesgue measurable set then for
almost every point x € A, lim._.g % = 1. (Here B.(z) is the ball of
radius € around z.) The same applies to the complement of A, so for almost
every © € R™\ A, lim,_,q % 0.

Our setting is slightly different—F € By definitely need not be Lebesgue
measurable, and our neighborhoods are clopen partition components instead
of balls—but we can still find similar behavior saying that, for most points
in E, F is “locally dense” in a certain sense.

A countable sequence of finite partitions will only involve countably
many sets. Our space B is not necessarily separable, so we cannot expect
to generate all of it using a countable sequence of partitions. We need to
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establish a sub-c-algebra which is big enough. For our uses here, we only
need to be big enough to make sense of E, but it will be useful later to
consider the more general case where we might have countably sets.

Lemma 6.38. If {E1,...,E;, ...} is a countable subset of By then there is
a separable By C By such that, for all i, E(xg, | Ba21) is (By )?-measurable.

Proof. For each i, take the countably many level sets of the form {(z,y) |
E(xg, | B21)(x,y) > q}. For each of these level sets and each k, there
is a finite set S; . € Bi such that {(x,y) | E(xg, | B21)(z,y) > ¢} is
approximated to within 1/k by rectangles from S;, . Let B be the o-
algebra generated by the union of the countably many finite sets S; ;. [

Let us fix, for this section, a sequence of neighborhoods. Fix B] given
by the lemma so that E(xg | Ba,1) is (By )>measurable. For each j € N, let
NI ={N{ ..., N,gj} be a partition of V' such that:

o when i < j, NV refines N (that is, for each u < k; there is a v < k;
with NJ C N}),

o limj o0 maxy,<p; p(N7) =0,
e every NJ has positive measure,
e U; N7 generates By .

Each N7 gives us an approximation E(xg | N7) to E(xg | B2.1). Taking
the pointwise limit, define

E(z,y) = lim E(xp | NV)(z.y)
j—00
wherever this limit exists. This is the same as setting

- EN(NJ x NJ
Blovy) — tim BNV X ND)
j=oe p(Ni x N3)

where u, v are chosen so that (x,y) € Nj x Nj.

Usually we only think of E(xg | B2,1) as being defined up to the L% norm.
But, as we will see, E gives a particular pointwise representation of this
function (albeit one that depends on the particular choice of partitions).

Note that, even though E is a set, E is a function. (We write E to
indicate that E has been “smoothed out”—instead of worrying about the
precise value of xg at (z,y), E is concerned with the average value of xg
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near (x,y).) Unlike in the Lebesgue measurable case, we cannot expect that
E will almost everywhere be 0 or 1—for instance, if F is quasirandom then
E will be the function constantly equal to 1 /2.

However this is the only additional complication, so we can define a point
of density to be one where all the points “near” (z,y) (in the sense of our
neighborhoods) behave similarly to (z,y).

Definition 6.39. For any (z,y) € V2, write N/ (z,y) for the unique set
NJ x NJ such that x € N} and y € Ng;
(z,y) is a point of density for E if E(x,y) exists and

. 1 _ _ -
i N (. 9)) /Nj(:c,y) |E(u,v) — E(z,y)| dp(u,v) = 0.

Lemma 6.40. F is defined almost everywhere and is a representation of
E(xEg | B2,1). Additionally, almost every (x,y) is a point of density for E,
for almost every (x,y) € E, E(z,y) > 0, and for almost every (z,y) € E,
E(x,y) <1.

Proof. First, note that the approximations E(xg | N7) converge to E(xg |
Bz,1) in the L? norm: for any € > 0, we may choose jy large enough that
[E(xe | N7°) —E(xe | U;N7)|| < € and since the N7 with j > jo refine
N7, the same holds with any j > jo. But E(xg | U;N7) = E(xg | B21)-

To see that the pointwise limit is defined almost everywhere and that
almost every point is a point of density, consider any ¢ > 0 and o < 3. Let
g =E(xE | B2,1) be any representative. Choose jj large enough that there is a
union of rectangles from N70 S, so that u(SA{(z,y) | g(x,y) < a}) < f:—ze.

We will argue that on most of S, the average of g remains < [ for all
j > jo. Consider the exceptions: for each j > jy, we can list those rectangles
in N7 so that R C S and ﬁfRXEd,U > f3; call this D;. Let D C U, D;
consist of those R € D; such that, for all j' € [jo, ), no element of Dj
contains R. That is, for each j we identify the new rectangles where our
average is too high and throw them into D, and once we have done so
we never throw a subset of that rectangle into D. Then the union of the
rectangles in D is the same as the union of the rectangles in |J; Dj, but the
elements of D are pairwise disjoint.

Let D = |UD. Because D is a disjoint union of rectangles where the
average is above 3, we also have ﬁfD xedu > [. Since xgp < 1, we

must have {(z,y) € D | xg(z,y) > a} > /f:—g,u(D), and therefore p(D) < e.
B—a

Therefore, once j > jo, except for a subset of S of measure € + —;

€, if
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g(z,y) < a then for all j > jo, E(xg | N7)(z,y) < B as well. So the set
of points with g(z,y) < a but limsupE(xg | N?)(z,y) > B has measure
<€+ ’8 ~¢. Dually, we can show that the set of points with g(z,y) > 3 but
lim 1anE(XE | N7)(z,y) < a has measure < €. Since this holds for all € and
all a < B, for almost all (,y) we have E(x,y) = lim; 00 E(xg | N7)(z,y) =

9(x,y).
Choose jo large enough that, except on a set S of measure €2, for all

j > jo we have |E(xg | N9)(z,y) — E(m,y)| < €. Consider any j > jo and
any R € N7 so that u(RNS) < eu(R). Then for any (z,y) € R\ S, we have

5 [ 1Bw0) = Byl du(u.v) < LMU%@WM—WMHMww
+ Bz | M) (@) = B,y
+ B | A7) (u,0) = E(ue | N9) (2, )] da(a, 0

(
+ [ 1B ) = Byl duu.)]
S

1

< M(R) [/R\Se%—e%—()du—i-u(S)

/\

OO

Since this holds for every €, almost every (z,y) is a point of density.
Let Z be the set of points with E(z,y) = 0, so Z is By -measurable.

Therefore 0 = [, E(z,y)du = p(E N Z). Similarly, letting P be the set of
points with E(z,y) = 1, P is B, ;-measurable, so 0 = [p1 — E(z,y) du =
u(P\ E). O

The main result we need is an argument that says that when we can
“blow up” graphs on points of density to get positive measure copies.

Theorem 6.41. LetN(W, F) be a finite graph and 7: W — V' be such that,
for each {xz,y} € F, E(w(x),7(y)) > 0 and (n(z),n(y)) is a point of density
of E. Then tuy,p)(E) > 0.

Proof. The idea is that we can replace each of the points 7(x) with a
neighborhood N7(7(z)) and then use the fact that each E appears with
positive density in the necessary neighborhoods to find many copies.

Let € < ming, y)er E(n(z),n(y)). Since each {r(z),n(y)} is a point of
density, we may choose j large enough that, for each {z,y} € F,

1

T ) € A (), 7)) | Blu) = €/2) > 1=
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Consider the set N =[], N7 (m(w)). Taking the product, we also have

p({{zwtwew € N | E(wu,xv) >e€/2}) >1— 1

b
p(N) |F|

for each {u,v} € F. Therefore

- Fa _
tow,r)(E) > <;) w({xy bwew € N | for every {u,v} € F, E(xy,zy) > €/2)

€

|£] 1
>(5) a= 1R

=0.

Then by Lemma we have ty, gy (E) = tw,p)(E) > 0. O

The proof of graph removal, Theorem [6.29] is then quite short. Indeed,
it makes clear that we can prove a slightly stronger statement.

Theorem 6.42. There is a Z € By so that p2(Z) = 0 and for every finite
graph H, either Tg(E\ Z) =0 or tg(E) > 0.

Proof. Let Z consist of those points in E' which are either not points of density
of E, or such that E(z,y) = 0. Then u(Z) = 0. If Ty (Z) # 0 for some
H = (W, F) then any 7 € T (Z) has the property that E(x(z),7(y)) > 0
and (7(z),7(y)) is a point of density of E. Therefore, by the previous lemma,
ty(E) > 0. 0

6.10 Separable Realizations and Graphons

The measurable graph (V, E, u1) we get out of an ultraproduct is a useful
representation, but as a formal object, it is not as simple as it could be: the
accompanying Keisler graded probability space {(V*, By, uz) Yren takes some
work to define, and is less familiar than a conventional probability space.

We can take some steps to rearrange this object in terms of more familiar
probability spaces—specifically, we can instead think of £ as coming from a
product of separable measure spaces.

The idea is this: we will obtain two sub-c-algebras of By. One will be
Bz (more precisely, a separable sub-o-algebra of By 1), and the other, R
(a “random complement”), will consist entirely of elements of By which are
orthogonal to By 1. A typical element of By will a union of sets of the form
BN R where B € By and R € R. Since the elements of R are random, we
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always have p(B N R) = u(B)u(R), so instead of thinking of B and R as
being subsets of the same copy of V2, we will think of them as subsets of
distinct copies of V2.

That is, we will replace (V2,Bs) with (V x V x V2, By x By x R), where
the latter is a traditional product measure.

Formally, what relationship can we have between these two spaces so that
FE can be “the same” as some as some set from this product measure space?
We can’t mean a isomorphism of measure spaces, because an isomorphism
would preserve being a product measure. We need a weaker notion: that the
o-algebras are equivalent as algebras with a measure.

Definition 6.43. When (X, B, ) and (Y,C,v) are probability measure
spaces, a measurable equivalence of measure algebras from X to Y is a
function p: X — Y such that:

o p is measurable and measure-preserving (that is, for every C € C,
p~1(C) € Band pu(p~(C)) =v(C)), and

o for every B € B, there is a C € C with u(B A p~1(C)) = 0.

This does not obviously give an equivalence relation on probability mea-
sure spaces (for instance, a measurable equivalence need not have an inverse).
However it does give us a natural way to see elements of C as giving an
alternate representation of the elements of B.

Constructing the measurable equvialence requires a certain amount of
measure-theoretic formality.

The main theorem we need is to show that we can actually obtain the
sub-o-algebra R. (This is essentially Maharam’s Theorem [112]. We are
following the proof in [48].)

Theorem 6.44. Let B be a separable o-algebra and let C C B be a sub-o-
algebra. Suppose that for every k there is a partition {S1,...,Skr} in C so
that, for each i, E(S; | C) is the function constantly equal to 1/k.

Then there is a D C B such that every element of D is orthogonal to C
and every element of B is generated by C together with D.

Proof. Fix a countable sequence {F1, Es, ...} generating B. Let Py be the
finite algebra generated by {E1,...,Ex} U{S;; |i < j <k}. Let P} be the
atoms of Py.

Fix an ordering on each P; so that the orderings are compatible—if
Ay, Ay € P with Ay < Ag and A, Ay € P}, with A7 C Ay and A C Ay
then A} < Aj.
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For each atom in P;, we can fix a version of the projection onto C, and
we may assume that for all x, ZAGP; E(xa|C)(z) = 1.

We should imagine the atoms, as ordered in P;, as being an order in which
points are listed—the points in the first atom appear before the points in the
second atom, and so on. We also consider the C-measurable approximation
to this ordering, in which we look at the partial sums > 4, 4 E(xa/ | C)(z).
This partial sum tells us “how likely is it that 2 has been list by the time we
reach A”.

Then for each x and A € [0,1), we can ask when the sum crosses A: we
define A(z, A, k) to be the least A € P} such that 3 4 E(xa | C)(z) > A
That is, A(z, \, k) is “the position at which the probability that z has been
listed exceeds A”. For each A € Pj, we may set T'(A4,\, k) to be the set
of z such that A(x, \,k) = A. Note that T(A, A\, k) is C-measurable (it is
determined by the C-measurable functions E(x4 | C)).

Then we define two sets

Sk = | @A NN | A)

AeP; A'<A

and
S’k = | (TANEN | A).
AEP; A'<A
That is, S(\, k) consists of those points which C thinks have probability more
than A of appearing by A, and which actually appear before A. S’(\, k) is
those points which C thinks have probability more than A of appearing by A,
and which actually appear by A (either before A, or in A).

The idea is that if C thinks some points have probability A of appearing
by A, the chance that a point has actually appeared should be just about A.
So S(\, k) is going to be an approximation of a set whose projection onto C
is pretty close to constantly equal to A.

Note that S(A, k) C S(\, k'), since we arranged the orders on the atoms
to be compatable. So we will take S(A\) = U, S(A, k). The sets S(\) are
increasing: if A < X’ then S(\) C S(X).

When A € P, E(xa | C) < 1/k, since, as an atom, each A is contained in
one of the sets S; ;. This means that 3= 4 4z \ k) E(xa | C)(z) € (A —1/k, ]
(because we know E(x 4(z,\ k) | C)(z) < 1/k, and that adding this extra term
will bring us over \).

Then since

E(S(\ k) [C) = > ExalOxraamn= Y. EkalC)(=),

AAEPF A<A Al < A(z,\ k)



6.10. SEPARABLE REALIZATIONS AND GRAPHONS 191

we also have E(S(\, k) | C) € ( —1/k, A

Therefore E(S(A) | C) = A, so we can take D to be generated by the sets
S(A).

It remains to show that every element of B is generated by C and D.
It suffices to show that initial segments of P;—that is, sets of the form
Uar<q A'—are generated by C and D, since this suffices to generate every
atom, and therefore every element of Py, and the P}, generate all of B.

So consider some initial segment I = (J <4, A in Pg. I is also an initial
segment in each P; with ¢ > k. For each d < ¢, we can let F; = {x | E(] |
C)(z) € [d/t,(d+1t)/t)}. Then we will take I; = Uy (Fa N S(d/t)). The set
I} is generated by C and D, so it suffices to show that the I; approximate I.

First, observe that

E(xr, | C) () = xr(@)E(xsym | C) ().

d<t

Consider some z. Thereisad < t sothat z € Fy. Then E(xy, | C)(x) is within

L/t of 3o ac a(easer) B(xa | €)(x). Since E(xr | C)(x) = > 4<a, E(xa [ C)(z)
is between d/t and (d 4+ 1)/t, we have

[E(xr [ €)(z) — E(xz, [ C)(z)| < 3/t.

So, for all o, [E(xs | C)(x) — E(xs, | C)@)] < 3/t. But u(I A ) =
[ Ixr — xrldp < [E(lxr — xr,| | C) du, so the I; approximate I. O

Corollary 6.45. There is a o-algebra B, C Ba containing E, o-algebra By
and R, and a measurable equivalence p: V2 — V xV x V2 from (V?2, By, p2)
to (V xV x VE Bl x B xR, u).

Proof. Applying Lemma we obtain By C B so that E(xg | B21) is
(By )*>-measurable. Let B, be the separable sub-o-algebra of By generated
by (By)? and E.

By Theorem we find R C By, so that every element of R is
orthogonal to (B;)?, and together (B )? and R generate By;. Then the
function p : V2 — V xV x V2 given by p(w,v) = (w, v, (w,v)) is a measurable
equivalence: when we have C' € By; and R € R, CNR = p 1O x R),
and more generally, given B € B, , it is approximated by sets of the form
Ui<n CiNR;, so B is approximated by sets of the form p~'(U;«,, Cix R;).) O

So instead of working with measurable graphs on a Keisler graded proba-
bility space, we could work with subsets of a product space. One disadvantage
of this is that it becomes less clear what the elements mean: it is somewhat
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harder to view an element (v, w, (v/,w’)) as a pair of points in a graph in a
direct way.

With graphs, one solution is to simply integrate away the random part.

Definition 6.46. A graphon is a symmetric measurable function W : V2 —
[0,1] on an atomless probability measure space (V, B, ).

Note that this definition requires W to be measurable in the usual sense
of the product measure on V2, not a more general Keisler graded probability
space.

Given a measurable graph E, we can obtain a graphon by setting W =
E(xE | B2,1). Equivalently, if E € By x By x R then

W(v,w) = /XE(v,w, (W w") dus (v, w').

When W : V2 — [0,1] is a graphon, the elements of V represent vertices
of a graph-like object and the value W (x,y) represents a probability that
there is an edge between x and y. Like with a measurable graph, we can make
sense of notions like subgraph densities by taking integrals—for instance, the
triangle density of W is [[[ W (x,y)W (z,2)W (y, z) dz dy dz.

We can sample a finite graph from W in two steps: first we select n
vertices v, randomly from V', and then for each pair (v;, v;), we independently
determine if there is an edge with probability W (v;, v;).

We have already seen how to get a graphon from a sequence of finite
graphs: if G,, is a sequence of finite graphs, we may take (V, E) = [Gy]y and
then let the corresponding graphon be W = E(xg | B2,1).

This suggests why considering only {0, 1}-valued graphons is not enough
if we want graphons to be product measurable. We want every sequence of
finite graphs to have a subsequence which converges to a graphon (in the
sense that limy, o0 tg(Gp) = tg (W) for each finite graph H). If we take
Gn = Ry, the random graph on n vertices, we need tk,(W) = 1/2 and
tc,(W)=1/16. As we have seen in Theorem this can only happen if
W is the function constantly equal to 1/2.

It is common to add an additional requirement to the definition of a
graphon, that Q be the interval [0,1] with the usual Lebesgue measure.
However this is only a notational change: all separable atomless measure

spaces are equivalent to Lebesgue measure on the interval (see, for instance,
[61, 331P)).
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6.11 Higher Order Transfer

The relationship between Corollary and Theorem [6.35] is an example of
a more general equivalence.

Note that Corollary has the wrong form to apply the transfer theorem
(Theorem : transfer applies to statements of the form “for every natural
number y there is a natural number z so that oy . is true”, while Corollary
[6.10] can be interpreted as saying

for every € > 0 there is a k so that for every d

there is a partition V = [J;<; B; so that whenever

V = Ui<aCi, IIf —E(f | {Bi x B}l < |If —E(f |
{Ci x Ci| + e

The inner part (“there is a partition...”) is internal, but the outer quantifier
structure involves three quantifers: “for every e there is a k so that for every
d”. A generalization of the transfer theorem holds for such statements, and
resembles the strong regularity lemma.

Theorem 6.47. Suppose that, for every triple of natural numbers y, z, w,

Gyzw(T1, ..., Tm) is a first-order formula. Chose parameters [bL]y, . .., [b™ *y,
and let
X ={(laplus - [aklu) | VY32V by 2w (anluas - - [agleas ORJuas - - 07 ) }-

Then ([al]u, ..., [ak]y) € X if and only if for every y and every W : N — N,
there is a z so that

{7’L | d)y,z,W(z) (aiw s ,CLZZ, b}w sy bnm_k)} ceu.

Proof. Consider some ([a}]y, . . ., [a¥]y) € [VFy. Suppose ([ally, ..., [akly) &
X, so there is some y so that, for every z there is a w, with ¢y, - w. ([ak]u, - - -, [aE ), [BE]ud, - - - [P Fw)
false. Let W be the function with W (z) = w,. Suppose that, for this y and
W, we had some z so that
{TL | ¢y,z,W(z) ((1711, s ,CLZ:;, b’}m CER) bnm_k)} cu.

But this would mean that ¢y, . . ([ab]u, - - - [@Flu, [BLu, - - - [B7*]u), which
contradicts our choice of w,.

Conversely, suppose that ([al]y, ..., [a¥]y) € X. Then for any y and W,
we can ignore WW—there is some z so that, for every w, ¢y w([allu, - ., [ak]u, [BE]us - - - 5 B ]y)

holds. Then, for every w,

{(n| dyrwlan,...,ak bl ... 0" ") el
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So, in particular,

{n ‘ ¢y,z,W(z) (a'}m ) afw brlm cee abnm_k)} eu.
O

Corollary 6.48 (Metastable Transfer). Suppose that, for every triple of
natural numbers y, z,w, oy . w(Z1,...,Tm) is a first-order sentence. Then
the following are equivalent:

o in [Gplu, for every y there is a z so that for every w oy . is true,

o foreveryy and every W, there is a z so that {n | o, . w () is true in G} €
U.

Corollary 6.49. Suppose that, for every triple of natural numbers y, z,w,
Oy zw(Z1,. .., Tm) is a first-order sentence. Then the following are equivalent:

o in every infinite ultraproduct |Gyly, for every y there is a z so that for
EVery w, Oy . 18 true,

e for every y and W there is a Z and an n so that whenever G, is a
graph with > n wvertices, there is a z < Z so that o, , (. s true in

G.

6.12 Remarks

Szemerédi’s regularity lemma first appeared as a step in his proof of Sze-
merédi’s Theorem, and was isolated in [146]. It immediately became a central
tool in extremal graph theory, and there are a number of excellent surveys
on the uses of the theorem [102, (103} |133].

The o-algebra perspective on the regularity lemma developed over a
period of time, especially in [150, |153], and was developed into the form we
use here in [158, 160].

The regularity lemma has notoriously poor bounds: the bound on the
number of pieces is known to be bounded by a function on the order of a
tower of exponents of size 1/¢, and this cannot be improved [57, |77, 119]. As
a result, alternative proofs have been sought for many of its consequences.

Graph removal in particular has been extensively studied. Graph removal
and its variants turn out to have applications in computer science, where
they are related to questions of “property testing” [73]—roughly speaking,
the question of whether a property of a graph can be tested by a computer
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program in a reasonable way. Many variants of graph removal have been
proven—ifor instance, where one modifies a graph with few induced copies
of a graph to contain no copies [8], where one deals with infinite families of
graphs [5], and directed graphs [6]. Proofs of some of these results have been
given which do not use the regularity lemma [56] and give somewhat better
bounds. Some of these and other results are surveyed in [36].

The Lebesgue density theorem is used to prove graph (and hypergraph)
removal in [48]. The canonical book on graphons in general is |110].

The generalization of Szemerédi regularity, Theorem [6.35] was introduced
in |§] in order to prove graph removal with induced subgraphs. (Another
variant, which corresponds to choosing the function F(k) = k, is sometimes
called the “weak” regularity lemma [62].) The approach here was identified
by Tao [153], who introduced the term “metastable” for such results in a
slightly different context [152]. The more general notion of higher order
transfer between “metastable” formulations—that is, formulations of the
form “for every € and every function F”’—and II3 statements was first noticed
by Kohlenbach [100] and has subsequently been extensively studied [11} |12,
46, (99, 101].
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Chapter 7

Combinatorial Structure

In this chapter we will consider graphs which are “combinatorially simple”.
We'll see that these combinatorial properties imply that the graphs have nice
measurable structures—for instance, that they are Bo ;-measurable.

7.1 VC Dimension

If we have a graph G = (V| E) (finite or infinite) and a finite set of vertices
{z1,...,2,} C V, each vertex y € V picks out a subset, namely {z; |
{zi,y} € E} ={z1,...,2,} N Ng(y). As we consider different vertices in V,
we identify different subsets of {z1,...,x,} in this way. In a random graph
(for example, Ry 5(V') where [V] is much larger than n), we expect to obtain
all 2" subsets of {x1,...,z,} as we vary y across different values.

Let us consider graphs which are very non-random: graphs where we do
not find all the subsets in this way.

Recall that when (V| E) is a graph, we write E, for the neighborhood of

z, {y | {z,y} € E}.

Definition 7.1. If X C V (typically X is finite), we say E shatters X if,
for every S C X, thereisa y € V so that XNE, = S.

The VC dimension of G is the largest n such that there exists some
{z1,...,2,} CV which is shattered by E, or oo if there is no such n.

VC stands for Vapnik-Chervonenkis, the names of the two computational
learning theorists who introduced the notion.

Haing having high VC dimension, particularly infinite VC dimension,
is a notion of complexity. Note that VC dimension is defined by a worst
case scenario: we have high VC dimension if we find a single choice of set

197
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{z1,...,2,} which is shattered. This reflects the idea that if we combine a
simple graph and a complex one (say, by taking the disjoint union of their
vertices), we ought to get a complex graph.

Very structured graphs tend to have low VC dimension. For instance,
the complete bipartite graph K, , (with n > 3) has VC dimension 1: if we
take a set {x1,x2}, if these vertices are from different parts then no y has
{x1, 22} N Ey = {x1, 22}, and if they are from the same part then no y has
{1‘1,332} NE, = {1,‘1}

Similarly, consider the bipartite graph where V) = V4 = {1,2,...,n} and
V is the disjoint union of Vy and Vj, and FE is the set of pairs {x,y} with
x € Vo, y € V1, and x < y. This has VC dimension 1: suppose we take
two vertices {z1,x2}. If they are in different parts, we cannot shatter the
set because there would be no y with {x1, 22} N Ey = {z1, 22}, and if they
are in the same part—without loss of generality, assume Vy—they have an
order—say, 1 < xro—and then we cannot have {z1,z2} N Ey = {x2}.

At the other extreme, Ry /5(V') tends to have large VC dimension; in par-
ticular, with probability 1, [Ry/o(Vy)]ys will have VC dimension oo (assuming
[Vo| = 00).

The notion of VC dimension has been invented several separate times
in the literature. In particular, Shelah introduced it in model theory [139)],
where it goes by the name NIP (“not the independence property”). More
precisely, a theory is NIP if every definable graph has finite VC dimension.
Although beyond our scope here, the point is that a wide variety of theories
have the NIP property, and therefore any graph defined in a model of one of
those theories will have finite VC dimension.

An equivalent property is that a graph has finite VC dimension exactly
if it omits some bipartite graph.

Theorem 7.2. (V, E) has infinite VC dimension if and only if whenever
(Wo U W1, F) is a finite bipartite graph, there is a copy w: WoU W7 — V of
(WoUW, F) such that whenever wg € Wy and wy € Wy, {m(wp),n(w1)} € E
if and only if {wg, w1} € F.

Note that the requirement on 7 is somewhere between our definition of a
copy and our definition of an induced copy: what we are asking for is that
m embeds the two parts Wy and W so that the edges between 7(W}) and
m(W7) exactly correspond to F', but we don’t care what happens inside W)
and Wl.

Proof. Suppose (V, E) has infinite VC dimension and let (WWy U Wi, F') be a
finite bipartite graph. Since the VC dimension of (V, E) is infinite, choose
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X CV with | X| = |Wy| so that X is shattered by E. Choose any bijection
m: Wy — X.

For each w; € Wy, consider S, = {m(wp) | {wo, w1} € F} C X. Since E
shatters X, we may find some v; with F,, N X = S, and define m(w;) = v;.
Then 7 is a induced copy of (Wy U Wy, F) as a bipartite graph as in the
sense of the statement of the theorem.

Conversely, suppose (V, E) contains every bipartite graph. In particular,
for any n, consider the bipartite graph with Wy = {1,2,...,n} and W; =
P({1,2,...,n}) with {wp,w;} € F if and only if wg € w;. If 7 is a copy
of (Wo U Wq, F) then m(W)) is a set of size n and w(WW;) witnesses that E
shatters w(Wj). O

VC dimension is usually considered in a slightly more abstract setting.

Definition 7.3. A set system is a set V and a collection F of subsets of V.
When X C V| we say F shatters X if, for every S C X, there is an F' € F
with XN F=S65.

The VC dimension of (V,F) is the largest n such that there exists some
X CV with |X| = n so that X is shattered by F.

A graph (V, E) corresponds to the set system on V with F = {E, | y € V'}.
(Conversely, given a set system (V, F), we can obtain a bipartite graph whose
vertices are V' U F with an edge between = and F' exactly when z € F'.)

Unlike the definition in a graph, this definition looks asymmetric. If
we are only concerned with whether a set system has finite or infinite VC
dimension, however, there is a symmetry.

Lemma 7.4. Suppose (V,F) has infinite VC dimension. Then for every d,
there exist Fy,...,Fy_1 € F so that, for every S C {Fy,...,Fy_1}, there is
anz €V so that {F € {Fy,...,Fq_1} |z € F} = S.

Proof. Since (V, F) has infinite VC dimension, we may choose a set {x1,..., 24}
which is shattered by F. For each j < d, we choose F; containing exactly
those x; such that, when we write ¢ in base 2, the j-th digit is a 1. Then for

any {Fj,,..., Fj.} € {Fo,...,Fq-1}, we may let i = 37, - 2/%, and we have
{Fjl,...,FjS}:{FE{FO,...,Fd,l}\xieF}. ]

VC dimension gives a striking dividing line. For any finite X C V| we
can define II7(X) = {S | IF € FX NF = S} and mr(n) = max{|IIr(X)| |
X CV, |X| =n}. That is, IIx(X) is the collection of subsets of X we
can obtain by looking at neighborhoods and mz(n) is the largest possible
size of IIx(X) among sets of size n. Since IIx(X) is a set of subsets of X
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ITIx(X)| < 2%, so mx(n) < 2" The VC dimension of (V, F) is the smallest
n with 7£(n + 1) < 2" so when the VC dimension is infinite, 77 (n) = 2"
for all n.

It turns out that there are only two possible behaviors for the function 7 £:
either the function is the exponential 2" or it is bounded by a polynomial.

Theorem 7.5 (Sauer—Shelah). If the VC dimension of (V,F) is d then, for
alln, mr(n) < o (1)

There are a very large number of proofs of this theorem, of which we
only give one, which uses the following crucial lemma.

Lemma 7.6. Whenever (V,F) is a set system and X C 'V is finite, there
are at least |I1z(X)| subsets of X which are shattered by F.

Proof. By induction on |X|. If X = ) then either F = (), in which case
[IIx(X)| = 0, which suffices because at least 0 subsets of X are certainly
shattered, or F # (), in which case |[IIz(X)| = 1 and () is shattered (by
definition, as long as F is non-empty), so the 1 needed subset of X is
shattered.

Suppose that | X| =m + 1 and choose some x € X. Let F, = {v \ {z} €
F |z € v} and let F— = F \ F;. Then, by the inductive hypothesis, F,
shatters at least |[IIz, (X \ {x})| subsets of X \ {«} while F_ shatters at least
IIr (X \ {x})| subsets of X \ {z}.

We now count subsets of X shattered by F. First, if S C X is shattered
by F_, X is shattered by F. Suppose S C X is shattered by F,. If S is
also shattered by F_ then S U {x} is shattered by F. Otherwise S is not
shattered by F_ but is shattered by F. In particular, for each set shattered
by F., we obtain an additional set shattered by F, so the number of sets
shattered by F is at least |[IIx_ (X)| + [ILx, (X)].

Finally, observe that

Hr(X) =S |3IFeF XNF =S5}
={S|IFeFXNF=SandzeS}H+|{S|IFeFXNF=Sand z ¢S}
= [z, (X \ {z}H)| + [IF_ (X \{z})],

so we have shown that F shatters enough subsets of X. 0

Proof of Sauer-Shelah. Suppose not: then there is an X C V with |X|=n
and [ITx(X)| > 3% (7). There are only 3% (") subsets of X of size < d,
so there must be a subset of X of size > d shattered by F, so the VC
dimension of (V, F) is > d. O
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7.2 Closure of VC Dimension

It is convenient to note that having finite VC dimension is preserved under
various ways of combining set systems.

Lemma 7.7. If (V,F) is a set system with finite VC dimension, the set
system consisting of complements, (V,{V \ F' | F' € F}), also has finite VC
dimension.

Proof. Let X C V be a finite set not shattered by F. Then thereisan S C X
sothat XNF # Sforany Fe F. Let =X\ S; then XN(V\F)#T
for any F € F. O

Lemma 7.8. Let (V,F) and (V,G) be two set systems on the same sets of
points, both having finite VC dimension. Then the intersection set system,
(VAFNG|FeF and G e G}) also has finite VC dimension.

Proof. A slick proof is to make use of the Sauer-Shelah theorem. Let d bound
the VC dimension of both set systems, and choose n much larger than d.
Consider a subset X C V of size n and consider how many subsets of X have
the form X N (FNG) with F € F and G € G.

First, consider the subsets of X of the form X N F with F' € F: by
Sauer-Shelah, there are at most >, (%) of these. For each set X N F,
consider the number of subsets of the form X N FF NG with G € G: there
are, again, at most > ;- (‘X?FU < Yicq (7) of these.

So, in total, there can be at most (3,4 (7))? subsets of X of the form
X N(FNG). When n is large enough, this is less than 2", so in particular

X cannot be shattered. O

Lemma 7.9. Let (V,F) and (V,G) be two set systems on the same sets
of points, both having finite VC' dimension. Then the union set system,
(VAFUG | FeF and G € G}) also has finite VC dimension.

Proof. We could give an argument similar to the previous lemma, but we
can also note that the union is the complement of the intersection of the
complements, so this follows from the previous two lemmata. ]

The main application we will need is actually the symmetric difference.

Corollary 7.10. Let (V,F) and (V,G) be two set systems on the same sets
of points, both having finite VC dimension. Then the symmetric difference
set system, (V,{F AG|F € F and G € G}) also has finite VC dimension.

This again follows from the lemmata above because the symmetric differ-
ence can be formed using union, intersection, and complement.
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7.3 e-Nets

Suppose G is a measurable graph and y is a vertex with p(Ey) > € > 0. If we
select a large number of points z1, ..., z, at random (with n large relative to
1/€), we expect that at least one of these points will probably belong to E,.
If we have several vertices, y1, ..., ym with each u(E,,) > €, we would expect
to need to make n larger if we want to find a point in every set E,,—even
though we're likely to get a point in E,,, and a point in E,,, and so on, the
likelihood that we miss at least one of the sets £, increases with m. In
particular, when there are uncountably many values of y, it could become
very likely that we miss at least one of them. For instance, in [R; 2]y, almost
every y has u(Ey,) = 1/2, but we cannot pick an  belonging to all these E,
simultaneously.

If the graph has finite VC dimension, however, we can hope to select a
reasonable number of x’s so that we have found at least one member of every
single E,,. We call such a set of 2’s an e-net—1like a net, it “catches” every
set I, which is not too small.

Definition 7.11. A set X C V is an e-net for G = (V, E, u) if, for every
y eV with u(Ey) > e, XNE, #0.

Theorem 7.12. If G = (V, E, u) has finite VC dimension then there is an
e-net.

The proof here is based on the one given in [116].

Proof. Let d be the VC dimension of G. We will show that there is a large
enough size r (depending on d and €) so that if X is a set of size r chosen
randomly according to u, there is positive probability that X is an e-net.
Suppose we choose a set Xg of size r, and let p be the probability that Xg
is not an e-net. We ultimately wish to show that p is small, so consider what
happens when Xy is not an e-net: there must be some y so that u(E,) > €
but XoNE, = (. That means that if we choose r additional elements—an
additional set X;—then (by the Hoeffding inequality), when 7 is large enough,
the probability that we choose X so that | X1 N Ey| > er/2 is at least 3/4.
So, when we choose two sets of size r, Xg and X1, the probability is at
least 3p/4 that there is some y with Xo N Ey, = 0 but | X1 N Ey| > er/2. It
looks a bit unlikely that we should be able to totally avoid F, with the first
set, but then find lots of elements in it with the second set, and will indeed
show that this situation is unlikely, and therefore that p must be small.
We can find the probability of this situation a different way. Suppose
that we first pick a set Z with 2r elements, and then choose the r elements
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Xo € Z randomly from Z. Once we picked the set Z, for any given y with
|Ey N Z| > er/2, we can ask for the possibility that, when we choose Xy C Z
so that E, N X = 0.

For any fixed y with |E, N Z| > er/2, the probability that we choose
r elements from z while avoiding all er/2 elements of E, N Z is at most
(1 —€e/4)".

Of course, there are many values of y. However—after we’ve chosen Z—
this outcome depends only on the set E, N Z. The Sauer-Shelah Theorem
tells us that there are only Ilg(2r) < C(2r)? possibilities (for some C) for
the set E, N Z. Therefore the probability that we have E, N Xy = 0 for
at least one value of y is bounded by C(2r)%(1 — ¢/4)". In particular, this
decreases exponentially in r, so when 7 is large enough we can ensure that
this probability is at most 1/2.

Therefore 3p/4 < 1/2, so p < 2/3 < 1, so in particular there is a positive
probability that X is an e-net. O

7.4 VC Dimension and Rectangles

The existence of e-nets gives us a quick tool for constructing approximations
using rectangles.

Theorem 7.13. If G = (V,E,u) is a measurable graph with finite VC
dimension then E/ € By .

Proof. It suffices to show that, for every e > 0, there is an approximation of
FE to within € using rectangles.

Consider the set system for symmetric differences, (V,{E, A Ey | z,y €
V'}). This set system also has finite VC dimension, and therefore we may
choose an e-net Z = {z1,..., 2y }. Since this is an e-net, whenever pj(E, A
E,) > €, there is an ¢ with z; € E; A E,,.

For each s C Z, let Vs = {x € V | E; N Z = s}. For each s C Z with
Vs # ), choose some y, € Vs. Observe that if z € V; then 1 (E; A Ey,) < €.

Then let E' = Usc 7,20 Vs X Ey,. We claim that ua(E A E') < e

pA(ENE) =" / p(Ex A Ey,) dpn
scz’Vs

<Y m(Vi)e

sCZ

= €.
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This gives us a corresponding improvement of Szemerédi’s Regularity
Lemma (Theorem under the assumption of VC dimension. Recall that
the regularity lemma promises a uniform bound N so that every finite graph
(V, E) has a partition into pieces V' = |J;<;, B; with k& < NN so that most pairs
(Bi, Bj, E) are e-regular. -

In applications of the regularity lemma, there are a number of ways in
which one could hope it might be improved. First, one would like to improve
the bounds—the bound on N is a tower of exponents in 1/e. Second, one
could hope that most of the pairs are not only e-regular, but have density
dg(B;, Bj) close to either 0 or 1. Third, one would like to eliminate the
“irregular pairs”—one would like to have every pair (B;, Bj, E) be e-regular,
instead of most. And finally, one could hope to strengthen regularity to
homogeneity: we could hope to have either B; x Bj C E or (B; x Bj)NE = ().

VC dimension gives us the first two of these improvements. In keeping
with our focus on what happens in the limit, we do not worry about the
bounds, and only prove that graphs with bounded VC dimension satisfy a
version of the strong regularity lemma (Theorem .

Theorem 7.14. For every d and € > 0 there is an N so that whenever
(V,E) is a graph with |[V| > N, there is a partition V = ;< B; such that:

« k<N,

o lIxe —E(xe | {Bi x Bj}ij<i)llr2(uw) <€

Note that this means that, except on rectangles with combined measure at
most /€, the average E(xg | {B; X Bj}i j<x) must be in [0, y/€)U(1 —+/€, 1] —
that is, on most rectangles, the density of x g is either close to 0 or close to
1.

Proof. Suppose not. Let d and € > 0 be given so that this fails, so for each N
we have a counterexample Gy = (Vy, En) with |Viy| > N. By the previous
theorem, [E, ]y belongs to Bs 1, so there is a partition [Viv]y = ;<) Bi with
each B; internal so that B

Ixe —E(xe [ {Bi X Bir}ii<k)l|r2(u) < €/2.
Then we may pick representatives B; = [B; yis and find an N so that
lIxExy —E(XEy | {Bi,n X Bir, N }iir<i)|| 22 (us) < €
giving a contradiction. O

Note that (as in Lemma [6.32)), this implies that most of the (B;, B, E)
are e-regular.
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7.5 A Converse of Sorts

Neither the existence of e-nets nor belonging to Ba 1 can plausibly be equiva-
lent to having finite VC dimension. These consequences are measure-theoretic,
while VC dimension is determined by finite sets, so we can always take a
graph with finite VC dimension and add an additional graph with infinite
VC dimension, but put no measure on the additional part.

To obtain an equivalence, we have to ask about what happens under
uniformly under arbitrary measures.

Theorem 7.15. G = (V, E) has finite VC dimension if and only if, for
every € > 0, there is an n so that, for any p making (V, E, 1) a measurable
graph, the probability that an element of V™ is an e-net is at least 1 — €.

Proof. We have already shown that graphs with finite VC dimension have
this property.

For the converse, suppose G = (V, E) has infinite VC dimension; we will
show that, for e = 1/2, for each n there is a measure p where (V, E, u) is
a measurable graph and the probability that a subset of V" is an e-net is
0. Let d > 2n and take a subset S of V of size d which is shattered, and
let @ be the uniform distribution on S (with measure 0 on V'\ S). Then
whenever X C S with |X| = n, we may choose, for instance, a y € V' with

E,NS =5\X,sou(Ey) = ‘E‘Z’;‘S‘ >1/2, but E,NX =0, so X is not a

1/2-net. O

That is, VC dimension is equivalent to the existence of e-nets in a uniform
way under all possible measures. Analogously, it is equivalent to F being
uniformly Bs j-measurable.

Theorem 7.16. G = (V, E) has finite VC dimension if and only if, for
every € > 0, there is an N so that, for any p making (V, E, 1) a measurable
graph, there is a partition of V' into n < N parts, V =<, Bi so that

Ixe — E(xe [ {Bi X Bi}ip<n)ll2(uy) < €

Proof. We have already shown that graphs with finite VC dimension have
this property.

For the converse, suppose G = (V, E') has infinite VC dimension. We
must pick an € > 0 and, for each N, a measure on (V, E') so that there is no
partition of V' into n < N parts with the desired property.

We let € = 1/2. For each m, choose a random bipartite graph on m x m
vertices—that is, fix sets Up,, V,,, with |Uy| = |Vin] = m and, for each
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(u,v) € Up, X Vi, flip an independent fair coin, and let E,, C U,, x V;;, be
the set of pairs for which this coin came up heads. Let G,, be the graph

(U X Vi, Ey).
Note that, with probability 1, the sequence of graphs (G,,) is quasirandom
as a bipartite graph; in particular, we have lim,, % = 1/2 and

limy, 00 tc, (Gm) = 1/16.

Since G is bipartite, G contains a copy of each G,,, so for each m, we
may consider the measure pu,, on G which places its measure uniformly on
some copy of G,,,. That is, we fix some 7, : G;,, = G and define

L if 2 € rng(mm,
mm({z}) = { 281 othervgi(se )

The ultraproduct of these structures is going to be a quasirandom mea-
surable graph, so we need to notice that if we had a uniform partition of
G, we could lift it to the ultraproduct. So consider some ultrafilter ¢/ and
the graph G* = (V*,E*,u*) = [(V, E, ptm)]u. Note that, up to measure
0, (V, E, p,) is isomorphic to G, with the uniform measure; in particular,
tk,(G*) = 1/2 and tc,(G*) = 1/16, so G* is quasirandom.

Towards a contradiction, suppose there were an N satisfying the second
half of the statement of the theorem: for each m, we have njy; < N and a
partition V' = {J;<,, Bj". Let n = lim,,_yy nys, and for each ¢ < n, let B; =
[By. For each i,i’ < n, we have E(xg+ | B; x By) = lim,, sy, (xE |
B x Bl'), so we also have

lehip-—E(xp+ [ {BixBir}ig<n)llr2(uey = M [[xB—Epu, (B [ {BixBir}ii<nmn )l 22 (i) < 1/2-

But E* is quasirandom, so

lIxEs—E(xE+ | {Bix By }bii<n)llr2(unll = [IXE-—E(xE~ | B22)l|1200) = 1/2,

which gives the desired contradiction. O

7.6 Stability

We showed in Theorem that there are graphs E so that every finite
partition includes some rectangles where E has intermediate density. The
example we used was the half graph—a graph roughly of the form {(z,y) |

x <y}
We will now show that this is, in a precise sense, the only obstacle.
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Definition 7.17. If G = (V, F) is a graph, a strict ladder of length d in G
is a pair of sequences x1,...,2q,y1,...,ya € V so that {z;,y;} € F if and
only if ¢ < j.

We say G is stable if there is a d so that there does not exist a ladder of
length d.

The word “strict” refers to the fact that we have a requirement when i = j
as well; a simple “ladder” would allow either {x;,y;} € F or {x;,y;} € E.

Stability is a strengthening of having finite VC dimension: finite VC
dimension says that, given {z1, ..., x4} with d sufficiently large, there is some
subset we cannot obtain by looking at the intersection with E,. Stability
prohibits specific combinations of subsets from appearing.

As the example of the half graph shows, stability is strictly stronger—the
half graph has finite VC dimension but is unstable.

Like VC dimension, stability gives a bound of sorts on the number of
subsets of a set we can hope to obtain, though it has a different character:
stability implies that there are only countably many subsets of any countable
set.

Theorem 7.18. Suppose (V, E) is stable. Then whenever B C V is countable,
there are only countably many subsets of B of the form E, N B.

Stated in this form, this follows directly from the Erd6s—Makkai Theorem:

Theorem 7.19. Let (B,F) be a set system with |F| > |B| and B infinite.
Then there exist x1,...,2q € B and Fy, ..., Fq € F so that x; € Fj iff i < j.

Proof. By induction on d. For d = 0 this is immediate: take any Fy € F.

Suppose the claim holds for d. Choose any Fy,; € F with Fy 1 # B.
Consider the set system F' = {F N Fyyq | F € F}.

First, suppose |F'| > |B|. For each b € Fy 1, consider F, = {F € F' |
b ¢ F}. Observe that, other than Fy ., itself, every F € F’ belongs to at
least one Fy, so F' = {Fy11} UUpep Fp- Since |F'| > | B, this means there
is some b with |F,| > |B|. We apply the inductive hypothesis to (Fyy1, Fp),
obtaining x1,...,xq, Fy, ..., Fy with each z1,...,24 € Fy4q and x; € F} if
and only ¢ < j. Taking 441 = b completes the construction.

Otherwise, |F'| = |B|. Then consider instead the family 7¢ = {B\ F |
F € F}. Then |F¢| > |B| as well, and we may apply the same argument as
the first case with B\ Fyy1 to obtain z1,...,2441 and B\ Fi,..., B\
Fi41 so that x; € B\ Fj4 if and only if ¢ < j. Then the sequence
Tdqly .- 21, Fgy1, ..., Fo witnesses the claim. O
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In an ultraproduct (and, more generally, structures which satisfy the
right saturation properties) this is equivalent to stability.

Theorem 7.20. Suppose ([Vylu, [Enlu) is unstable. Then there is a countable
B C [Vp]Ju so that there are uncountably many subsets of B of the form

((Enle)y-

Proof. The idea is that instability together with the compactness of ultra-
products allows us to construct a copy of the half graph. For each d we have
sequences x®t, ... xdd ydl . ydd g0 that {z% y?I) € E if and only if
i <.

Choosing representatives, take 2% = [z%%];; and y®* = [y%];;. Choose a
sequence of sets Ip O I; 2 --- in U such that if n € I then {24 yd7} € E,
if and only if i < j. For each real number r € [0,1], define 27 ,y! for
n € Igiq \ Iy by taking x] = x;j{ 4] and Yy, = yg’ 4] Ror any r < s, observe
that {n | {z7,,y;} € En} € Ifl/(r—s)] €U, so [zplu < [yplu-

Let B = {[z%]u | ¢ € QN[0, 1]}. Then for each real number r, Ej,ry, NB =
{[z%]es | ¢ < r}. This gives uncountably many distinct subsets of B. O

It would be tempting, by analogy to VC dimension, to define d-stability
to mean that d is the largest size for which a strict ladder exists. In fact,
this term is reserved for a slightly different configuration.

Definition 7.21. We write {0,1}¢ for the set of binary sequences of length
d—that is, functions o : [0,d — 1] — {0,1} and {0,1}<¢ = U, .4{0,1}".
When o € {0,1}%, we set |o| = d and call |o| the length of d. We write o C 7
if o is an initial segment of 7—that is, if 7 | [0, |o| — 1].

We say G = (V, E) is d-stable if there do not exist collections of points
{To}oeqo1ye and {yy}yeqo,13<a such that whenever n C o, 7, € E,, if and
only if n™(1) C 0.

We can think of the y, as labeling the nodes of a binary tree, indicating
that elements in E,, should go to the left and elements not in E,, should
go to the right. Starting at the root, every element x follows a path: left
or right depending on whether it belongs to £, 0 then left or right again
depending on Ey, or Ey,,, and so on. d-stability means that, however we
label the internal nodes of the tree of height d, there is a path which no
element b will follow.

The d in stability and the d in d-stability don’t necessarily match, but
up to that numeric difference, the notions are equivalent.

Lemma 7.22. If G is d-stable then G is stable.
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Proof. Suppose G is not stable. For any d, we will show that G is not
d-stable. The idea is that if we have a ladder of length 2¢, we can use the
x’s to label the leaves of a tree of height d, and the y’s to label the internal
nodes; for instance, when d = 2:

Y2
n Y3

i) 1 i) T3

Making this precise for a general d is just a matter of working through
the indexing. Start with a ladder xg,...,Z9d_1,%0,.-.,Y2a_; € V so that
{z;,y;} € E if and only if j <1i. (We have shifted the indexing by one and
swapped the names of the z’s and ¥’s in order to match the definition of
the tree better.) We can associate each i < 2% with a sequence of legth d by
writing it in binary with ¢(0) being the most significant bit—that is, let o;

be the sequence such that i =37, 29=17J5,(4), and take z,, = x;.

Then for each 7, we take y, = yzj<\n| 9d—1-jp(j)+2d4-1-In- Observe that if
n(0)C o then To = x; for some i < 375, 24=1=Jn(4) + X nl<j<d 2d-1-7 <
i<l 29=1=0n(5) + 241 and therefore {z,,y,} € F, while if (1) C &
then x, = x; for some i > Zj<|n| 24=1=in(4) + 24=1=Inl " and therefore

{'Ia)yn} ¢E D

The converse also holds, but is more difficult to prove. We follow the
proof in [85], which needs a Ramsey-like theorem for trees.

Definition 7.23. The binary tree of height n, written {0,1}<", is the
collection of all sequences of 0’s and 1’s of length less than n—that is,

{07 1}<n = U0§m<n{07 1}[1,...,m}_
We write o C 7 if 7 [ dom(o) = 0.

When m = 0, the notation “{0,1}!*9” means the function from the
empty set to {0, 1}—that is, the empty function, which we write (); we call
this the root of the tree. o C 7 means that 7 extends o.

Definition 7.24. A subtree of {0,1}<" of height m is a function f :
{0,1}<™ — {0,1}<" such that f(o) C f(7) if and only if o C 7.

For instance, f(c) must extend f({)) for all o € {0,1}<™, and the two
nodes f(c™(0)) and f(o (1)) must be two distinct, incomparable extensions

of f(o).
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Lemma 7.25. Suppose that ¢ : {0,1}<"0t™ — {0,1}. Then for some i €
{0,1}, there is a subtree f:{0,1}<" — {0,1}<"0t" gych that c(f(c)) =1
for all o € {0,1}<™.

That is, we can find a “monochromatic subtree”.

Proof. We proceed by induction on ng + ni;. When ng + n; = 0 all these
trees are empty, so this is trivial.

Suppose ¢(()) = 0. (The case where ¢(()) = 1 is symmetric.) There are
two natural subtrees of height ng +n; — 1-—the nodes extending (0) and the
nodes extending (1).

Formally, consider two colorings ¢; : {0,1}<"0+tm~1 — [0 1} given by
cj(o) = c((j)" o). We may apply the inductive hypothesis to each of ¢ and ¢;
with ng — 1,ny; if, for either j, we obtain f; : {0,1}<™ — {0,1}<motm—1 g0
that ¢;(fj(0)) =1 for all o € {0,1}<"* then we may take f(o) = (4)" f;i(o).

Suppose not. Then we obtain two functions f; : {0, 1}<m% =1 — {0, 1}<notni~1
so that ¢;j(f;(c)) =0 for all ¢ € {0,1}<"0~!. Then we define f: {0,1}<" —
{0, 11040 by £(()) = () and £((G)"~0) = ()~ (o). m

Theorem 7.26. If G is stable then there is a d so that G is d-stable.

Proof. We will show that if G fails to be 3 - 271 — 2-stable then we can
find a strict ladder of length d. Specifically, we will show the following by
induction on d:

Let h = 3-2971—2. Suppose we have a tree of vertices {zo}ocqo,1yn
and {y;},c(o1y<» such that when n C o, {z,,y,} € E if and
only if (1) C 0. Then there exist z1,...,2q,Y1,...,yq S0 that
{zs,y;} € F if and only if i < j, for each i there is a o so that
x; = o, and for each j there is an 1 so that y; = y,.

Let such a tree be given. When d =1, h = 1, so we may take y1 =y
and x1 = ).

Suppose d > 1. Let b’ = 3-2972 — 2 so that 1 + ' + (K’ +1) = h.
Choose some ¢ J (0) and define ¢ : {0,1}<"~1 — {0, 1} by setting c¢(n) = 1
if {Zo,y0)~n} € £ and 0 otherwise.

Suppose that there is a function f : {0,1}<" — {0,1}<"~! such that,
for each n € {0,1}<", ¢(f(n)) = 1. Then for each n € {0,1}<" set
Yp = Yo)~f(n- For each 7 € {O,l}h’, we have 7 = 57 (j) for some
j € {0,1}; choose any leaf 7 J (0)" f(n)"(j) and set z. = z,. Ap-
plying the inductive hypothesis to {x;'}‘re{(),l}h/’ {y;]}ne{071}<h/, we obtain
Tl Td—1,Y1,s- - -, Ya—1 with {z;,y;} € E if and only if i < j. We may
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set 9 = 7, and yo = y; then we also have {z;,yo} ¢ E for all i, and
{zo,y;} € F for all i > 0.

Suppose there is no such f. Then the previous lemma gives us a function
f:{0,1}<M+1 = {0,1}<"*1 such that, for each € {0, 1}<"+1, ¢(f(n)) = 0.
For each n € {0,1}<" set Yy = Yy~ f((1)~n)- For each 7 € {0,137 we
have 7 = 7™ (j) for some j € {0,1}; choose any leaf 7/ 3 (0)™ f((1)"n) " (4).
Then, by the inductive hypothesis again, we find x1,...,Zq-1,¥Y1, -, Yd-1
with {z;,y;} € E if and only if i < j. We may set x4 = v, and yq = ys(())-
Then we have {zq,y;} ¢ F for all i and {x;,yq} € E for all i < d. O

7.7 Stable Regularity

Since stable graphs have finite VC dimension, we know they belong to Ba 1.
However stable graphs belong to Bz in an especially clean way: we can
partition V? into rectangles so that, in every rectangle, E is either almost
the whole rectangle or almost none of it.

Definition 7.27. We say A is 0-good for E if, for every b € V, either
(AmEb e {0,1}.

Lemma 7.28. If E is stable and p(A) > 0 then there is a 0-good A’ C A
with p(A") > 0.

Proof. We construct a tree of subsets of A inductively so that when 7 is
a sequence of length n, ju(A,) > 0. Let Ay = A. Given A,, if A, is not

0-good then there is some y;, so that 0 < %r?f)@m) < 1. Then we may take

An/« 0y = AW N Eyn and AT?A<1> = AU \ Eyn

Then there must be some 7 of length < d so that A, is 0-good. For
suppose not: then for each o € {0,1}¢ we can pick an x, € A, since A,
has positive measure. Then when 7 C o, we have z, € E,, if and only if
n (1) C o, contradicting d-stability. O

Lemma 7.29. If A and B are both 0-good then % € {0,1}.

Proof. Since B is 0-good, for everty a € A we have w(BOE.) o {0,1}. Par-

(B)
tition A = A% U A! where AY = {a € A | w(BOE) BQE“ =0} and A' ={ac A|
BﬂEa 1}
B T

Analogously, we can define B® = {b € B | “UCE) — 0} and B! = {b e
B|E ;1841)% = 1}, and since 4 is 0-good, B = BO U Bl.
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Suppose (AY) > 0; then we have % = 0. In particular, this
. . 0
implies p(B') = 0, so “(ELA(ZEBE) = “(EL'%ZSB)(SE) = 0.
1
On the other hand, if 2(A°) = 0 then “UB0E) — s BB — 1 O

Theorem 7.30. If E is stable then there is a countable partition V = J; A;

so that for for every pair A;, A;, % € {0,1}.
i X Aj

Proof. By the previous lemma, it suffices to choose the A; so that each A; is
0-good.

We choose the A; inductively. Suppose that, for j < i, we have chosen
A T (V' \U;<; A4j) = 0 then we are done. (Technically, U,.; A; might not
be a partition, because there is an extra bit of measure 0; but we may add
the extra bit onto A; and, since the extra bit has measure 0, A; continues
to be 0-good.)

Otherwise, by Lemma there exists a subset of V'\ U;; A; which is
0-good. Let

€= sup w(B).
BQV\UKZ. Aj, B is 0-good

There may be no subset of V' \ Uj<; A; achieving this supremum, so we
choose a 0-good A; C V' \ U;; Aj with u(A4;) > €/2.

We continue this until we have A; for all i € N (unless the process finishes
at a finite step). We claim that (V' \ U;en 4i) = 0. Suppose not. Note that
since the A; are disjoint subsets of V', lim;_,o pt(A;) = 0. By Lemma ,
there is a 0-good B C V' \ U;cny Ai- But there must be some ¢ large enough
that p(B) > 2u(A;), contradicting the choice of A;.

So u(V\U,en 4i) = 0. We replace Ay with A7 = A1 U(V \U;en Ai); since
Al differs from Aj on a set of measure 0, A} is also 0-good, so A}, Ag, As, ...
is the desired partition. O

Corollary 7.31. If E is stable then for any ¢ > 0 there is a partition

V' = U<k Bi so that for every pair B;, Bj, % €[0,e)U(1—¢1].

Proof. Let V = J; A; be the countable partition into 0-good sets given by
the theorem.

Choose k large enough that pu(U;-p Ai) = § < eu(A1)/3. We define
By = Ay UU;sp A and, for 1 <@ < k, B; = A;. Then for any pair i, j, if
1 < min{4,j} we have % € {0,1}. When one (or both) of 4, j is 1,
the extra part By \ A; contributes an error of at most (26 +46%)u(4;) <e. O
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7.8 Internal Cardinality and Pseudofinite Dimen-
sion

So far we have focused on the density structure of finite graphs and their
ultraproducts—that is, on sets with positive measure. However when we
have a large finite set, we can also consider behavior at different orders of
magnitudes.

Definition 7.32. When U is an ultrafilter, the nonstandard real numbers
are the ultraproduct [R]y.

That is, a nonstandard natural number is a sequence (r,),cny where we
say (rn)nen represents the same sequence as (sp)nen if {n | rn = sp} € U.
As always, we write [r,];, for the equivalence class of (r,)pen.

It is common to abbreivate the nonstandard reals as *R; this notation
can be misleading, because it implies that there is a single clearly defined
object called *R.

Just like finite sets have sizes which are a natural number, internal sets
have “internal cardinality”, which is a nonstandard natural number:

Definition 7.33. The nonstandard natural numbers are the ultraproduct
[N]y—that is, those [r,]ys such that {n | r, € N} € Y.

If S C [V,]F is internal, so S = [S,]y, the internal cardinality is |S| =
[1SnJu-

Internal cardinality interacts with internal functions in the way we expect:
Lemma 7.34. If A and B are internal sets,

e there is an internal injection f: A — B if and only if |A| < |B],

o there is an internal surjection f: A — B if and only if |B| < |A],

o there is an internal bijection f: A — B if and only if |A| = |B|.

The nonstandard real numbers have many of the properties we expect;
we can add, multiply, and divide them, for instance. We can also compare
them: we say [rpluy < [sp)u if {n | < s,} €U.

Definition 7.35. [r, ]y is bounded if there is a standard real number so that
{n||m| <r}eld.
If [ry)is is bounded then st([ry]y/), the standard part of [ry)uy is limy, s .
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‘S|k ): from this perspective, the
[Valg|

measure i ¢S the counting measure, suitably interpreted.
The nonstandard natural numbers satisfy a sort of induction principle
for internal sets.

For instance, we have u(S) = st(

Theorem 7.36. Let S be a set of nonstandard natural numbers such that
[Olneu € S and, whenever [kyly € S, [kn + 1)y € S. If S is internal then
S = [N]y.

We certainly need to demand that S be internal; for instance, if S
consisted of the constant sequences [k]y for k € N, S would contain 0 and
be closed under successor, but would not contain [n]y.

Proof. Since S is internal, S = [S,]y. Suppose {n |0 € S,, and S,, # N} € U.
Then, for each such n, there is a least k, € N\ S,,. Since [0],eys € S5,
{n | k, > 0} € U, so we may consider [k, — 1];y and we have [k, — 1]y € S.
But [knlu & S. O

The following variant is often more useful:

Corollary 7.37. If S C [N]y is internal and non-empty then S has a least
element.

Rather than focusing on sets of positive density, we can use the internal
cardinality to characterize the “dimension” of a set, relative to [V, ]y. For
instance, if each V,, is a set with |V},| = n, we could consider subsets X,, C V/,
with | X,| &~ y/n. We can say that X,, has “dimension 1/2”. This makes
sense when we consider that a subset of V,, with size = n is a 1 dimensional
set, a subset of V,2 with size ~ n? is a 2 dimensional set, and analogously,
a subset of V¥ with size roughly n” should be an 7 dimensional set—even
when 7 is a real number.

More precisely, to calculate the dimension we look at the logarithm: if

log | X
| Xy| &~ n" then log|X,| ~ rlogn, so r ~ lgggl“/:'\‘

Definition 7.38. Let X = [X,,]yy be an internal subset of V* = [V¥];;. The
(coarse) pseudofinite dimension of X is defined to be

log | X|, _ . log|X,,
log |V nasu log |Vy|”

st(

We write 6(X) for the coarse pseudofinite dimension of X.



7.8. INTERNAL CARDINALITY AND PSEUDOFINITE DIMENSION215

This is the only pseudofinite dimension we will consider, but we note
that there is a broader family of pseudofinite dimensions; within that family,
this is known as the “coarse” pseudofinite dimension.

Lemma 7.39. When V = [V,,]u,
(1) o(V*) =k,
(2) if A, B CV are internal then 6(AU B) = max{d(A),(B)},

(3) if Y CV*™ and Z C VF are internal, §(Z) = r, and for all ¥ € Z,
0(Yy) < s then §(Ugez Ys) <7+ s,

(4) if Y CVF™ and Z C V¥ are internal, §(Z) = r, and for all ¥ € Z,
3(Yy) > s then §(Ugez Y5) > 7 + 5,

The last property is sometimes called the “fiber property”: it says that
if we have a collection of sets {Yz}scz, the size of the union is bounded by
adding the number of sets in the collection and the size of each set. (Consider
that the cardinality of the union should be bounded by the product of the
cardinalities, and the logarithmic nature of dimension converts that to a
sum.)

Proof. The first part follows directly from the definition. For the second
part, if A = [ApJy and B = [ByJy, note that §(AU B) = lim,y %

We certainly have 6(A U B) > max{d§(A),§(B)} since logll’;ﬁ;ﬁ“ > 112?‘3:"

and similarly for B,,. We also have log |A,, U B,| < log 2max{|A4,],|Bn|} =
(logmax{|A,|,|Bn|}) + log2, and since 1;;)%‘3”\ — 0, we have 6(AU B) <
max{d(A),d(B)} as well.

For the third part, we have

1 5 Yoz
() Vo) =t 1281 Uz, 0

dey n—U log |Vn|
< iy 105120l i, (Vi)
n—U log |V}, ]
<r+s.

The fourth part is analogous. O
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7.9 Stable Erd6s-Hajnal

Coarse pseudofinite dimension is the right setting for considering the Erdos-
Hajnal conjecture, which says that, for every finite graph H, any graph with
no induced copies of H either has a large clique or an anti-clique.

Definition 7.40. If G = (V, E) is a graph, we say S C V is E-homogeneous
if either (g) C E or (g) NE=0.

That is, S is either a clique in E (every pair is an edge) or an anti-clique
(no pair is an edge).

Conjecture 7.41 (Erd6-Hajnal Conjecture). For every finite graph H there
is a constant d(H) > 0 so that whenever G = (V, E) is a finite graph with
Tind(G) =, there is an E-homogeneous set S C V' with §(S) > d(H).

While this is open, it is known that stable graphs—that is, graphs omitting
the ladder of size d for all d—do have large homogeneous sets. Before proving
this, we need the following lemma, which says that if we have a set in a
graph where every vertex has very few neighbors, we can color the vertices in
the set with a small number of colors so that neighbors get different colors.

Lemma 7.42. Let B C [VpJu and E C [V,] be internal sets with E
symmetric, and suppose that for each v € B, §({y € B | (z,y) € E}) = 0.
Then there is an internal set I and internal function c: B — I such that:

. 5(_[) - 0,
o if bt/ € B and c¢(b) = (V) then (b,b) & E.

The finite version of this is not surprising: suppose that B is finite and for
each x € B we have |[{y € B | (z,y) € E}| < m. Then we expect to be able
to partition B into sets By, ..., By+1 so that if z,2" € B; then (z,2') € E.
Indeed, we could construct such a partition greedily: place B in an order
and when we decide which partition component to put the j-th element of
B in, there are at most m of them which have been ruled out, so we place
this element in whichever one remains. The infinite version follows by doing
this in the ultraproduct.

Proof. There are really two parts to this. The first is noting that, since B is
internal and §(E,) = 0 for every x € B, there is actually a supremum on the
sizes of the E, which itself has dimension O.

Indeed, let S C [N]y be the set of nonstandard natural numbers k such
that, for all x € B, |E,| < k. This is an internal set (for instance, it can be
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expressed by a first-order formula using the predicate which holds of z, k
when |E;| < k) and contains every k with §(k) > 0, so has a least element k.
If 6(k) > 0 then §(k — 1) > 0, so k € S as well; so for the least k € .S, we
must have d(k) = 0.

Choose an internal set I with |I| = k+ 1. Now consider the set 7" C [N];
of natural numbers m such that there is an internal U C Band ¢c: U — I
with |U| = m so that if b,' € U and ¢(b) = (V') then (b,V') ¢ E. Clearly
[0] € S since |@] = [0] the existence of such a function for the empty set is
trivial.

Consider the least m ¢ T'. If m = | B| then we are done. Suppose m < |B]|.
Then m — 1 € T, so we may choose U C B with |[U|=m —1and ¢:U — 1.
Choose any b € B\ U. Since |E}| < |I|, there must be some ¢ € I so that
there is no ¥’ € U with (b,b') € E and ¢(b') = i, so we may extend U to
U U{b} by adding ¢(b) = 4. This contradicts the assumption that m ¢ T. [

The ultraproduct version of stable Erdés-Hajnal is the following.

Theorem 7.43. If [G,|u = (V, E) is stable then there is an internal set S
with 6(S) > 0 so that S is E-homogeneous.

Proof. Let G = [Gp]u = (V, E) be d-stable. We will first show that there is
a set B with §(B) > 0 such that either for every y € B, §({z € B | (z,y) €
E})=0or forevery y € B, 6({x € B | (z,y) € E}) = 0.

We construct a tree of sets: let Ay = V. Suppose we have constructed
A, with 6(A4,) > 0. If there is a y € A, such that both 6({z € A4, |
(z,y) € E}) > 0 and 6({z € A, | (z,y) € E}) > 0 then let y, = v,
Anf\<0> = {ZE S AT? | (x,y) S E} and Anf\<1> = {l‘ S AW | (x,y) ¢ E}

If we can construct such a tree of size d, for each leaf o we have 6(A,) > 0,
so we may choose any z, € A, and we have a tree contradicting d-stability.

So we eventually obtain an A, so that, for every y € A,, either §({z €
Ap | (z,y) € E}) =0o0r 6({x € Ay | (x,y) € E}) = 0. Let A be those
y such that 6({z € A, | (v,y) € E}) = 0 and A} be those y such that
d{r € Ay | (z,y) € E}) = 0,50 Ay = AF U A,

If 5(A; ) = 0, we may take B = A, \ A_. Otherwise, for each y € A},
since 6({x € A, | (z,y) € E}) =0, d({z € A, | (z,y) € E}) = d(4,).
Therefore §({(z,y) € E | x € Ay and y € A}}) = 6(A;) + (A7) > 0.

But for each z € A, 6({y € A} | (z,y) € E}) =0, s0 §({(x,y) € E |
e Ay and y € Af}) < 0(A;,) +0=0(4,)). Therefore §(A}) = 0, so we
may take B = A, \ AF.

Without loss of generality, let us assume we have a B with 6(B) > 0 such
that for every y € B, §({z € B | (z,y) € E}) = 0. Then by Lemma [7.42] we
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have an I with §(I) = 0and a ¢ : B — I so that if ¢(b) = ¢(b') then (b, V) & E.
Consider Y = {(7,b) | ¢(b) = i}. Since 6(B) = 6(U;er Yi) < 0+ sup;cr 6(Ys),
there must be some i € I so that 6(Y;) = 0(B). Then Y; is the desired
anti-clique. O

As always, we can extract a finitary conclusion:

Theorem 7.44. For every d there is a 6 > 0 so that whenever G = (V, E)
is d-stable and sufficiently large, there is an S C V with |S| > |V|° so that S
is E-homogeneous.

Proof. Suppose not. Then there is a d so that for every n there is a G,, =
(Vp, Ey) with > n vertices which is d-stable but every clique or anti-clique
has size < [V|'/".

Let G = [GynJy. Since being d-stable is a first-order property and all
the G, are d-stable, G is d-stable. Then there is an internal homogeneous
set S = [Sp]y with 6(S) > 0. Therefore we may choose an n so that S, is
homogeneous and |S,| > |V|'/", contradicting our assumption. O

7.10 Distal Cell Decompositions

We can think of stability as one way for graphs with finite VC dimension to
be particularly nice. We now consider a different way that a graph of finite
VC dimension might be particularly nice.

Definition 7.45. Let E C V x W be a graph. We say E has a distal
cell decomposition if there is a k and a C C V x W¥* such that whenever
B C W is finite with |B| > 2 and a € V, there are (b, ...,b;) € B* so that
(a,b1,...,b;) € C and for every b € B, either

o Cy,..p, C Ep,or

bkﬂE{,:@.

77777

The sets Cp, .. p, are the “cells” in the name. (This notion comes from
[22], where the authors require some additional definable conditions on a
distal cell decomposition.)

The idea is that (by,...,bx) is a bounded amount of information which
encodes the set £, N B. To see that this happens, observe that if we have
chosen by, ..., b so that (a,by,...,b;) € C, the second condition requires

that, for all b € B, Cy,._ 4, C Ey if and only if b € E,. (If Cy, . C By
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then, since a € Cy, .. p,, we must have a € By, sob € E,. If Cp, _ p, NE, =10
then, since a € Cy, _p,, we have a € Ey, so b € Ej,.)

For instance, suppose V. =W = [0,1] and E = {(z,y) | < y}. The idea
is that when B is a finite set, if we want to know about £, N B, all we really
need to know is which interval inside B contains a (or if a is either strictly
above or strictly below all of b). Then we can take k = 2 and

C = {(a, bl,bg) ’ b1 <a< bg}U{(a,bl,bQ) | by < by < a}U{(a, bl,bl) | a < bl}.

The first set is the main case; the second two are encoding that a is either
larger than or smaller than everything in B. (This is why we need the
requirement |B| > 2—it makes sure we can do things like selectively repeat
elements to encode different cases.)

Whenever B C W is a finite set and a € V, if a < min B then we take
by = min B and have (a,b1,b1) € C, so Cy, p, = [0,b1) C [0,b) for all b € B.
If @ > max B then we take by = max B and by € B to be any other element;
then (a,bz,b1) € C and Cy,p, = [b1, 1], which is disjoint from Ej for all
b € B. Otherwise, we choose by = max BN [0,a] and by = min B N (a, 1], so
(a,b1,b2) € C and Cy, p, = [b1, b2), which is contained in Ej, for every b € B
with by < b and disjoint from FEj for every b € B with b < b;.

On the other hand, any graph with infinite VC dimension fails to have a
distal cell decomposition.

Lemma 7.46. If E CV x W has a distal cell decomposition then E has
finite VC' dimension.

Proof. Suppose C' C V x WP is a distal cell decomposition for E. Let B C W
with 281 > | BJ*.

Observe that each choice of by,...,b; € B defines a subset of B, namely
Sbr,by =10 | Ep 2 Cy,. p, }- We will show that, for every a, E, N B is one
of these sets; since there are not enough such sets to shatter B, it follows
that F has finite VC dimension.

Take any a € V. Since C' is a distal cell decomposition, there must be
bi,..., by with (a,b1,...,b) € C. If b € E,NB then we have a € EyNCy, 4, ,
so By N Cy,,... by, 50 we must have Ey O Cy,  5,, 50 b€ Sy, p,. Conversely,
it b€ Sy,,..p, then a € Gy, 3, C Ep. Therefore E, N B = Sy, . p,- O

ceey

Most sets with finite VC dimension have distal cell decompositions. For
a while, only one essential example was known.

Theorem 7.47 ([27]). Let p be a prime and let F be the algebraic closure of
Fp. Let P CF? be the set of points and let L be the set of lines in F*. Then
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the incidence relation I C P x L consisting of pairs (p,{) where the point p
1s on line £ is not distally compressible.

This example is known to be stable. Two more examples have been
constructed using more [20, |94] using graph theoretic methods.

The motivation for distal cell decompositions come from from the model
theoretic notion of distality |141]. A characterization of distality given in
[24] says that a theory is distal if every graph defined in the theory has a
distal cell decomposition which is itself definable in the theory. The original
purpose of distality was to capture the notion of NIP theories (that is,
theories where every definable set has finite VC dimension) which are “purely
unstable”; indeed, non-trivial theories cannot be both distal and stable.
However distality is fundamentally different in character from stablity; in
particular, it is not monotone in the theory—we could have a theory which is
not distal because the compression schemes are not definable, but by adding
additional formulas, the theory becomes distal. (And in the process, we
might expand a stable theory to an unstable one because the new formulas
are unstable.)

Graphs with distal cell decompositions satisfy a strong form of the
Erddés—Hajnal conjecture in which we find a homogeneous set of positive
measure—not just dimension—in a bipartite graph. We will prove this under
an extra assumption, that a related set system has finite VC dimension.

Definition 7.48. When C' C V x WF is a distal cell decomposition for
ECV xW,wesay dcW crosses b if both C; N Eg # 0 and Cy \ Eg # 0.
For each b € W*, we define Cr(C, b) to be the set of d € W which cross
b.
The next lemma is strong version of Erdés-Hajnal for graphs with a nice
enough distal cell decomposion.
Theorem 7.49. If G = (V,E) is a measurable graph with a distal cell
decomposition such that the set system (V,{Cr(C,b)}; ) has finite VC
dimension then there is a € > 0 and sets X,Y with p1(X) > € and 1 (Y) >
1/4 which are E-homogeneous—that is, either X XY C E or (X xY)NE = (.

Indeed, the proof will show that we can even ensure that Y has measure
close to 1/2.

Proof. Fix a chambered compression scheme C' C V xV* so that (V, {Cr(C, g)}EeV’v)

has finite VC dimension. Let € be 1/c* where c is large enough that there is
an 1/2-net of size < c.
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Let B C V be a 1/2-net with |B| < ¢, so for every b € V¥ (note that b
need not be from B¥), if uy (Cr(C,b)) > 1/2 then B N Cr(C,b) # 0.
For every a € V, there must be some b € B* so that a € Cy and

Cr(C,b) N B = 0. So V' = Upcpriorciynp=o
b € B so that Cr(C,b) N B = 0 and u1(C;) > 1/|BJF > e.

Fixing this b, let Dy = {d | Cy; C Eqf and Dy = {d | C; N Eq = 0}. We
have V = Do U Dy U Cr(C,b). Since we chose B to be an 1/2-net, we must
have p1(Cr(C,b)) < 1/2, so there is an i € {0,1} with u1(D;) > 1(1—e).
Since C; x D; is homogeneous regardless of the value of i, are homogeneous,
we have found a homogeneous rectangle. O

C’g so there must be some

As the proof suggests, by replacing the 1/2-net with a d-net for some
small §, we could make 111(Y") as close to 1/2 as we like, at the cost of making
€ smaller.

Finally we give a strengthening of regularity for distal graphs. When a
graph is stable, we can arrange that E has density close to 0 or 1 on every
rectangle. On the other hand, for distal graphs we still have to allow a small
number of rectangles to have intermediate density, but we can guarantee
that the good rectangles don’t merely have density close to 0 or 1, but are
actually homogeneous.

Theorem 7.50 (Regularity for Distal Graphs). For each € > 0 there is an
n so that whenever G = (V, E) is a graph with a distal cell decomposition
so that (V,{Cr(C, g)}l?ewk) has finite VC dimension, there is a partition
V = U< Ai so that either A; x A; CE or A; x AjNE = except for a set

R of (i, ) so that pa(U; j)er 4i X 45) <e.

Proof. We begin with the trivial partition V = V. Given a partition V =
Ui<k 4i, let R({A;}) be the set of (i, j) so that A;, A; is not E-homogeneous
and let m({Ai}) = p2(Ujyer(an) Ai X 4j)-

Consider some partition V' = [J;<; A;. Take any pair A; x A; which
is not EF-homogeneous. The previous theorem gives us subsets B; C A;
and Bj C A; with p1(B;) > 0pi(4;) and p1(B;) > 1u1(A;). Consider the
partition V' = {J;<j, 2 A7 where we replace A; with By, A;\ B; and Aj, A;\ B;.
Then

m({A) < m({As)) — (A (4).

Applying this repeatedly, we eventually obtain a partition with m({A4;}) <
€. O
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7.11 Remarks

VC dimension is a notion which has been reinvented a very large number
of times in a variety of contexts, including computational learning theory
[161], model theory [139], and combinatorics [135]. In model theory, the
notion of “finite VC dimension” is often called “NIP” (standing for “not the
independence property”). (More precisely, one typically calls a theory NIP if
all its formulas define sets of finite VC dimension; the development of NIP
theories and VC dimension were completely separate for almost twenty years
before Laskowski identified the connection [106].)

One might ask whether the VC dimension characterizes the rate of growth
of the function of wg(n). In fact, it does not: there are examples where G
has VC dimension d but the function 7g(n) grows at a much slower than n?.
The infimum of those r such that 7g(n) € O(n") is called the VC density of
G [44, 64, [117], and can be much lower than the VC dimension (and need
not be an integer).

The proof we give of the existence of an e-net is essentially taken from
[116], which is an excellent reference for the geometric consequences of finite
VC dimension. The existence of e-approximations is known as the Glivenko-
Cantelli property; the relationship between various forms and strengthenings
of the Glivenko-Cantelli property and combinatorial characterizations has
been extensively studied [9, |45] 147, |148].

The stronger form of regularity for graphs with finite VC dimension was
first noted in [111]. Special cases of regularity for graphs defined in (usually
algebraic) structures known to have finite VC dimension were further studied
in [58, [59] and a more general investigation was begun in [26].

Stability was the first model theoretic property of its type to be discovered,
and has been a central topic in model theory for several decades [128]
129]. The stronger regularity for stable graphs was shown in [114], and the
connection between properties like stability, bounded VC dimension, and
distality on the one hand, and regularity on the other, has been extensively
investigated in the setting of particular (usually algebraic) structures having
these properties |58} |59, |151] as well as from the analytic and model theoretic
perspective |2}, 25| 26, 27, 35| [114} 115]. The specific form of the result here
is essentially from [39]. Many of these results include quantitative bounds of
the sort we have omitted here.

The notion of pseudofinite dimension was introduced in [90] and developed
in [67, 68}, 72, |89].



Chapter 8

Hypergraphs

8.1 k-Graphs

We would like to generalize the results of the previous chapters to hypergraphs
in which an “edge” is a k-tuple instead of a pair.

Definition 8.1. A k-graph on V is a set E C (Z)

So a 2-graph is exactly a graph. As with graphs, our definition of k-graph
implies irreflexivity and symmetry—a k-graph is a collection of subsets of V,
each of size exactly k. Naturally, we call a set e € F a “k-edge”.

The definition of an ultraproduct is essentially unchanged: if, for each n,
(V, Ey) is a k-graph then ([V,]u, [En]u) is a k-graph as well.

Definition 8.2. A measurable k-graph is a Keisler graded probability space
{(V*, By, ur) Yren together with a symmetric set £ € Bj. A measurable
k-graph is atomless if, for every v € V', u1({v}) = 0.

Again our main examples are when V is finite and when V is an ultra-
product. As before, we will often simply say “(V, E, 1) is a measurable
k-graph”.

We can define sub-k-graphs and induced sub-k-graphs analogously to
graphs.

Definition 8.3. If (V, E, j11) is a measurable k-graph and H = ({wy, ..., wq}, F)
is a finite k-graph, we define:

o Ty(E) is the set of d-tuples (v1,...,vq) € V¢ such that whenever
{wil,...,wik} S F, {vil,...,vik} S E,

223
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o Tind(E) is the set of d-tuples (v1, . .., v4) € V¥ such that {w;,,...,w;, } €
F if and only if {v;,,...,v;, } € E,

o tn(E) = pa(Tu(E)),
o tHUE) = pa(TH(E)).

We mostly focus on 3-graphs as the natural next step after graphs, though
the ideas immediately generalize to k > 3.

We can consider an assortment of examples. Analogous to the complete
bipartite graph, there is a complete tripartite 3-graph.

Example 8.4. A complete tripartite 3-graph is a 3-graph (V, E) where
V = Vo U Vi U Vs, the three parts are pairwise disjoint, and F contains those
triples with one vertex in each V;.

There are several ways to define bipartite 3-graphs.

Example 8.5. A symmetric bipartite 3-graph is a 3-graph (V| E)) where
V =V UV, and F consists of those triples with at least one vertex in each
V.

An asymmetric bipartite 3-graph is a 3-graph (V, E) where V =1, UV}
and F consists of those triples with at exactly one vertex in V.

We can also define a random 3-graph analogous to our definition of
R, (V).

Example 8.6. Define Rg(V) to be the 3-graph where, for each triple

{z,y,2} € (‘g) we flip a coin which is heads with probability p and place
{z,y,2} € E if the coin comes up heads.

We can verify results analogous to those we found for the random graph:
in particular, for every finite H = (W, F), tg(R3(V)) ~ plFl.

One of the new features of 3-graphs that we did not see with ordinary
graphs is that there are other “random-like” 3-graphs.

Definition 8.7. If F is a graph on V, define K°¥(E) to be the 3-graph
consisting of those triples {z,y, z} so that either one or three of the pairs

{2,y},{x. 2}, {y, 2} belong to E.

In particular, consider K°4(R, /2). We can verify that, with high proba-
bility, this 3-graph has density 1/2, but it cannot be fully random. Indeed,
K°4(R, /2) omits some induced sub-3-graphs entirely.
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Definition 8.8. Let K3, be the 3-graph on 4-vertices omitting exactly one
of the 4 possible 3-edges.

Observe that, for any F, T}?El (K°d4(E)) = (). To see this, consider any
3,4

four vertices x,y, z, w, and observe that {z,y,z} € KOdd(E) exactly when
xe(x,y)+xe(z, 2) + xe(y, 2) is odd. For any four vertices {z,y, z, w}, if the
three edges {z,v, 2}, {z,y,w}, and {z,z,w} are all are present in K°I4(E)
then can add up these three triples and we see that

2xe(z,y) + 2xE(7, 2) + 2xB(7,w) + XE(Y, 2) + XE(Y, W) + XB(2, W),

as the sum of three odd numbers, is also odd. But this means xg(y, z) +
XE(y, w)+ xg(z,w) is odd, and therefore, the fourth edge {y, z,w} is present
as well.

On the other hand, we will see that there is a class of 3-graphs that
K°4(R, /2) does have the “correct” number of copies of, as if it were random:
indeed, we will identify K% (R, /2) as having a “partial randomness” property
(analogous, in some sense, to the way that equidistribution is a weak notion
of randomness for graphs).

Example 8.9. Let — be a tournament on V—that is, =C V? is a relation
such that for every pair {z,y} € (g), exactly one of x — y or y — = holds.
Then we can define a 3-graph C(—) to consist of those triples {z,y, z}
such that {x,y,z} forms a cycle in — (in either direction—that is, either
T =YY —> 2,2 >T,0r T — 2,2 Y,y = T).

In particular, consider the case where — is the random tournament on
V—that is, for each pair {z,y}, we flip a coin to determine whether x — y
or y — x. Then C(—) has density roughly 1/4; one way to see this is to
observe that if we fix the order x — y, the other two components y — z and
z — y each independently have a 1/2 chance to point the right direction to
make a cycle, so the probability is 1/4 that both do.

Again, this 3-graph will turn out to satisfy a weak notion of randomness,
but cannot be fully random since, for any tournament —, TK;4(C(—>)) = 0.

To see this, suppose {z,y, z,w} are vertices and both {:U,y,,z} € H and
{z,y,w} € C(—). Without loss of generality, assume x — y, so also y — z
and y — w. Therefore {y,z,w} ¢ C(—). Similarly, z — = and w — z, so

{z,z,w} ¢ C(=).
Example 8.10. Let V be linearly ordered by < and take a random 3-coloring

of (‘2/) into red, blue, and yellow, and if z < y < z then put {z,y, 2} € E if
{z,y} is red, {x, z} is blue, and {y, z} is yellow.
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This 3-graph has density roughly 1/27—given = < y < z, this is the
probability that all three pairs get the right colors. Once again, we will see
that this has a weak randomness property. In an important sense, this will
turn out to be a “minimal” 3-graph—roughly speaking, every large 3-graph
contains (not necessarily induced) sub-3-graphs which look like this.

8.2 Notation for Integrals Indexed by Graphs

In order to consider notions like tz(f) when H is a k-graph and f is a
symmetric function on V*, it will be helpful to introduce some notation for
indexing integrals by tuples.

Definition 8.11. Suppose (W, F) is a finite k-graph. We write V" for the
set of functions from W to V. When & € VW, we call Z a W -tuple. For any
w € W, we write z,, = Z(w). If e € F is a k-edge, we write Z, for the set
{zy | w € e}.

This notation naturally extends the usual notation for tuples: we are
identifying (1,...,24) € V¢ with the function #(i) = ;. Note that VW is
isomorphic to VIW|—the only difference is the labeling: we think of VIV
containing ordered sequences (z1,...,xq), while we think of the elements of
VW as sequences whose elements are named by the vertices of W.

When V is atomless and f : V¥ — R is symmetric, Z € V'V, and e € (V,‘;),
the notation f(Z.) makes sense everywhere except for the set of measure
0 where x,, = x, for two distinct w,w’ € e—taking e = {wy,...,wy}, we
identify f(x.) with f(@w,,...,Zw,), and since f is symmetric, the value of
f(x,) is independent of the choice of ordering of the vertices in e.

This notation will give us a useful, compact way to express various
integrals; for instance, we can write

() = [ T S diopr

ecF

8.3 Weak Quasirandomness

For graphs, we ended up with three equivalent formulations of quasirandom-
ness for atomless measurable graphs—G = (V, E) being quasirandom was
equivalent to each of the following:

« for every H = (W, F), t(G) = (1, (G))",
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o t,(G) = (k. (G))Y

o E(xg | B2,) is the function constantly equal to tx, (G).

We would like to find three analogous characterizations for quasirandom
k-graphs.

There is a sub-c-algebra analogous to Ba 1:

Definition 8.12. Let 82,1 consist of sets of the form U<, [[;<x Xi,; where
each X;; € By

That is, 82 1 consists of “boxes”—subsets of V* which are formed by
products of a set on each side—and their unions. As before, BY | is an

algebra.

Definition 8.13. Bj; C Bj consists of those sets B € By such that, for
every € > 0, there is a B, € B,g’l such that pg(B A Be) < e.

As in Theorem [6.6] we get:
Theorem 8.14. By 1 is a o-algebra.

Definition 8.15. We say FE is (’f)—quasimndam if E(xg | Bi1) is a constant
function.

Theorem 8.16. The following 3-graphs are (i’)-quasimndom:
* KOdd(R1/2)7
o C(—) where — is the random tournament.

Proof. Consider a box A x B x C.

For K°44(R, 5), let E = Ry /5 and observe that us(K°(E)N(Ax Bx())

is a sum of four terms like

[ @)1 = X, 2) (1= e ) xa@xam)xe(=) dus

over the various ways to have either one or three edges present. For each of
these terms, we can successively consider integrals over two variables at a
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time, as in the proof of Theorem [5.4] For instance
[ x5 = X 2) (1= xp XA @R ) dis
— [ xe@) | [ Xl - el ) - X6 2)xa@xa) duale.y)| dat)
= [xe@[5 [ = xptw2)0 = xpl ) xa@xa ) dua(ep)| ()
=[xt [5 [0 = w20 = xpl 2D xa@xc() diata,2)] dia)
= [xn) |5 [ = xelv 2)xate)xels) duate. )| disy)
= [xata) [§ [ = xelo Dxat)xe:) duaty. )| dua(a)
= [xa@) [5 [ xpw)xe( dia2)| din(

1
:§;¢3(A x B x C).

Since this holds for each term, p3(K°(E)N(Ax BxC)) = su3(Ax BxC).
Since this holds for every rectangle, E(K°4(E) | B3 1) = 1/2.
The argument for C(—) is similar: u3(C(—) N (A x B x C)) is

[ @ (2o (xa@xs)xe () dus

+ [ o0 @ 2o (2 ahxale)xa()xe =) dus

and the symmetric term, and the same argument, using the fact that E(x_, |
Bs1) is constantly 1/2, shows that

/Xa(w,y)Xa(% 2)x—(z,y)xa(@)xB(Y)xc(2) dus = ém(A x B x C)

and

/X—)(yvx)X—)(xvZ)X—>(Za$)XA(x)XB(y)XC(Z) duz = é#:a(A x B x C),

15(C(=) N (A x B x C)) = iug(A X B x C) = ps(C(=))us(A x B x C).

O]
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Since these 3-graphs omit some small 3-graphs entirely, they certainly do
not have the correct density for all 3-graphs. However (’f)-quasirandomness
does imply the correct density for linear k-graphs.

Definition 8.17. A k-graph (W, F) is linear if whenever e,e¢’ € F with
e£e, lene| <1.

That is, a k-graph is linear if two k-edges never share more than a single
vertex in common.

Theorem 8.18. If G = (V, E) is (¥)-quasirandom and H = (W, F) is linear
then tg(G) = (up(E)IFL.

Proof. By induction on |F|. When |F| = 0, H is the empty graph on |W]|
vertices, so t(G) = 1 by definition.

Suppose |F| > 0. Choose some edge eg € F and let H~ = (W, F' \ {ep}).
Numbering vertices in W appropriately, we may assume eg = {w1, ..., w}.
For each ¢ < k, let F; C F' consist of those edges e € F' with w; € e. Since H
is linear, the F; are pairwise disjoint. Let F'~ = F'\ U,;< Fi, so F~ consists
of those e with e Neg = (. Then -

tn(G) = / 1T xz(xe) duyw,

ecF

:/ II xe(ze) [/ xe(ze) [T 11 XE($e)d/~Lk($eo)] dpw|—k-

ecF— ng ecF;

Observe that the inner integral looks at the product of xg(x¢,) with the
function fuy,., (ze) = [li<k [lecr, xE(ze) (for some fixed value of the coordi-
nates Ty\). The function f is measurable with respect to By 1, since it is a
product of terms each of which depends on only one of the coordinates x;.
Therefore

[ xeta) TT T xete) dintee) = ) [ 1] T xetae) duno)

i<k ecF; i<k ecF;
and therefore
t(G) = pr(E)ty-(G) = pr(B) (ur(E)FI71 = (up(E))F

by the inductive hypothesis. O
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Note that we cannot simply extend this to induced sub-k-graphs. (If we
were to try, we would end up looking at edges mot in the linear k-graph,
which would overlap in more than one vertex.)

As we might hope, there is a single linear k-graph analogous to Cy. It
is easiest to understand this as a k-partite graph. The definition is chosen
exactly to make the right applications of Cauchy-Schwarz work. We can
obtain the relevant k-graph from a certain sequence.

Definition 8.19. Let (V| E) be a k-partite k-graph with V' = V,UVoU- - -UV—
that is, F' C [[;,<; Vi, so each k-edge contains exactly one vertex from each
V.

We define the i-doubling of (V, E), written D;(V, E), to be the k-partite
k-graph where:

o Dy(V, E) is k-partite with parts V, where:

—ifj:ithenV’:VZ-,
— if j # 4 then V] = {0,1} x V},

o if {v1,...,v5} € E with each v; € Vj and b € {0,1} then

{(b,v1), (b,v2),..., ..., (b,vx)}
is an edge in D;(V, E).

That is, the i-doubling makes two copies of each vertex not in the i-th
part.

For example, consider beginning with the simple 2-graph consisting of a
single edge, which we view as a bipartite graph with V; = {z} and V5 = {y}.
The 1-doubling is the V graph: we double the vertex y, so V4 = {(0,v), (1,v)},
with both vertices adjacent to x. If we 2-double V, we get C4: we now make
two copies of z, so V{" = {(0,2),(1,2)}, V3’ = {(0,y),(1,y)}, and all four
edges between the two parts are present.

Definition 8.20. Mk[(’f)] is the k-graph Dy (Dy—1(--- (D1(G)))) where G is
the k-partite k-graph consisting of a single k-edge.

In particular, Ma[(3)] is exactly C4
Similarly, we can consider M3 )] being built in stages:

Y S

G Dy2(D1 (G 3(Do(D1(G
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Lemma 8.21. If G is a linear k-partite k-graph then D;(G) is linear.

Proof. Suppose e, e’ are distinct edges of D;(G). Then they have the
form {(b,v1),...,vi,...,(b,vr)} and {(V/,v]),..., v}, (b/,v})} for some edges

{vi,..., v} and {v],...,v.} of G. If e and €’ share more than one vertex
then we have v} = v; and 1}3 = v; for two distinct indices 7 # j, contradicting
the linearity of G. 0

Corollary 8.22. Mk[(]f)] is linear.

An important consequence of the doubling construction is the following
Cauchy-Schwarz-like inequality.

Lemma 8.23. For any graph G, |ta(f)|* < tp,c)(f)-

Proof. Let G = (U;<; Vi, E). We unfold the definitions and apply Cauchy-
Schwarz.

2
ta(f)PP = (/ H f(x““""x”k)d“UKk%)

{v1,...,0,}€E
2
) (// {v1 ..~1_'U[k}EE S ,ka) duUj#i vdeVi>
2

:/ (/ {v1 ..gc}GEf($vl, h "%k)duu#ivj) "
= //{Ul IZ)IIC}GEf(fUUl, ‘e ,ka) dMUj¢i ‘/J‘X{O}

{ H} E [ Bors- o) d'uUj;éiVjX{l}dMVi

V1.,V fE€
= tDi(G) (f)

Corollary 8.24. \ffdu!zk < th[(llc)](f)-

Proof. Recalling that when G is the k-partite k-graph consisting of a single
k-edge, [ fdu = ta(f), this follows from the previous lemma applied to the
construction of Mj[(¥)]. O
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This suggests, correctly, that we could think of ¢ M[(*)] (f) as representing
1

a norm, similar to the way ||f||y2 = (tc.(f))Y/* represents a norm. We
can even define a corresponding “inner product” with 2¥ positions so that

We can give a direct construction of Mk[(lf)] as well.
Lemma 8.25. M;[(*¥)] is isomorphic to the k-graph (V, E) where:

e V = Vi U--- UV, where each V; contains 28— wvertices labeled by
functions v : ({1,...,k}\ {i}) — {0,1},

o E consists of 2F edges, one for each function o : {1,...,k} — {0,1},
where the edge e, consists of exactly the vertex labeled o | ({1,...,k}\
{i}) from each part.

Theorem 8.26. For a k-graph G = (V, E), the following are equivalent:
(1) G is (lf)-quasz'mndom,

(2) for every linear k-graph H = (W, F), ty(G) = (ue(E)IF1,

k

(3) tag(ey (B) = (me(E))*

1 = 2 is Theorem and 2 = 3 follows since Mk[(lf)] is linear, so all
that remains is 3 = 2. We will prove something slightly weaker, namely
that for functions f, E(f | Br1) = 0 is equivalent to th[(k)](f) =0. In

I\1

particular, if we apply this to the function f = xg — u(E), this means
that showing th[(k:)](XE — p(E)) = 0 suffices to show that G = (V, E) is
1

(lf)—quasirandom. (Going further would require a bit more development of
the seminorm perspective on ¢ M[(%)] than we need.)

The key step is showing that for any function f, the number of weighted
copies of Mk[('f)] is monotonic if we restrict one coordinate. This is a
generalization of Lemma [5.16] which showed the analogous statement for Cy
(in terms of the Us norm).

Lemma 8.27. For any f € L*(uy) and any BCV,
tar iy (@1 @)X (@) <ty ooy ()

This is trivial if f is non-negative (for instance, f = xg), but the main
case we will want to apply it to is f = xg — u(E), which can have “negative”
copies of M[(¥)], so the monotonicity is meaningful.
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Proof. We will abbreviate f(z1,...,zr)xs(x;) by fxp, remembering that
xB is applied to the i-th coordinate. We have f = (fxB) + (fx5) (where B
is the complement of B, so fxgz = f(x1,...,2)(1 — xB(2:))).

We view t Mk[(k)}( f) is an integral of a big product indexed by the edges
1
of Mk[(lf)] Given o : {1,...,k} — {0,1}, let us abbreviate o; = o |

({1,...,k}\ {i}). Then the edges of My[(+)] have the form (o1,...,0y) for
a single o, so we can write the integral as

th[(k)](f) :/ H f(.%‘gl,...,xgk)d,u,

[ T e wn)xBlw0) + oy s 70)X5(w0) i
oc{0,1}{1-k}

We can expand out the product so that this is equal to a sum of 22"
integrals indexed by functions 7 : {0, 1}{%+*} — {B B}: we have

th[(k)](f) = Z / H f(xO'la ce 7$0k)XT(a) (xa'i) dp.

re{BEHO M T oe{0,11 {8

Note that the term where 7(0) = B for all B is precisely th[(k)](fXB), so it
1
suffices to prove that all other terms are non-negative.

Let us consider the term corresponding to some particular function 7.
For any o € {0,1}{1-F} let & € {0, 1}{1#} be given by

m:{ T(j)a(i) iiii ‘

That is, & flips the i-th coordinate and leaves the remaining coordinate alone.
Suppose there is a o so that 7(0) # 7(¢). Then the product is constantly 0,
because z,, = g,, so for every z,, either X (5)(7s,) = 0 or X,z (z7,) = 0.

So consider the remaining terms, where 7 has the property that 7(o) =
7(7) for all 0. Then we may view the product as a square. Given o :
({1,...,k}\ {i}) — {0,1} and b € {0,1}, let us write ob for the element
of {0,1}{L*} with ob(j) = j for j # i and ob(i) = b. Note that our
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assumption is exactly that 7(c0) = 7(o1) for each o. Then

H f(xau cee 7x0k)XT(O') (in) dp
0'6{0,1}{1 ..... k}

:/ H f(wUOU cee xUOk)XT(O'O) (xU)f(xO'h) s 733011@))(7'(0'1) (xU) dp
0'6{0,1}{1 ..... kI\{i}

2
:/( 11 f(zgol,...,xglk)XT(go)(%)) dyi.

o€{0,1} {1, F3\{i}

In particular, this is an integral of a square, and therefore non-negative.
So we have th[(’f)](f) = th[(llc)}(fXB) + ---, and since all the terms in

- are non-negative, th[(zlc)}(f) > th[(llﬂ)](fXB)- O

Theorem 8.28. Ift,, ) (f) =0 then E(f | Bx1) = 0.
ki1

J

Proof. If E(f | Bk1) # 0 then there must exist sets A; C V so that

‘ ff(xla s 7561) Hz XAi(:E’i) d:uk| > 0.
By Corollary W, we have th[(zlc)}(f [1; 4;) > 0, and then the previous

lemma applied k times gives th[(li:)](f) > 0. O

This is actually an equivalence: the converse follows by the argument of
Theorem [8.18] applied to a general function instead of a graph, but we will
not spell out the details because we do not need it.

8.4 Cylinder Intersection Sets

In order to have the property that tz(E) = (ui(E))IF! for all k-graphs
H = (W, F) we need a stronger notion of quasirandomness, which corresponds
to having E(x g | B) be constant for a larger o-algebra than By ;.

The 3-graph K°¥(R3) provides some motivation: this 3-graph is (i’)—
quasirandom, because it is based on Ry /3, which is itself quasirandom. But
the properties of K°44(R, /2) are entirely determined by R, /o itself—that
is, there is a set of pairs which entirely determines which triples belong to
KOY(Ry ).

This suggests a stronger notion of randomness: that a quasirandom
3-graph should be orthogonal, not only to boxes, but to sets “formed from
sets of pairs”—that is, sets of the form

{(z,y,2) | (x,y) € Aand (z,z) € B and (y,2) € C}.
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We will call this a (3)—cylinder intersection set: it is a set of triples
described as an intersection of sets defined by pairs:

{(z,y,2) [ (z,y) € Ay {(2,y,2) | (2,2) € B} {(z,y,2) | (y,2)}-

Definition 8.29. Let m < k and suppose that, for each s € (TIZ), Bs € B,.
We define the (TIZ) -cylinder intersection set

K({Bs},e(r)) = {Z e VIl-H | vs € (2) zs € By},

k
Note that

K({Bs},ery) = () {Ze V" |z, € B},
5€(;n)

k
m

The individual sets {# € VIb* | 2, € B,} are cylinder sets (they have
the form Bg x V[L“"k]\s), and a cylinder intersection set is precisely an
intersection of cylinder sets.

A (’f)—cylinder intersection set is exactly a box, but a (g)—cylinder inter-
section set like

{(z,y,2) | (x,y) € A and (z,z) € B and (y,2) € C}

cannot usually be represented as a product.
The cylinder intersection sets give us a natural family of sub-o-algebras
of By, generalizing By, ;.

Definition 8.30. Bgm consists of all finite unions of ( 7’; )-cylinder intersection
sets where each B, € B;.

By..m € By, consists of those B € By, such that, for every e > 0, there is a
B, € Bg,m such that pg(B A Be) < e.

Once again we have
Theorem 8.31. By, is a o-algebra.

Definition 8.32. We say E is (Z)—quasirandom if E(x£ | Bk,m) is a constant
function.

We notice that K°*(Ry/y) and C(—) are not (3)-quasirandom—indeed,
quite the opposite, they belong to Bz s. KOdd(Rl/z) is a union of cylinder
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intersection sets formed from R and V2\ Ri2 and C(—) is a union of
cylinder intersection sets formed from — and V?\ —.

On the other hand, Rf;(V) is (3)-quasirandom: by the same Hoeffding
inequality arguments we have used before, for any cylinder intersection set
C, u3(R(V) N C) = pu3(C).

For each k, we now have a hierarchy of randomness notions: (11C )-quasirandomness
is weaker than (})-quasirandomness, which (when k > 3) is weaker than (¥)-
quasirandomness, and so on. Although we will not prove this, the hierarchy
is strict—for each m < k — 1, there are k-graphs which are ( T]Z )-quasirandom
but not (mlil)—quasirandom. The idea of the proof has been previewed by
KR, /2): choose a random set of m + 1-tuples and construct a k-graph
from it.

The natural generalization of linear is to consider:

Definition 8.33. A k-graph H = (W, F') has m-bounded intersections if
whenever e, ¢’ € F with e # ¢/, [ene’| < m.

So 1-bounded intersections is the same as linear, while all k-graphs have
(k — 1)-bounded intersections.

Theorem 8.34. Let H = (W, F') have m-bounded intersections, and suppose
that, for each e € F, we have a measurable function fe: V¢ — [—=1,1]|. Then

L Fel@ ) = [ TT B | Bean) (@) due(@).

ecF eclF

We are mostly interested in this when f. = xg for all e, which gives the
following corollary.
Corollary 8.35. If G = (V,E) is (:@)-quasimndom and H = (W, F) has
m-bounded intersections then ty(G) = (up(E))F!.
Proof. Take f. = xg for all e € F. Since E is (Tlfl)-quasirandom, E(fe | Bi,m)
is the function constantly equal to p(E), so [[lecr E(fe | Bim)(Ze) dp(Z)
is exactly (ug(E))F. O

This implies that (kﬁl)—quasirandomness is the strongest notion of quasir-
andomness we should expect: a (kfl)-quasirandom k-graph correctly counts
all possible k-subgraphs.

We can now prove Theorem [8.34
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Proof. Let Fy be those e € F such that f. is not By ,,-measurable. We
proceed by induction on |Fy|. If [Fy| = 0 then the claim is trivial because
B. =E(xB. | Bpm) for all e € F'.

Suppose |Fy| > 0. Choose some edge ey € Fy. Numbering vertices in
W appropriately, we may assume ey = {wq,...,wy}. For each s € (:1), let
F! C F consist of those edges e € F with eg Ne C s. Since |eg N e| could
be less than m, some e might belong to multiple F.. So choose Fs C F!
arbitrarily so that the Fy form a partition of F'. Then

/H fe(xe) dN\W\ ://feo(xeo) H H fe(xe) duk(xeo)dN|W|fk'

ceF se(k) e€Fs

Observe that the inner integral looks at the product of fe,(x,) with the
function gq, . (Te,) = Hse(k) [leer, fe(ze) (for some fixed value of the

coordinates xW\eO). Observe that f is measurable with respect to By, since
it is a product of terms each of which depends only on the coordinates x;.
Therefore

[ [ teotee) TTTT felero) dino) dianr

se(k) e€Fs

m

:/E(feo |Bk,m) H H fe(l‘e) d:“’k(xe)a

Se(k)eer

m

and then we may apply the inductive hypothesis to this to see that it is equal

to [Tleer E(fe | Brm)(Ze) dpu (). O
We could go on from here to develop a fuller characterization of (7’;)—
k
m
ideas are largely the same as for the linear case: in place of doubling operations
D;, which double all coordinates other than i, we need the doubling operation
Dy, which double all coordinates in {1,...,k} \ I. The arguments are then
quite similar to those in Section 8.3

quasirandomness, including identifying canonical k-graphs Mg[(7)]. The

8.5 Hypergraph Removal

To prove Szemerédi’s Theorem, we need to prove an extension of graph
removal called, naturally enough, hypergraph removal. (For Szemerédi’s
Theorem, we only really need to remove one specific hypergraph for each k,
the clique with all k-edges on k + 1 vertices, but it is no harder to prove the
general result.)
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We will build on the topological argument we gave before: we will identify
a notion of a “point of density”, show that almost all k-tuples are points
of density, and that if we have a single copy of H whose k-edges are points
of density then we actually have many copies. Then we can prove removal
simply by deleting all k-edges which are not points of density.

Our definition of a point of density, however, is more complicated. Instead
of thinking about a partition of V', we want to think about partitions of V'™
for various choices of m.

Again, we want to pass to separable sub-algebras of the B, which are
still big enough to make everything we care about measurable.

Lemma 8.36. If {E1,...,Ej,...} is a countable subset of By, then there is
a sequence of separable B, C B; for each i < k such that:

e cach E; € B,

o whenever 1 < ¢ < k and B € B, E(xg | Bii-1) is (Bi__l)(i—il)—
measurable.

Proof. By induction on k. When k£ = 1, we take B to be the o-algebra
generated by the Ej;.
When k > 1, we use the argument of Lemma [6.38 For each j, take the

countably many level sets of the form {(z,y) | E(xg, | Brr—1)(®,y) > q}.

For each of these level sets and each n, there is a finite set Sj 4, C Bi—1
such that {(z,y) | E(xg; | Bkk—1)(7,y) > q} is approximated to within
1/n by cylinder intersection sets from S;4,. Then we may take B, to be
the o-algebra generated by the F; and, for i < k, we apply the inductive
hypothesis to |JSj4,n to obtain B;™ for i < k. O

Next, we need to choose our neighborhoods—that is, a collection of finer
and finer partitions. The new complication is that it is not enough to choose
neighborhoods around individual points; we also need neighborhoods around
pairs, and triples, and in general m-tuples for all m < k.

So, for every m < k, we fix a sequence of neighborhoods N/, = {Nfﬁl,

so that each N, is a partition of V™ such that:
o when i < j, N7, refines N7,
o limj o0 maxy,<g,, M(Ng%u) =0,

o U; NV}, generates B,,.

’NTJ)’L,ka'}
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When # € V™, we can talk about the j-th neighborhood of #: N7, (¥) is
the unique Nﬂ,'%u such that ¥ € N%zu The properties above say that these
neighborhoods have the properties we might expect: as j increases, the
neighborhood around ¥ gets smaller and decreases to have measure 0. The
final property promises that our partitions are fine enough, because the sets
in our partitions collectively generate a big enough o-algebra.

More generally, if # € V¢ with m < d, we could lift the notion of a
neighborhood by asking which cylinder intersection set contains all the
m-tuples from Z.

Definition 8.37. For any & € V¢ and m < d, we write N}, (%) for the unique

(%)-cylinder intersection set K ({N7, .}, e(e )) containing 7.

When m = 1, this cylinder intersection set is simply a box, and this
matches the notation we used for graphs. Note that it could be that some
of these cylinder intersection sets are non-empty but have measure 0. (This
doesn’t happen when m = 1, because a product of positive measure sets has
positive measure; but one of the new complications with cylinder intersection
sets is that positive measure cylinders could miss each other entirely, or
could intersect in a set of measure 0.) We could define our way around this,
but it will be easier to just remember that it might occur. This will not
matter much, because there are only countably many cylinder intersection
sets coming from our neighborhoods, so throwing away the points which
belong to any of these bad cylinder intersection sets still only loses a set of
measure 0.

Definition 8.38. 7 € V¥ has proper neighborhoods if, letting m = min{d, k—
1}, for any ji, ..., jm, Ni<m N7' (£) has positive measure.

Lemma 8.39. The set of points with proper neighborhoods has measure 1.

Proof. If # does not have a proper neighborhood, there are ji,...,j, so
that @ € <, N7 (Z) and pa(N;<m N7 (Z)) = 0. Therefore the set of points
without proper neighborhoods are contained in a countable union of sets of
measure 0. O

We again want to “smooth out” what happens at a point by taking the
limit of averages over its neighborhood. The main new complication is that
we have neighborhoods at different levels, and we need to take the limits in
the right order. For instance, when k = 3, so we have both the partitions N{
of V and the partitions NV of V2, the correct notion of a “small neighborhood
around Z” is

N3 (Z) N NP (@)
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where jo < j1. That is, we want to consider a small neighborhood of the
pair, and then a much smaller neighborhood made of the product of the
individual vertices.

That idea becomes the limit in the following definition.

Definition 8.40. When 1 < d < r, B € BB,, and any & € V" with proper
neighborhoods, we define

Bj (@) = E(xp | |J Nim)(@)

m<d
and set
B; = lim --- lim B/t
Ja—>o0 Jj1—00

We could equivalently define Eff"“’j '(¥) by
(1(B N Ny<g N (7))
#(im<a Nin" (7))

Definition 8.41. & € V" is a point of density of B € B, if ¥ has proper
neighborhoods and:

Eédr"?jl (7) =

e By(&) exists,

e for each m < d, each j € N, and each s € (), letting N = N, (zs), s
is a point of density of N with N,,_1(xs) > 0,

I e ) | Ba@ = Ba()| dpsal)
hm ... lim m<d

| , =0.
Ja—o0 J1—00 /Ld(mmgd N’g”bm (f))

The last condition is the main one, and the analog of what we needed for
graphs: it says that Z is surrounded by points which behave similarly to .
We also need the second clause, which promise that our point doesn’t lie at
a badly behaved boundary of one of the lower arity neighborhoods.

Theorem 8.42. By is a representative of E(xz | B,.q), almost every & is a
point of density, and almost every & € B has By(Z) > 0.

Proof. The proof is much like the analogous argument for graphs, where we
only needed d = 1. We proceed by induction on d. N '

For each j, let us write Ei =1imj, | oo - limj, oo Ei’“*l’“"ﬂ. We first
show that Eé converges to E(xp | B, ;) in the L? norm. Let K; be the
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o-algebra generated by (;)—cylinder intersection sets with m < d where the
sets come from N U, .4 By, Then, using the inductive hypothesis, B is
exactly E(xp | Kj). Since U; K; generates B, ;, we immediately have that

Bgl converges to E(xp | li’;d) in the L? norm.

Next we show that By is a representative of E(xp | B, ;). Let g be any
representative of E(xp | B, ;). For any € > 0, choose jy large enough that
there is a set S in ICj, so that u(S A{Z | g(Z) < a}) < [f:—ae.

o

For each j > jo, let D; be the subset of S where Bé is > B. For j > jo, let
D’ = Dij\Uje(jy.5) Dj- Observe that ﬁ%) fD;_ xB dp > B for all j (since each
Djr with j' < j is also Kj-measurable). Letting D = U, Dj = U, j, D}
we have ﬁ JpxBdp > . Since xp < 1, this means pu(D) < e.

Therefore the set of & with g(Z) < a and limsup,_, ., B)(Z) > § has
measure < € + ’f:—ge. Since this holds for all € and all a < 3, it follows that
Eé converges to g = E(xp | B, 4) pointwise almost everywhere.

This also shows that By(f) exists almost everywhere, and the inductive
hypothesis (and the fact that a countable union of sets of measure 0 has
measure 0) ensures that almost every point satisfies the second condition in
being a point of density.

We finish showing that almost every point is a point of density by showing
the third condition holds almost everywhere. Choose jq < jg—1 < -+ < Jj1
so that, except on a set S of measure < €2, we have | B 7' (&) — By(T)| < e.

Consider some neighborhood N = <, N (¥) with # ¢ S. Except for

a set of neighborhoods of size at most €, £ Eﬁ[]@,;g) < €. On such a neighborhood,
we have N B
I, oz @ [Bal@) = Bd(?f)‘ dpa(¥) .
pa(Nm<a N (7)) o

since for i ¢ R we have
1Bal@)—Balg)| < |Ba(®)— B9 (8) |+ By (&) — Byt ()| +| Balg) ~ Bt ()] < 40+,

and the points with ¢ € R contribute measure at most e.
Since this holds for every €, we have

I i | Ba(@) = Ba(@)| dpa(i)
Jim -+ lim m=d

Ja—00  j1—00 Md(nmgd-/\/%m (7))

=0

for almost every &.



242 CHAPTER 8. HYPERGRAPHS

Let Z be the set of points with By(Z) = 0. Since By is B, ;-measurable,
so is Z. Therefore

WBN2) = [ xaxa)dus = [ xzEOw | B die = | Bal@ dy =o0.

Therefore for almost every ¥ € B, Ed()? ) > 0.
O

We are now ready to state a version of the counting lemma. In our case,
it says that if we can find a single copy of a k-graph which is at a “typical”
point then we have a positive measure collection of copies.

Slightly more generally, we allow the case that the edges of our graph get
mapped to distinct sets. We need this in the induction, where we need to
know that having each x. be a point of density implies that Zy has proper
neighborhoods.

Theorem 8.43. Let W be a finite set and, for each e € (VZ), let B, C VFk

be a measurable set. Let Xy be a point such that, for every e € (V]L/), Te 1S G

point of density of Be with (Be)g—1(ze) > 0.
Then p(K({Be})r_q) > 0, and so in particular p(K({B.})) > 0.

An element of K({B.}) is a “copy” of W in the sense that when #y €
K({Be}), for each e we have g, € B.. For instance, if we want to show
ty(F) > 0 with H = (W, F), we can take B, = E whenever e € F and
B, = V¥ for e ¢ F. We can also apply this to show t%4(E) > 0, taking
B, =FE whene € F and B, = V*\ E when e ¢ F.

Proof. We proceed by induction on k. By WK ({Be})) = [TL. Bep_1(Ze) dps(T),
so it suffices to show that [ [T, Bex_1(Ze) dpi(Z) > 0.

Since each  is a point of density of N¢ = N7 (z.), we have N¢,,_ () >
0, and therefore by the inductive hypothesis, for all ji_1,...,j1, we have
(e N2m (Zw)) has positive measure, so Fy has proper neighborhoods.

Choose € = min, X(,B\-e/)kfl(xe) > 0. Choose jr_1 < jr_9 < ---7j1 suffi-
ciently large. Since Zy has proper neighborhoods, the set N = < Nim (Zw)
has positive measure.

For each e € (VZ), the set of points in N with (Be)r_1(ze) < €/2 is a
small fraction of (<, Ny (Tw), so after removing all of these, we have
most of N left, so [y []. Bepo_1(Z.) dpy (%) > Tu(N) > 0. O
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Corollary 8.44. Let W be a finite set and suppose that for each s € (V]g)
we have a set By C VF. If n(K({Bs})) = 0 then for each s there is a Zs so
that:

© Miepp BUBs \ Zs} e v)) = 0.

Proof. Let Z, contain those x; which are not points of density for B;. [

8.6 Szemerédi’s Theorem
We can, at last, prove Szemerédi’s Theorem.

Theorem 8.45 (Szemerédi’s Theorem). For every e > 0 and every k, there
is an N so that whenever n > N and A C {1,2,...,n} is a set with ECI €,

there is an a € A and a d > 0 such that "
a,a+d,a+2d,...,a+ (k—1)d € A.

The proof has the same basic structure as the proof of Roth’s Theorem.
Fix k and let K}, ;—1 be the complete k — 1-graph on k-vertices—that is, the

k — 1-graph ([1,...,k], ([11;‘;’1]‘3})). (So K32 = Cs.) Given a set A with density
> €, we will identify a k — 1-graph E of positive density with the property
that we cannot “remove” Ky, ,_;—that is, so that whenever p;_1(Z) =0,

TKk,k—l(E \ Z) i 0.

Proof. Towards a contradiction, suppose this fails: there is an e > 0 and a k
and, for every N, ann > N and an Sy C {1,2,...,n} with % > € so that
Sy does not contain an arithmetic progression of length k.

We construct a corresponding k — 1-graph. It will be convenient to make
the graph partite. We will have a set of vertices Viy = |J;<;, X; v where each
part X; vy = {1,2,...,kn}. B

For each I € ({1’,3:1’]“}) we define a set Ar n C [l;e; Xin. When I =
{1,2,...,k—1}, we set A; n to consist of those (x1,...,z5_1) where >, . ¢-
xzi € Sy. When I ={1,2,...,k}\ {¢} with ¢ <k, we take A; y to consist of
those (21, ..., Ti—1,Tit1, .-, Tk) Where 3°; p sy @i+ i(Tp — 2 jcp j2i Tj) €
SN.

Suppose we have values (z1,...,x) and take a = Y, i-2; and d = xf —
> i<k Ti- Observe that a € Sy exactly when (z1,...,75-1) € Af12  k—1}.N
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and

a+id=Zj-$j+ixk—iZ$j: Z Jjrxy+iwe — Z zj) € SN

Jj<k I<k J<k,j#i J<k,j#i
exactly when (z1,...,%i-1,%iy1,..., %K) € Af2,. i-1,+1,..k},N- 1D par-
ticular, if (z1,...,2%) € K({AI,N}IG( k )) then we have an a,d so that
k-1

a,a+d,...,a+ (k—1)d € Sy. (However this includes the possibility that
d = 0.) On the other hand, whenever a € Sy, we can take any sum
a =Y.t x; and the sequence (z1,...,25_1,» ;%i) € K({AI’N}IG(;:J)'
Let Ty be the set of these trivial k-tuples—that is,

Ty = {(21, o mpmn, 3o w) | (21 mno, Do) € K({ALN e v )-

k
k—1
i<k i<k

Note that, for each (x1,...,zr_1), there is at most one b so that (z1,...,z5_1,b) €
Tn, so |Tn| < |Vn|F1, so ux(Tw) is small when N is large.
Let pn : [Ij< Xjn — Xi v be given by

pN (T, Temr) = Y @i,
i<k

so the function p; n(21,. .., Tk—1) = (1, ..., Tic1, Tit1s - - - Thy PN (T15 - oo, Th—1))
is one-to-one for each i < k.

Let V = [V,]u and, for each I € (kﬁl), Ar = [ArNJu. Let T = [Tn]u.
Let p = [pn]u and p; = [pi N]u-

Let G = [GN]u. If tk,,_ ,(G) > 0 then we may find a complete
(x1,...,2) € K({A[}Ie(kkl)) \ 7. But this would mean that, for many

N, we can find (z1,...,7) € K({ALN}IG( K )) \ T, and therefore an
1

arithmetic progression in Ay with d # 0. "

So suppose, towards a contradiction, that tk,, ,(G) = 0. Then by
Theorem (with » = k), we find sets Z;r with pup_1(Z7) = 0. Let
Z CllLicg Xibegivenby Z = Zg1 5 13 UU; pi_l(Z[k]\{i}). Since the p; are
internal one-to-one functions, and therefore measure-preserving, ux_1(Z) = 0.

In particular, u(Ag 9. k—13\Z) > 0. Forany (z1,...,7x-1) € A2, k—13\
Z, for each i we have p;(z1,...,7x-1) € Appgy \ Zw\fiy, and therefore
(@1, ..y xp—1, p(z1, .. 2—1)) € K({Ar\ ZI}IE(kfl))‘ This gives the desired
contradiction. O
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8.7 Hypergraphons

We can represent measurable k-graphs as measurable sets in a product
measure space rather than a Keisler graded probability space, just like we
did for graphs. Again, the catch is that the product will need to be over
more than k sets.

We need to separate out all the o-algebras By, 1, By 2, and so on. We need
k coordinates in our new representation just to capture the information in
Bi,1. We also need the information in By, o; there are (g) pairs of coordinates,
each of which will need its own coordinate containing the binary information
between that pair. In total, the new representation will be a product over
2F — 1 sets, one for each non-empty subset of {1,2,...,k}.

We will need to keep track of this correspondance between non-empty
subsets of our k old coordinates and our 2¥ — 1 new coordinates. So we
will proceed as follows. For each arity ¢« < k, we will have a measure space
(Q, D;, ) representing i-ary information. We will then work in the space
Q<) = Ilscqi2,... k)50 §)s| Where the measurable sets are the corresponding
products of the D;. In particular, we will be able to identify a measurable k-
graph E with a corresponding E* C {)<)—that is, we will have a measurable
equivalence of measure algebras p: VF — Q<ry = Ilscqi2,... k} 520 $i-

It is common to use the fact that all separable atomless measure spaces
are isomorphic to the Lebesgue measure to take all the ; to be equal to [0, 1].
Then we can simply consider measurable sets and functions on [0, 1]2k_1, at
the price of suggesting the existence of additional structure (like bijections
between coordinates representing different sizes, or the topology on [0, 1])
which is not meaningful.

One challenge with our new representation is that understanding what
the coordinates mean is a bit subtle. With a measurable k-graph, V is a set
of vertices, and E is a literal k-graph. When we instead consider £* C Q(<y),
we do not exactly have well-defined “vertices”. (That perspective has not
been lost—as we will see, we can recover a literal k-graph by sampling
randomly in the right way.) Instead, the information about the k coordinates
of V' has been separated out among various coordinates (that is, it has been
separated into pieces with different randomness properties). In particular,
the meanings of the coordinates are not independent—the meaning of the
{1,2} coordinate is related to the meanings of the {1} and {2} coordinates,
but not the {3} coordinate, and so on.

One way to see this relationship is to think about how the symmetry
of E C V¥ is reflected in E*. The symmetry of E meant that for any
permutation 7 of {1,2,...,k}, E™ = {(%r1),. .-, Tr)) | (x1,...,7%) € E}
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is equal to E. We should only consider these same k! permutations of €(<):
whenever 7 is a permutation of {1,2,...,k}, we have the corresponding
permutation (which, by abuse of notation, we also call 7) of P({1,2,...,k})\0
taking a set s to w(s) = {m (i) | i € s}.

Definition 8.46. When 7 is a permutation of {1,2,...,k}, the induced
permutation 7 : (<p) — <y is defined by

T({Zs}ser1,2,. k}\0) = {Za(s) FseP({1,2,....k})\0-

We have allowed the spaces §2; to be distinct for different sizes ¢; note that
we always map a coordinate zs € )5 to a coordinate Tr(s) € Qjr(s)| = Qg3
we are never tempted to map, say (2o to 2; because these sets contain
different sorts of data (even if they both happen to be equal to [0, 1]).

Our arguments will build on the work we did in Section [6.10] Indeed, we
essentially carried out the & = 2 case of the construction of E*. Recall that we
began with a measurable graph (V, E, 1), and constructed a corresponding
E* CV xV x V? which was measurable with respect to the product measure
By x By xR, where R was an orthogonal complement to B; . (We did not
verify at the time that ¢ (E*) = ty(F), though we implied it would be true.)

There is a technical point about symmetry we did not need to consider
when dealing with graphs. There is one non-trivial permutation of the
coordinates of V2, namely when we swap the two coordinates. The natural
analog for V x V x V% is (v, w, (v',w')) = (w, v, (w',v"))—that is, we would
want to swap, not only the first two coordinates, but we would want to carry
out a swap “inside” the V? coordinate.

This will not suffice. When we take Qs = V2, we do not want to have
to keep track of internal structure for 25. We didn’t need to worry about
this in the k£ = 2 case because F was symmetric, which means E* was
actually measurable with respect to the smaller o-algebra B; x By x R*¥™,
where R%Y"™ consists of the symmetric elements of R. Once we restrict our
measurable sets on 9 = V2 to be only the symmetric sets, we can disregard
swapping points within Q9 because (v',w’) and (w',v’) are indistinguishable
points.

We might hope that if all we want to consider is k-graphs, the same idea
would work in general. However it turns out that when F is a k-graph, we
can ignore the symmery concerns for §2; in this way, but that even when E
is symmetric, when we start writing it in terms of lower arity information,
we may see asymmetric sets arise. For instance, recall our example C(—),
the set of {z,y, z} where a random tournament — forms a cycle. C(—) is a
symmetric 3-graph, but the binary data we use to describe it is asymmetric.
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(One might imagine that even if this description seems asymmetric, some
other way to describe it might not be, but it can be shown that there is no
way to represent this example using only symmetric binary data; see [40].)

Fortunately, there is another way around this issue, by pushing all the
asymmetry down to the unary level. Before giving the general argument, let
us consider what we do in the k = 2 case. First, observe that we can always
have a measurable ordering on V. This is true in general-—we have mentioned
that we can always find a measurable equivalence from V to [0, 1]—but a
more direct way to see it in our ultraproduct setting is to observe that when
V' = [V, ]Ju where the V,, are finite, we can take orderings <,, on each V,,, and
then <= [<,]y/ is an internal ordering on V, so automatically measurable.

The graph of <, G< = {(x,y) € V2 | x < y} is always B?-measurable.
For any m, we may choose a finite sequence a1 < as < - -+ < a,, so that, the
interval I; = {x [ a; < * < a;11} has measure < 2/m. Then (G« AU, ;(I; X
I;)) C UU; I? and therefore has measure < 4/m. Since we can take m as small
as we want, we can approximate G arbitrarily well by rectangles.

So now suppose we are given f : V2 — R and wish to construct an
analogous function f*: V' x V x V2 — R which is measurable with respect to
By x By x R*¥™. (And so in particular, the o-algebra on the V2 component
is symmetric.)

We define two new functions based on f, but which ignore the given
order of the inputs. f<(x,y) will always act like the inputs are ordered by <:

B f(x, y) ifz < Yy
f=<(z,y) _{ f(y,z) otherwise

while fo. will always act like the inputs are in the reverse order from <:

) fly,z) ifx<y
f=(z,y) _{ f(x,y) otherwise

Note that f- and f. are both symmetric: they don’t depend on the order of
the inputs because they ignore the input order, replacing it with an order
derived from <.

Because f< and f. are symmetric, the corresponding functions f% and

- .cc are both By x By x R*¥™-measurable. But then we can define

f*($,y):{ fi(%y) ifz <y

f&(z,y) otherwise

Since G is B?-measurable, f* is B? x R*Y™-measurable, which is exactly
what we want.
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Let us now prove our general result. First, we need to pass to a separable
sub-o-algebra.

k
Definition 8.47. When B C Bj,_1, B i the o-algebra, of (kfl)—cylinder
intersection sets whose elements belong to B5.

Theorem 8.48. Let E be a measurable k-graph and suppose there is a
measurable order < on V. There is a o-algebra B, C By, containing E, prob-
ability measure spaces (i, D;, 1), and a measurable equivalence of measure
algebras p : VF — Q<ry = Iscqi2,... .k} 520§ such that whenever m is a
permutation of {1,2,...,k}, pom = op.

Proof. Take the o-algebras B;” given by applying Lemma to {E}. For
each B;, there are (lfl) distinct natural sub-o-algebras of cylinder sets

isomorphic to B;_, corresponding to the (Zjl) choices of i—1 coordinates, and
together these generate a o-algebra B;; ; generated by cylinder intersection
sets from B, ;. By Lemma @, we choose a og-algebra R; orthogonal to
B;,;_y so that R; together with B;; | generates B; .

For each i, we will let Q; = (‘l/), the set of unordered i-tuples from V.
We will take (£2;, R;¥"™, ;) to be our i-th probability measure space, where
R:¥™ is the set of symmetric elements of R;.

For any d < k we have the product space Q<q) = [Lsepqi,2,....a1)\0 s

We define pg : V¢ — Q(<q) in the natural way, setting pg(21,...,2q4) to be
the element {ys}sep(f1,2,....ap)\0 With ys = {Zi}ies. pa is measure-preserving

because R;¥" is orthogonal to B, ;.

It remains to show that for any B € B, thereisa D € [[iepq1,2,....a})\0 Rrgm

such that u(B A p; (D)) = 0. We show this by induction on d. When d = 1,
p1 is the identity on V, so the claim is trivial. Suppose the claim holds for
d<k.

If B is symmetric, we B is approximated by a union of intersections of sets
from B, , and R;™. We can choose sets so that w(BAU <, ﬂse(dzl) Bj <N
Rj) < €, and then we have sets Dj 4 C HteP(s)\{(B,s} Q) and we already have
R; C Qqy1, so for each j we have u(ﬂse(dy) B;sNR; Ap;il(ﬂse(dzl) Dj N
R;)) =0.

If B is not symmetric, we rewrite it as a combination of symmetric sets:
for each permutation 7 of {1,2,...,d + 1}, define B, to consist of those
(21, ...,24+1) such that, taking the unique ordering of {z1,...,2441} to be
<-increasing and applying 7 to this ordering, this tuple is in B. Then B is
symmetric, so in the inverse image of pg.
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But then B is an intersection of |, By with a set pcﬁl(U ) where U is a
measurable subset of Qi”l. O]

We are only one step from defining a k-hypergraphon.

Definition 8.49. A k-hypergraphon is a measurable function W : [0, 1]7)({1’2""’k})\{@’{1’2"“’k}} —
[0, 1] which is symmetric under all the permutations 7.

Given E, we obtain a k-hypergraphon by taking E* with p~'(E*) = F
and letting W = [ xg= dp(zq 2, k). The reason we integrate away the
k-ary component x(js ) is that it is the “purely random” component:
instead of a set with a purely random component, we get a function W
telling us how likely @y 5 . ) was to put us into the set.

8.8 k-ary Combinatorics

We saw a combinatorial property which almost characterized which graphs
belonged to B2 1—F has finite VC dimension if it is Ba j-measurable under
any measure.

Analogously, we can ask when a graph be By, ;—i-measurable.

Theorem 8.50. Suppose a k-graph (V, E) is not By, j—1-measurable. Then
for every k-partite k-graph H = (U;<; Wi, F') there is a m : U<, Wi = V
such that for any w1, ..., wy, with each w; € Wy, {m(w1),...,7(w)} € E if
and only if {wi,...,wi} € F.

What we are really describing is “containing an induced copy of H”. But
this is not quite an induced copy the way we defined it, because there could
be extraneous edges inside some 7(W;). All we are requiring is that the
partite k-edges of |J,<;, m(W;) are exactly the k-edges in F', and we ignore
potential k-edges which contain more than one vertex in the same part. (This
complication is because (V, E) is not itself k-partite.)

Proof. Except for a set of points of measure 0, every point in F has E_1 () >
0. We also know that for almost every point of V#\ E, Ej;_1(Z) < 1. So
suppose that almost every point of E has Ek_l(f) = 1; then, up to measure
0, E is precisely {Z | Ej,_1(&) = 1}, which is By, x_1-measurable.

So if F is not By, ,—i-measurable, there is a positive set of points with
0< Ek_l(i‘) < 1. Since almost every point is a point of density for £ and for
Vk\ E, there must be a point of density Z for both with 0 < Ek,l(f) < 1.
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Now let ([[;<x Wi, F') be any k-partite k-graph (that is, each e € I has

le N W;| =1 for each 7). We can appy Theorem take @ € V1L Wi to
be the point with a,, = z; for each w € W;, and take B; = E for e € F' and
Be = V¥ \ E for each e € [[;«, W \ e. For all e which are not partite, take

. = V* (so every point is trivially a point of density). Then, by Theorem
8.43, we have try w,r(E) > 0. O

i<k

In the case of ordinary graphs, this is an alternate proof of Theorem
[7.13] using Theorem which shows that containing all bipartite graphs is
equivalent to saying that E has infinite VC dimension.

We could define a higher-arity notion of VC dimension analogously.

Definition 8.51. A k-graph (V, E) has infinite VCj_; dimension if for every
k-partite k-graph H = (U;<; Wi, F') there is a m : ;< Wi — V such that
for any w1, ..., wy, with each w; € W;, {m(wy),...,m(wy)} € E if and only if
{wy,...,wi} € F. Otherwise E has finite VC;_; dimension.

This is indexed so that VC; dimension is simply ordinary VC dimension.
VC; dimension is usually defined by an equivalent property which is
more closely analogous to the standard definition of VC dimension.

Theorem 8.52. E has infinite VCy, dimension if and only if, for every d,
there exists a k-ary bor A ={a11,...,a14} ¥ -+ x{ag1,...,arq} such that,
for every B C A, there is a b with E, N A = B.

Proof. For the left to right direction, consider the k + 1-partite graph

(ILi<ky1 Wi, F) where |W;| = d for each i < k, |Wyi1| = 24" and for each

B C [T;< Wi, there is a b € W}, such that {a € [[;<;, Wi | (a,b) € F} = B.
Conversely, let a k+1-paritite graph (Ui<ks1 W;, F) be given. Choose d =

max;<y, |W;| and take the k-ary box A = {a1,1,...,a1,4} % -x{ag1,..., a4}
Define 7 on (J;<, Wi so that, for each i <k, 7 : W; — {aj1,...,a;q} is an
injection. -

For each w € Wyq, thereisaset By, = {{m(w1),...,m(wg)} | {w1,...,wr} €
F,} € A. By assumption, there is a b, with E,, N A = B, so we define
m(w) = by. Then 7 gives the desired copy of (U;<p1 Wi, F). O

As with VC dimension, we can rephrase VCj, dimension in terms of set
systems—sets V' and collections F of subsets of V.

Definition 8.53. When (V| F) is a set system, the VCj, dimension of (V, F)
is the largest n such that there are sets Ay, ..., Ay with [[;<, A; €V so that
F shatters A.
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For VCj, dimension, this makes the most sense when we think of V' as
itself being a product, V' = [[;<; Vi, though this is no formal need to include
this in the definition.

When X C V', we can ask how many subsets of X get picked out by F:

mrk(n) =max{|IIx(X)| | X CV,X = H Xi, | Xi| = n for all i}.

i<k

Recall that ITx(X) to be {X NF | F € F}, so mr asks how many subsets F
can pick out of a box with sides of size n. (Again, the k = 1 case is precisely
nr as we defined it before.) Certainly mr ;(n) < Q”k, since the sets X we
consider in the definition have size n*. Moreover, if Tri(n) < 27" then the
VCy dimension of F is < n by definition.

We can prove a generalization of the Sauer—Shelah Theorem, Theorem
showing that when V' has finite VCj, dimension, 7r;(n) is bounded
strictly away from 2"

In order to characterize this definition, we need the Zarankiewicz numbers.

Definition 8.54. The Zarankiewicz number zj(n,d) is the smallest z such
that if (I];<; Vi, E) is a k-partite k-graph with [V;| = m for all m and |E| > 2
then there are A; C V; with [A;| = d and [];,<, 4; C E.

That is, if we have a k-partite k-graph on m vertices then once it contains
z edges, there must be a box with sides of size d which is entirely contained
in F.

1
Theorem 8.55. For and k, d, for sufficiently large n, zi(n,d) < ok /dp k= g1

Proof. By induction on k.

Suppose we have ([];< Vi, E) with |V;| = n for all i and |E| > (kn)kfdk%l
For each v € Vi, let B, = {§ € [[,o, Vi | yU{v} € E}. Then 3,y |Ey| >

1
k/d, k=1 _ k-1, 2K/
28/ d =Nt

1

For each W € [[;.1, Vi, let cg = |[{v | W € Ey}|, s0 Y ycw = nk_an



252 CHAPTER 8. HYPERGRAPHS

as well. Observe that

> INEl= > > Ilxs,@

V1 yeney vd 5<d V1,--+,0d weH<k%]§d
1

- Y Y [T, @

IEEHK/@ V; V15-,0d j<d

= > (> xm@)

wel], ., Vi vEVk

fry Z de,
wel T, v

1 d
n(k—l)(d—l)( Z Ci)

wel[, Vi

1 por 264,
—1)(d—1) (n a1 )
2k:/d )d
nl/dk—l N

Y

=nfF"(n

There are fewer than d?n?! choices of vertices from Vj which are not
all distinct; each such choice contributes at most n*~! to the sum. The
remaining ( ) < n? choices must contribute the remainder, so there must be

some choice of distinct vy, ..., vq with
k—1 2k/d__\d 2,,d—1,k—1
" (nnl/d’c*) —d'n"n k—1—1/d*2 5k 2, k—2
|ﬂEvj]2 y =n 2% —d*n"e.
n

Jj<d

When n > (d2/2k_1)1*1/1d’“’2, d?nk=2 < pk—1-1/d""%9k=1 g4 there is some
V1, vg With <4 By | > pk—1-1/d" "2 gk—1,

So (ITi<k Vi, Nj<q Ev;) is a k — 1-partite k — 1-graph with [V;| = m for
all m and |N;<4 By, | > 2k_1nk_l_l/dk72, so by the inductive hypothesis,
we can find A; C V; for ¢« < k so that [[;., A; C ﬂdeEUj. Therefore
[T A; € E. 0

Theorem 8.56. If the VCy dimension of (V,F) is d then, for all n,
T k(n) < SEITH ().
Proof. Suppose there is an X C V with X = [[;o; X; and [X;| = n for all 4,

and |[IIx(X)| > ZZ’“ (n,d+1) () Recall that, by Lemma there are at least
[TIx(X)| subsets of X which are shattered by F.
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In particular, there must be a B C X with |B| > zx(n,d 4+ 1) which
is shattered by F. Consider the k-partite k-graph ([[;<; Xi, B). Since
|B| > zp(n,d+1), we can find A; C X; with |A;] = d+1 so that [[;<;, A; C B.
But F shatters B, so in particular F shatters [[,«; A;. Therefore the VCj,
dimension of (V, F) is > d + 1. - O

Corollary 8.57. For each k,d there is an € > 0 so that, for n sufficiently

large, if the VCy, dimension of (V,F) is d then wr y(n) < ot

g k=T k——Lt
Proof. We have 7z 1(n) < Zfi(on’dﬂ)_l (M < Z?igd” k=1 (M) < p2¥/in T

K2 K3
k——L— 1
= k——L
1=292"n @ Tin 4 The exponent here has the form e¢n™ d*-1 lnn for a

constant ¢ (depending on k and d, but not n), so when n is large enough,
the exponent is at most nF—¢. ]

8.9 Remarks

Hypergraph quasirandomness is substantially more complicated than graph
quasirandomness, and the treatment here only touches on some of the compli-
cations. The study of hypergraph quasirandomness and hypergraph analogs
of regularity begins right after the modern theory of graph quasirandomness
[29, 31, [32], but finding the right notion of hypergraph regularity needed to
formulate the removal lemma took substantially longer [47, |76| 78, 98| |121,
134].

While it was clear from early on that there were multiple notions of
hypergraph quasirandomness [31], the structure became more complicated
as a variety of incomparable notions were introduced [60} |107]. The o-
algebra based approach we used here was introduced in [158] and given a
quantitative version in [3]. Yet more notions of hypergraph quasirandomness
were introduced in [40].

The idea of viewing hypergraph regularity in terms of points of density
was introduced in [47] in the setting of what are now known as hypergraphons;
the version here is based on [159]. The hypergraphon approach to regularity
and limits of hypergraphs has been further studied and generalized |38, |164].
These sorts of representations can be seen as examples of the Aldous—Hoover
Theorem [4} |86] which we discuss later.

The study of k-ary combinatorics and its relationship with hypergraph
regularity is quite new. VCj dimension is introduced in [138] and further
studied in [23]. The result that bounded VCj-dimension implies By, j—1-
measurability was shown in [28]; a quantitative proof in the k = 3 case was
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given in |155] and the bounds on the number of k — 1-ary cylinder sets needed
was shown to be polynomial in [154]. [155] also introduces two distinct
candidates for “2-stability”.



Chapter 9

Random Countable Graphs

There are other perspectives on the measurable k-graphs that have formed
the central topic in this book. In this final chapter, we give the basics of
two other perspectives. One, coming from probability theory, is to look at
exchangeable arrays of random variables; we prove the foundational theorem
of that perspective, the Aldous—Hoover Theorem, which is in some sense a
restatement, in quite different language, of the decomposition into o-algebras
we have already seen. Another perspective, connected to both model theory
and descriptive set theory, is to look at automorphism invariant probability
measures; we finish the book with one of the key theorems from this approach,
the Ackerman—Freer—Patel Theorem.

We have already considered, in Section [3.6] what happens when we begin
with an atomless measurable graph (V) F, ;1) and sample finitely many
vertices vi,...,Vp.

The same idea extends to sampling countably many vertices: we choose
vertices vi,va, ... € V, distributed according to p1, and let G, = ({vp nen, E |
{Vn}nen). We may as well state this for k-graphs, as well.

Definition 9.1. If (V| E, 1) is an atomless measurable k-graph, a random
countable substructure is a k-graph of the form ({vy, }nen, E | {Vn}nen) where
the v, are chosen independently from V according to ;.

Our use of the term “structure” here gestures at the fact that most of the
ideas in this chapter make sense, not only for graphs and k-graphs, but for a
much broader family of first-order structures, and most of the terminology
comes from that setting. Nonetheless, here we will focus on the case of
k-graphs.

As the bold font reminds us, we should really think of G, as a random
structure, not as a single fixed structure. For instance, the question “is there

255
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an edge between vi and vo?” is not especially interesting, since it will depend
on the specific random choices we made. More typically we are interested in
questions like “what is the probability that there’s an edge between v; and
vo?”.

In this chapter, we will consider two frameworks for thinking about G,
as a probabilistic structure.

9.1 Exchangeable Sequences

One perspective is to view G, as a collection of related random variables:
for each {iy,...,ix} € (ﬁ), we have a random variable

(Vi) _ { 1 if (viy,...,v) €EE
Pyl 0 otherwise
This makes sense even in the seemingly degenerate case where k = 1. In this
section we will state some basic definitions and (without proof) some results
about sampling random countable 1-graphs, since the same ideas appear in
a slightly more complicated form when k£ > 1.

A “l-graph” is just a pair (V, P) where P C V—that is, a set with a
distinguished subset. Similarly, an atomless measurable 1-graph is a triple
(V, P, 1) where P C V is a measurable set. If we sample a random countable

(ViPm) 015 € N

substructure, the corresponding random variables are just X;
which is 1 or 0 depending on whether v; € P.

These random variables are very simple—they’re i.i.d. (independent and
identically distributed) with the propery that P(XEV’P’“ D= 1) = p1(P) for
each i. Independence turns out to be an artifact of the £k = 1 case. We will

see that in general the array of random variables {XEYPZ ) } {iinte() has

two properties we will define below—it is a dissociated exchangeable array,
and when k£ = 1 it happens that dissociated exchangeable sequences are
precisely the i.i.d. sequences.

Definition 9.2. A sequence of random variables {X;};en is exchangeable if
for all finite sequences i1,...,i, and ji, ..., jn, the sequences (X;,,...,X;,)
and (Xj,,...,X;,) have the same distribution.

That is, we require that P(X; = 1) be the same for all i, but we also
require that whenever i # j, that P(X; = 1 and X; = 1) be the same
regardless of ¢ and j, and so on.
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There is a good intuitive reason that the variables we get by sampling a
random countable substructure are exchangeable, which will generalize to
k > 1: when we sample the vertices v;, there’s nothing special about which
index we give to which vertex—whatever we chose for vertices vi and vo, it
was just as likely that we would have chosen those to be v3 and v, instead.
This is precisely what exchangeability says: that the choice of indices for our
random variables was arbitrary.

If the X; are independent and identically distributed then they are
certainly exchangeable. So what makes this notion weaker?

Example 9.3. We define a sequence {X; };en as follows. We first flip a single
fair coin. If it comes up heads then each X; will be an independent Bernoulli
random variable which is 1 with probability 2/3. If the original coin comes
up tails, each X; will be an independent Bernoulli random variable which is
1 with probability 1/3.

This example is not independent. The probability that X4 is 1 is 1/2-
1/3+1/2-2/3 = 1/2. But if we know that X; = Xo = X3 = 1, we
would strongly suspect that the original coin came up heads, and therefore
P(X4=1]|X; = X2 =X3=1) would be close to 2/3.

But this distribution is still exchangeable; the probability

P(Xil = b1 and Xi2 = b2 and s Xin = bn)
does not depend on the particular indices i1, ..., iy.

More generally, we could start with any distribution on values in [0, 1],
and then let the X; be Bernoulli random variables with the given probability.

Example 9.4. Let p be a probability distribution on [0, 1]. Let {X?};en be
the sequence of random variables given by selecting p € [0, 1] according to p
and then letting the X/ be independent Bernoulli random variables which
are 1 with probability p. Then {X/};en is exchangeable.

It turns out that all exchangeable sequences of random variables have
this form.

Theorem 9.5 (di Finetti’s Theorem). If {X;}ien s an exchangeable sequence
of random variables, there is a distribution p on [0,1] such that {X;}ien has
the same distribution as the sequence {X?};en.

We will not prove this here since it will follow from our more general
proof of the Aldous—Hoover Theorem—the generalization to k > 1—below.
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We can recover the independent identically distributed sequences as those
sequences where the distribution p chooses a single value with probability 1.
This turns out to be a useful notion later, so we will give it a name.

Definition 9.6. {X;};cy is dissociated if, for all n, {X;}i<, is independent
of {Xi}tisn.

Together with exchangeability, being dissociated implies that for any
disjoint sets S, T, {X;}ies is independent of {X;}ier.

Di Finetti’s Theorem implies that every exchangeable sequence is a mix-
ture of dissociated exchangeable sequences, and that dissociated exchangeable
sequences are i.i.d.. (This is not really the natural way to prove either of
these facts, though—usually one would need to prove both of these directly
in order to then prove di Finetti’s Theorem.)

9.2 Exchangeable Arrays

Now let us consider the case of graphs, where £ = 2. We now have an
array of random variables {XE‘;E” 1)}i,j€N. This array will not typically be
independent—for instance, X1 2 and X; 3 both depend on our choice of v;.
For instance, if some vertices in V' have higher degree, knowing that X, =1
makes it more likely that v had high degree, and therefore makes X; 3 more
likely.

The array is, however, still exchangeable and dissociated. Let us now
define these notions for arbitrary k.

Definition 9.7. Let {Xil“‘"ik}{il,...,’ik}e(lz) be an array of random variables.

We say the array is exchangeable if whenever S,T C N are finite sets
and w : S — T is a bijection, the collections {X“lk}{“lk}e(i) and
{Xilv---vik}{il,...,ik}e(”f)) have the same joint distributions.

We say the array is dissociated if whenever S, C N are disjoint,

{Xz‘l,...,ik}{ilw"ik}e(S) and {Xilwwik}{il,...,ik}e(f) are independent.

k

Exchangability seems technical, but it just states the natural property
that when we change indices, we don’t change probabilities; for instance,

P(XLQ =1 and Xl’g =1 and X273 = 0) = IFD(X4’3 =1 and X4’7 =1 and X3’7 = 0)

We have to state it carefully in terms of a bijection because we do have to
change indices in the same way—we typically have P(X;2 =1 and X3 =
1) # P(X12 =1 and X4 3 = 1), because exchangeability only tells us what
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happens if we change all the 1’s to 4’s in the indices, and makes no promises
if we change only some.

Theorem 9.8. The array {Xil,---,ik}{il dinle

random substructure is exchangeable and dissociated.

) coming from a countable
k

.....

and T are disjoint sets, {Xi17--~7ik}{il () is determined by the choice of
k

{Vvi}ies while {Xh,m,ik}{il inye(?) is determined by the choice of {v;}ier.
RARRS) k

Since the v; are chosen independently, the sets {v;}ics and {v;};er are inde-

pendent, so {Xih---,ik}{il ..... inye(®) and {X“lk}{uu@}E(f) are independent

as well.

To see that {Xilv--ﬂ?k}{il,...,z'k}e(i’) is exchangeable, fix any finite sets S

and T with a bijection 7 : § — T. We need to show that whenever we have

an array {bilv~~"ik}{il,...,ik}e(i) of values in {0,1}, we have

S

]P’(for each il, . ,ik S (k_), Xh,...,ik = bil,---7ik) = P(fOI‘ each il, . ,ik (S (i), Xﬂ.(il)w.’ﬂ.(ik) = bih---,ik)'

The probability that, for each iy,...,4; € (‘Z), we have X, i, =bi, i
is really a question about the vertices we chose: this probability is precisely

S
P(for each iy,...,i; € (k)’ {vi,,...,vi } € Eifand only if b;, _; =1).

But we can say the same thing about the other probability we care about:
P(for each iy,...,i; € (“g), Xore(ir),.om(in) = bi,...i) 18, Dy definition,

]P)(fOI' each i1,...,1; € (}j), {Vw(il)a - 7V7r(ik)} € F if and only if bilwufik = 1)

And since the v; are idependent and identically distributed, these proba-
bilities are equal. O

Every dissociated exchangeable array can be obtained in this way.

Theorem 9.9. Suppose {Xilr--vik}{il,...,z‘k}e(i‘) is exchangeable and dissoci-

V7E7H1

ated. Then there is a measurable k-graph (V, E, 1) such that {X( ; )} iy (N
11,k {zl,...,zk}E(k)

has the same joint distribution as {X“Zk}{“lk}e(g)
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Proof. Let {Xilv"'vik}{il,...,ik}e
random variables. We can obtain finite structures by sampling from it: let
Vo, ={1,2,...,n} and let E,, C (‘2") be the set of (iy,...,i;) such that
Xi,..ix = 1. That is, (V,,,E,) is a random k-graph chosen according to
{Xz‘l,...,ik}{il7.“7%}6({1,22..,71}).

We will obtain (V, E, j11) from an ultraproduct (of course), letting G =
(V,E) = [(Va, Ep)]u. (Note that, formally, the choice of E we get depends
not only on U, but also on the specific random choices we make for each E,,.)

We then get the new exchangeable array {XEY’E’;;”}{“ inye(t)
3eey seeny k

) be an exchangeable, dissociated array of
k

To show that the joint distributions are the same, it suffices to show that
for every n and every F C ({1’2%""1}), we have

P(for all i € <{1’2’ Y ’m}>, X = xp(i) = P(for all { € <{1’2’ Y ’m}>, X%V’E’“l) = xr (D).

We have

. ({1,2,... .
P(for all i € <{ o ’”}>, X%V’E’“l) = xr (D) = tr(E) = limtp(Ey),

so it suffices to consider tr(E,) for large n.

Let ¢ = P(for all i e ({1’2%"7”}), X- = yp(i)). We follow a familiar
strategy: we first will show that E(¢r(E,)) has the correct value ¢, and then
use a concentration inequality to show that, with high probability, tp(E,) is
close to c.

For each 7 : {1,2,...,m} — {1,2,...,n}, we can consider the indicator
random variable 1, which is 1 if

for all i € ({I’Q’k"m}), X @ = xr (1)
and 0 otherwise. Whenever 7 is injective, exchangeability ensures that
E(1;) = ¢. When n is large, most of the m are injective, so E(tp(E,)) is
close to c.

McDiarmid’s inequality will not quite suffice: the variables 1, are not
necessarily independent. Instead we have a slightly weaker property: when n
is much larger than m, for each ™ we have that for most 7', the variables 1
and 1,/ are independent. Specifically, whenever the range of 7 and the range
of 7 are disjoint, 1, and 1,/ are independent because {X;} is dissociated.

Although this is similar in spirit to the other concentration inequalities
we have seen, there does not seem to be a standard named inequality that
covers precisely this case. One can derive what we need as an application of
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a very general concentration inequality, the Azuma-Hoeffding inequality, but
it would require some effort for us to even state this inequality (we would
have to define a martingale). Fortunately, the result we need is a special
case of the one given in [91].

Theorem. If X = %Zzgk X; where the X; are random variables such
such that 0 < X; < 1 always holds and, for each i, there is a set U; C k
with |U;| > k — d such that X; is independent of {X;}jecv,. Then

P(|X — E(X)| > €) < 2 2k<"/d,

We are interested in tp(E;,) = (%) >« 1z, so we apply this inequality

when k = n"™. For a given 7, there are at most mn™ ! choices of 7’ so that
the range of 7’ overlaps the range of 7, so

P(|tp(En) — c| > €) < 2e727/™.

When n is much larger than €2 /m, tx(E,) is close to ¢ with high probability,
so in particular, with probability 1, lim, 0 tr(E,) = c.

This completes the proof: we have shown that {XEY’E’il)}{il inye(t) has

the same joint distribution as the original array {X“"k}{uzk}e(ﬂj) O

We finish our discussion of exchangeable arrays with the result which is
really the beginning of the subject, the Aldous—Hoover Theorem, which shows
that every exchangeable array can be represented by a Borel measurable
function applied to independent random variables with a particular structures.

Let us first consider what Aldous—Hoover says when k& = 2 and the array
is dissociated.

Given a measurable function f : [0,1]> — {0, 1}, we define an array as
follows. For each ¢ € N we choose &; € [0, 1], and for each {i,j} € (1;]) we
choose {y; ;y € [0, 1], with all these choices uniform and independent. Then
we set

This says that the random variable has a “unary component”—the variable
& which is shared across all variables {Y; ;}jen—and a “binary component”
unique to Yy ;.

It’s important here that f is measurable in the usual sense of the product
measure on [0, 1]3, not an arbitrary Keisler measure space. In a precise way,
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as we will see in the proof, the &, {; part corresponds to the projection onto
Ba 1 while the &; ; part corresponds to the quasirandom part of f.
If we drop the requirement that {X; ;} figre()) be dissociated, we only
) 2

need to modify the representation slightly. We take a measurable function
f:10,1]* = {0,1} and, in addition to the & and the &; ;, we take a £ which
is also chosen uniformly and independently from [0, 1], and we set

Yi; = f(80: %5855 Gig)-

That is, &y is a “global” random variable shared by all the Y; ;. A general
exchangeable array is a mixture of dissociated exchangeable arrays: we can
first choose &p, which tells us which exchangeable array to use, and then we
choose §;,&; ; to generate the exchangeable array.

For a general k, the point is that the random variables range over the
subsets of [1, k].

Definition 9.10. When f : [0, 1]P(1*) — (0,1} is measurable, define an

array of random variables {Yicl it (iroin}e

{&r} el () uniformly and independently from [0, 1], and then setting

) by choosing random variables

Y] = FU&R e, i)

Lemma 9.11. {Y“’ »lk}{lh Linye(®) is exchangeable.

Proof. Essentially by definition: the finite array {YZI’ it firin}e(5) is de-
termined by {{r} 5 el L(5) Since the £ are choosen independently, the vari-

ables {&(g) }REUig (") have the same distribution, so {Yu, 7%}{@1 Linye (")

has the same distribution as well. O

Theorem 9.12. If {Xilw-ﬂ'k}{il,...,ik}e(l,f) is a dissociated exchangeable array

then there is a measurable function f : [0,1]PULEDMOY — €0 1} such that,
taking f': [0, 17D — {0,1} to be f'({€s}scpn) = F({Es}scpn.s0), the

random variable Yzfl/ i has the same distribution as {Xi17,_.7,~k}{i1 inye()
yeeslle L PR A1, k

Proof. By Theorem we have a measurable k-graph (V, E, u1) so that
{X (V.E,u1)
01,0

}{“7 Sinye(®) has the same distribution as {X;, ”k}{n, Linye(t):
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(V, E, 1) was created using an ultraproduct, so there is a measurable
ordering on V. Applying Theorem [8.48| gives us separable probability measure
spaces (€2;, D;, 1) and a measurable equivalence of measure algebras p : vk
[Lscq1,2,... k} 50 $2i- Since separable atomless probability measure spaces are
equivalent to a subspace of the Lebesgue measurable interval [0, 1] [61, 331P],
so we may take p: V¥ — [0, 1]2“1.

Choose E* C [0,1)2"~! with py(p~'(E*) A E) = 0. Then we may
take f = xp+. For any finite H = (W, F) with W C N, the probability
that {Y{llzk}{hlk}e(‘z/) is a copy of H (that is, that Yzf;,...,ik =1if
and only if {i1,...,ix} € W) is tg(f) = tg(E), which is equal to the

(VEvﬂl)

probability that {X“lk }{Z-hm’ik}e(W) is a copy of H, which is equal to the

k

. o 7 o
probability that {X“v---v“c}{h,...,z‘k}e(vg)’ soY; . has the same distribution

as {Xila-..fik;}{il,---aik}e(lz)‘ D

Corollary 9.13 (Aldous—Hoover Theorem). If {XiIV""ik}{il,..‘,ik}e(g) is an

exchangeable array then there is a measurable function g : [0, 1]79([1’]“}) —

{0,1} such that the random variable ngh---,ik have the same distribution.

Proof. The idea is this: if we took lots of independent samples from {X;, _; } Cirninde(Y)’
[RRRE) k

we could take the ultraproduct of each, and each one would gives us a function
f as in the theorem. Because the array is not dissocated, these functions f
will typically be distinct, so we get a distribution over functions f. Indeed, we
could essentially take this to be our function g—let the & variable represent
our choice of a sample from {Xil"'”ik}{i17---,ik}e(§)7 and then use the function

f from the previous theorem. The problem is that it’s not obvious that f
depends in a nice enough way on .
To capture this idea, we define a related array which captures the informa-

tion in our original way: define {X’, }jeN,{il,...,ik}e(i’) so that, for each

7, {X;“Zk}{“%}e(lz) is an independent copy of {X“zk}{“lk}e(lz)
Note that we are not asking for this array to be exchangeable—we treat the
first coordinate as an index, distinct from the other coordinates.

We will think of this as a subset of V' x VF—that is, we take a sample
of this array and let V,, = {1,2,...,n} and E,, C V,, X (‘2”) consist of those
(Jyi1, ..o pip) with X5, . = 1. We take (V, E) = [(Va, En)]y, so we may
view E as a subset of V x (}).

Since X', ; and X;",i'p-~~vi§¢ are independent whenever j # j', it follows
that F is By x Bi-measurable. We can now proceed as in the preced-

ing theorem: take p : VA1 — [0, 1]2k (where the first coordinate comes
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from By and the remaining 2% — 1 represent By), choose E* C [0,1]2" with
1 (p”(E*) A E) =0, and let f = xp~.
O

9.3 Invariant Measures

Another perspective on the random array {Xilv"-vik}{il,...,ik}e(i’) is that we

can define a related random variable E by setting {i1,...,i;} € E exactly
when X;, ;= 1. Then E is a random k-graph on N.

Formally, let us consider the space where G consisting of all k-graphs on
N. There is a natural choice of og-algebra on Gi: we would like each of the
sets {E € Gk | {i1,...,it} € E} to be measurable, so let us take Dy, to be
the smallest o-algebra containing all these sets. To define a measure on Dy,
it would be good enough to define it on each set which a finite intersection
of basic sets and complements of basic sets—that is, on sets of the form

{Eng|F1gEandFoﬂE:®}
for disjoint finite sets Fy, F7 C (IE)

Definition 9.14. Let X = {X“Zk}{”%}e(ﬁ) be an array. There is a

probability measure ux on (Gi, Dy) defined by

/Jx({EE G | F; C F and FQQEZ(D)
:P(fOI‘ every {il, R ,ik} € Fi, Xil,...,ik =1
and for every {i1,...,ip} € Fo, X454, = 0}).

When X is exchangeable, this is invariant under permutations.

Theorem 9.15. When X is exchangeable, ux is invariant under permuta-
tions of N.

Proof. We need to show that when 7 : N — N is a permutation and B is a
measurable set, that ux(B) = ux(m(B)).

It suffices to show that this holds for an algebra which generates the
measurable sets, so we can restrict ourselves to finite Boolean combinations
of sets of the form {(N, E) | {i1,...,ix} € E}, and to account for all these,
it suffices to account for sets of the foorm B = {(N,E) | (W,E | S) = K}
for some finite W C N and some K = (W, F'). The claim that ux(B) =
ux(m(B)) for sets of this form is a case of exchangeability. O
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Note that the converse holds as well: if u is a probability measure on
(Gk, Dy) then then we can define an array of random variables by choosing
E according to p and setting X;, _; = 1 when {i1,...,4;} € E, and when
p is invariant under permutations, this array is exchangeable.

Although we did not describe them this way, we have seen examples of
these kinds of measures. For instance, the random graph R, (N) describes a
measure pR, in which each of the sets {E£ | {4,j} € E'} has measure p and
they are all independent.

One distinctive feature of this particular measure it that it concentrates
on a single graph up to isomorphism: there is a specific graph on N such
that, with probability 1, a graph chosen according to uR,, is isomorphic to it.

This graph R, called the Rado graph or, confusingly, the random graph,
is characterized (up to isomorphism) by the following extension property:
whenever H and H' are finite graphs and H is an induced sub-graph of H’,
every copy of H in R can be extended to a copy of H'. To make this precise,
suppose H = (W, F) and H' = (W', F’) are finite graphs, 7 : W — W’ is
an induced copy of H in H', and 7y : W — N is an induced copy of H in
R; then the extension properties promises us an induced copy m : W' — N
of H in R so that m o™ = my. (This says not only that 7 is a copy of H’
extending 7o, but that the copy of H in the image of m( lies inside the image
of 71 in the specific way specified by 7.)

This means that the Rado graph is the Fraissé limit of the set of finite
graphs: it is a countable structure which contains all finite graphs in a
universal, homogeneous way. Graphs generated by exchangeable arrays are
often (though not always) Fraissé limits, and it will be useful to consider
some of the properties of these limits.

9.4 Fraissé Limits

Given a collection of finite structures with some suitable properties, we can
ask whether it admits a limit analogous to the random graph.

Definition 9.16. Let K be a collection of finite k-graphs. Then K has the
hereditary property if whenever H € K and H' is an induced sub-k-graph of
H then H' € K.

K has the amalgamation property if whenever we have H, Hy, Hy € K
and induced copies g, m of H in Hy and Hi, respectively, then we have an
H' € K and induced copies 7, 7} of Hy and Hy in H’, respectively, so that
7T607T0 :FiOﬂ'l.
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If K has both the hereditary property and the amalgamation property
then K is a Fraissé class.

The notation obscures the idea of amalgamation: we have two finite struc-
tures Hyp and H; which overlap on some set of elements H. Amalgamation
promises that we can find a single structure H’ containing both Hy and H.

The collection of all graphs, for instance, has this property: take the union
of Hyp and H;. For another example, consider the collection of all matchings:
all graphs where each vertex has degree at most 1. This time we can’t just
take the union—it might be that a vertex in H has a unique neighbor in
Hjy and also a unique neighbor in Hy; in order to find the amalgam H’, we
need to identify those vertices—that is, if h € H, hg € Hy, h1 € H1, and hg
and h; are both neighbors of h, then we need m((ho) = 7} (h1). (There is a
stronger notion of amalgamation, strong amalgamation, where we add the
requirement that rng(w()) N rng(w]) = rmg(n| o mp)—that is, that the only
vertices of Hy and H; which get identified in H' are those in H.)

For a non-example, consider the collection of all graphs which do not
contain a copy of Cs. Let H consist of two vertices and no edges, let Hy
connect those two vertices by a path of length 2, and let H; connect those
two vertices by a path of length 3. Then none of H, Hy, or Hy contain a
cycle of length 5, but if we try to find an H' containing both Hy and Hy, it
must contain a cycle of length 5.

Definition 9.17. Let K be a Fraissé class. We say M is a Fraissé limit of
K if M is a countable structure such that:

« every finite induced sub-k-graph of M is isomorphic to an element of
K,

e whenever Ky, K1 € K with Ky an induced sub-k-graph of Ky, every

induced copy of Ky in M can be extended to an induced copy of K in
M.

Theorem 9.18 (Fraissé’s Theorem). When K is a Fraissé class, a Fraissé
limit exists.

Proof. Enumerate K = {Ky, K1,...,} in such a way that every element
of K appears infinitely often. We will define a structure M on N as the
union of a sequence of finite structures ({0,1,...,n;}, E;) so that Ej1q |
{0,1,...,n;} = E;, and so that each ({0,1,...,n;}, E;) is an element of K.

We can let ng be the size of the domain of Ky and choose FEy so
that ({0,1,...,n_}, Ep) is a copy of Ky. Suppose we have constructed
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({0,1,...,n;}, E;). We will construct n;y1, E;y1 as the union of a finite se-
quence of extensions. Let (ug, 7o, po), - - -, (ug, Ta, pq) be the list of all triples
such that

(1) uj <4,

(2) 7; is an induced copy of Ky, in Ki;1,
(3) pj is an induced copy of K, in ({0,1,...,n}, E;).

We want to arrange that by the time we build ({0,1,...,n,41}, Fit1), each
p; has been extended to a copy of K.

Let ny = n; and Ey = E;. Given ({0,1,...,n}}, E}), the induced
copies mj, p; are an instance of the amalgamation property, so there is
a K, € K, an induced copy m, of Kj1 in K,, and an induced copy p); of
({0,1,... ,n;-}, E;) in K,. In particular, we may choose n}H to be the size
of the domain of K, and choose Ej,; so that £’ [ {0,1,...,n}} = E} and
({0,1,...,n%, 1}, E}4) is isomorphic to K.

Finally we take n;jy1 = nj,; and Ejyq = Ej ;.

We let M be the union (N, E) we get after infinitely many sets. If H
is a finite induced sub-k-graph of M then H is an induced sub-k-graph of
({0,1,...,n;}, E;) for some large enough i, so by the hereditary property, H
isin K.

If H H' € K, pis an induced copy of H in M, and 7 is an induced copy
of H in H', we have some large enough 7 so that rng(p) € {0,1,...,n;} and
also K;+1 = H' (since the former happens cofinitely and the latter happens
infinitely often). We have constructed E;y; precisely so that there is some
induced copy 7" of H' in ({0,1,...,ni41}, Eit1) with mom = p. O

Theorem 9.19. Any two Fraissé limits of K are isomorphic.

Proof. Let M, N be Fraissé limits of K. We use a classic back-and-forth
argument, constructing a sequence of finite bijections. It suffices to show
that if 7 is a partial isomorphism from a finite subset of the domain of M to
a finite subset of the domain of N and a is an element of M, there is a partial
isomorphism 7/ O 7 with dom(7") = dom(7) U {a}. (To add some b € N to
the range, we can use the fact that 7! is also a partial isomorphism, use
the same result to get 7/ O 7~ ! and then rng(n’)~! = rng(m) U {b}.)

So suppose the partial isomorphism 7 is given. Then there are H, Hy
in K so that H is isomorphic to M | dom(w) and Hj is isomorphic to
M | dom(7) U {a}. Then rng(w) is a copy of H in N, and since N is a
Fraissé limit, rng(7) can be extended to a copy of Hy in N; we define 7’ by
mapping a to the new element in this copy of Hy. O
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We have already mentioned that the set of finite graphs is a Fraissé class,
and its Fraissé limit is the Rado graph. More generally, it is not hard to
see that the set of finite k-graphs, for any fixed k, is a Fraissé class (for the
amalgamation property, we may just take the union); there is an analogous
Fraissé limit, usually called the random k-graph. There are also variations
on these notions, like the random bipartite graph (the Fraissé limit of the
set of finite bipartite graphs), and similar variants for k-graphs.

For a slightly different looking class of structures, consider the collection
of triangle-free graphs—graphs with the property that, among any set of three
vertices, at least one edge is missing—forms a Fraissé class. The hereditary
property follows from the definition (if K has no triangles, removing vertices
will certainly not create a triangle). For the amalgamation property, if we
have H C Hy, H1, we can take the union of Hy and H; which adds no new
edges; then any set of three vertices is either totally contained in Hy (so
triangle-free because Hy is), totally contained in Hy (so triangle-free because
H, is), or contains a vertex in Hy \ H; and a vertex in H; \ Hy, and these
two have no edge between them.

Note that the same argument would apply in general to the collection of
k-graphs which contain no clique of m vertices, for any k < m.

9.5 Measures Concentrating on a Structure

The Fraissé limit of the triangle-free graphs is called the Henson graph. For
many years, it was an open question whether the Henson graph could be
generated randomly in a way analogous to the Rado graph—that is, is there
a probability measure on graphs which, with probability 1, gives a copy of
the Henson graph?

More generally, we can ask which k-graphs can be randomly generated
with probability 1—that is, when is there a probability measure which is
invariant under permutations which concentrates on k-graphs isomorphic to
a particular k-graph. The main constraint is the observation that “anything
which happens must happen infinitely often”. For instance, if there is a
postive probability of finding a triangle then, with probability 1, the graph
must contain infinitely many triangles: we can take infinitely many pairwise
disjoint sets of three vertices, and since each set of three vertices has the
same probability of being a triangle, independently of the others, infinitely
many must be one.

We can push this slightly further: if I take any set of vertices and ask
whether an extension to a particular graph happens, either the extension



9.5. MEASURES CONCENTRATING ON A STRUCTURE 269

never happens or it happens infinitely often. For instance, I can pick three
vertices which happen to be a triangle and ask whether they extend to a copy
of Ky4; I can take infinitely many vertices, and each has the same probability,
independently of the others, of completing the triangle to a Ky, so either this
has probability 0 and so never happens, or positive probability, and therefore
happens infinitely often.

Making this precise gives us the following property.

Definition 9.20. A structure M has trivial group-theoretic definable closure
if whenever S C N is finite and a & S, there is an automorphism of M which
fixes .S and moves a.

Not all Fraissé limits have this property. For example, let K be the
collection of matchings: graphs in which each vertex has degree at most
1. This certainly has the hereditary property. To see the amalgamation
property, note that H might have a vertex a with degree 0 but that 7y(a) and
m1(a) might both have degree 1. In this case H' must identify the neighbors
of a with the same vertex—we have 7((by) = 7] (b1), even though by, b; are
not in the range of my and 7.

The Fraissé limit is a graph with countably many isolated vertices and
countably many pairs of matched vertices. But if we hold one end of an
edge fixed, an automorphism cannot move the other end of the same edge:
knowing one end of an edge is enough to “define” the other end of the same
edge.

Conversely, not every structure with trivial group-theoretic definable
closure is a Fraissé limit. Consider the graph on N where there’s an edge
between any pair of distinct even vertices, and no others. That is, every
odd vertex is isolated while the even vertices form a single infinite clique.
This graph cannot be a Fraissé limit: consider the age of this graph, the
set of all finite induced sub-graphs; it consists of vertices with a single
finite clique and finitely many isolated vertices. This set does not have the
amalgamation property: take H to consist of a single vertex, let Hy consist
of two adjacent vertice, and let H; consist of two adjacent vertices together
with a third isolated vertex. Let mg : H — Hy map the vertex of H to
any vertex of Hg, let m; : H — H; map the vertex of H to the isolated
vertex of Hy. Then any amalgam would need two edges in distinct connected
components. On the other hand, this graph does have trivial group-theoretic
definable closure: we get an isomorphism by permuting the even vertices
and, separately, permuting the odd vertices; given any finite set S and any a,
we can find an automorphism holding S fixed and mapping a to any number
of the same parity not in S.
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Theorem 9.21. If M is a structure and p is a permutation invariant
probability measure which gives a copy of M with probability 1 then M has
trivial group-theoretic definable closure.

Proof. Consider some fixed finite S C N and some a ¢ S. For a given tuple
(ma, ... ,m|5‘,n) € N|S|+1, let us write Amw,m\spn for the event “there ex-
ists an isomorphism of X to M mapping my, ..., mg to S and n to a”. Since,
with probability 1, X is isomorphic to M, we have p(U,y,,

yees T 5|5TE Aml,...,m‘g‘,n)
1, so by countable additivity, there is some my, ..., m|g, n with N<Am1,-~,m\sw) >
0, and by permutation invariance, this holds for all (mq,..., mis|, n).
For fixed my, ..., mg|, we have 0 < u(U, Amh---,m\spﬂ < 1. This means
we cannot have u(UJ,, Am1,..-,m\s|,n) =, Aml,-..,m\s\,na so there must be n, n’
with (A, .. mys;n 0 Amy,...omygnt) > 0.
So consider some choice of X in this event, and let 7, 7’ be isomorphisms
of X taking my, ..., myg to S and n or n’ to a, respectively. Then 7’ o~ lis
an automorphism of M fixing S and mapping a to something other than a.
Since this holds for any S and any a € S, M does not have trivial
group-theoretic definable closure. O

In order to prove a converse, it is helpful to work directly with the way
automorphisms move elements around.

Definition 9.22. Given a structure M with universe N, write [M]y for the
collection of equivalence classes of N¢ under the automorphisms of M.

We can think of [M]; as representing a notion of “type” of a d-tuple,
where two tuples have the same type exactly when one can be mapped
to the other by an automorphism. (This is a bit stronger than the usual
model-theoretic notion of a type—more precisely, it’s roughly a type in the
logic L, «.) Note that each element of [M]; determines E—that is, each
element of [M]y, is either an equivalence class of edges or an equivalence class
of non-edges—since an automorphism certainly preserves whether there’s an
edge between a given k-tuple.

We are skirting the bounds of what it is reasonable to do while working
only with k-graphs. We should really think of this as the passage to a new
structure, M’; in an expanded language of first-order logic containing a
relation symbol for each element of each [M],. This new structure con-
tinues to have trivial group-theoretic definable closure, and additionally is
ultrahomogeneous—whenever we have a partial automorphism between finite
subsets, it can be extended to an automorphism of the whole structure.

Still, we can state this fact without introducing more abstraction.
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Lemma 9.23. Let d < dy,d; be given, and suppose we have (ny,...,ng) €
N¢, and two tuples (ny, .. .,ng,my, ... ,mgo_d) € N% and (ny,...,ng,mi, ..., m}ll_d) €
N1,
There exists a tuple (nl,...,nd,m%,...,mfll_d) e N which has the
same di-type as (ny,...,ng,mi, ... ,m}lrd) and so that {m9,. .. ,mgofd} N
{m?, ... >m¢211—d} =0.

This is essentially an almagamation theorem for types: it says that if p is
a sub-type of both py and p; then there is a type ps which amalgamates pg
and pjwithout identifying any elements of pg \ p with elements of p; \ p. In
this guise, it is a standard fact from model theory—that a when a structure
has both trivial group-theoretic definable closure and is ultrahomogeneous,
it has the strong amalgamation property, which is the strengthening of the
amalgamation property in which the copies of Hy and H; in H' do not share
any elements other than those in H.

Stating this directly as amalgamation about types, however, would require
some sort of notation for writing embeddings of types. Rather than introduce
this notation for one application, we have stated this more bare bones version
which suffices for us.

Proof. Let N = {ny,...,ng}, M = {m9, ... ,mgrd}, and M = {mi,... ,mcllrd}.
We show the claim by induction on |[M% N M?!|. If M° N M! = (), we may
simply take M? = M' and be done.

Otherwise, choose some m € M? N M'. Since M has trivial group-
theoretic definable closure, we may find an automorphism fixing N and
M°uU M'\ {m} and mapping m to some m’. Then m’' ¢ M°, so N U
(M'\ {m}) U {m'} has the same d;-type as (n1,...,ng,my,...,my _,), but
intersects M in one fewer point. The inductive hypothesis then gives the
desired M?2. O

We can now prove a converse to Theorem [0.21] giving us an exact
characterization of those structures which can be generated with probability
1 by a permutation invariant probability measure.

Theorem 9.24 (Ackerman—Freer—Patel). Suppose M has trivial definable
group-theoretic closure. Then there is a permutation invariant measure
which, with probability 1, concentrates on structures isomorphic to M.

The idea is that we’ll build our measure by deciding how to assign d-tuples
to elements of M: we’ll build our measure in stages where, at a given stage,
we've divided [0, 1] into intervals I3, ..., I;, and whenever (z1,...,x4) is a
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tuple with x; € I; for all i, we will have chosen an element of M, to assign
(21, 7).

Proof. We fix a list of all the “one-point extensions”—that is, all pairs (p, p)
where p € [M]g, p’ € [M]q11—s0 that all such pairs appear infinitely often.

At each stage, we will have a disjoint list of intervals I} < ... < I of
[0, 1] so that max Iy < 1, and a type p in [M],, and we have committed that
a tuple (x1,...,24) with ; € I; for all 7 will have type p.

At infinitely many stages, we refine an interval. Let j be such that |I;| is
largest and, if there are multiple such j, so j is least among such intervals.
We divide I; into two sub-intervals (say, by dividing in half). Consider any

representative (nq,...,ns) of the chosen type p. Fixing all elements other
than n;, there is an automorphism of M moving n; to some n; Let p' be
the type of (nq,..., nj,l,nj,ng»,njﬂ, ...,ng); we decide that a tuple from

from I1,...,1;/2,1;/2,..., I will be assigned to p'.

At infinitely many stages we arrange an extension. We choose the next
tuple (p,p’) our list. Let v be the number of sub-tuples of ps; which are p. We
take the interval [max I, 1] and divide it into v sub-intervals Iy, ..., s iy.
For each Iy ;, we want to ensure that the j-th interval extends the j-th tuple
to a copy of p’. By strong amalgamation, we can then amalgamate these all
to find a pgq1.

The way we have defined our measure, it is only defined up to measure
0 (a countable set of points are boundaries of intervals); we can define the
measure arbitrarily on tuples containing a boundary.

Now suppose we choose some structure A according to u. We must show
that, with probability 1, it is isomorphic to M. We use a back-and-forth
argument. Suppose we have constructed a finite automorphism m : M — N.
Let (z1,...,2q) be the range of NV, in increasing order.

Given any a € N\ dom(w), consider the type of dom(7) U {a}. At some
later stage, we considered dom(7), dom(7)U{a}, and at that stage, we added
an interval so that any element from that interval would give the desired
type; with probability 1, N contains that element as an interval, so we may
choose that for 7(a).

Given any b € |N|\ {rng(n)}, we chose (z1,...,z4,b) from some intervals,
which were assigned to some type in [M]g41. Since this type extends the
type of dom(7), there must be an element of M realizing the type, so we set
m(a) = b. O
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9.6 Remarks

The study of exchangeable array, in their current generality begins with [4],
which proves the k = 2 case of the Aldous—Hoover Theorem. The general
case was settled in [86], using model theoretic methods similar to those
we have used here. Many subsequent results on exchangeable arrays and
variations on the idea are described in [95]. The connection with graph limits
was noted in [43].

The construction of a probability measure concentrating on the Henson
graph is from [127], which was then generalized to the construction given
here in [1].

There is a connection between the properties of Fraissé classes and the
properties of measures which are invariant under the automorphisms of the
Fraissé limit. If G is the group automorphisms (or, indeed, any group), a
G-invariant measure is a G-flow. The study of these is a large topic we cannot
begin to survey here, but one fundamental result is [96], which connects the
Ramsey properties of the Fraissé class (that is, the question of whether one
can “color” substructures of the Fraissé limit and then find a copy of the
Fraissé limit which is monochromatic) to the extreme amenability of the
G-flow.



274 CHAPTER 9. RANDOM COUNTABLE GRAPHS



Index of Notation

el

Kw
Kodd

Loo 82 1 ) 157
1, 1230

Qq,
T

THJ@L(I}@I;IEI

(s 212(u,), [L36
lim,, .5, |b]
lim, 7, @
E( | -),[164
R3(V), [224
R, B]

Ry /2, [10]
R1/2(V)7
Y/ . P62

21550k

275

B(y),
B(uk)7
B(kfl)’ 248
Bs1,[156
BY 1, [155
By 1, 227
B, [227
Br.m, 23
Bkm, 235

D,(V, EY, 230
N 6,65
Rsym’ @

C(—), 25

C37@




276 INDEX OF NOTATION

C, 209 dg,

5 o0 T

7., P20 th (G), [14

Ejd"'wjl 240 tlg}/d’ @.

4 tr, [L3}, B9} 100} 2Z3]
By, pad tn(f),
{0’1}<n’ II,’u“@

e, (T 2i(n, d), [251]



Index

0-Good, of a graph in another graph,

e-Net, 13

p-Approximation, [90] [02] Potential, 13| 09]

i-Doubling, Countable,

m-Bounded Intersections, [236 Crosses, [220

Absolutely continuous, [109] Degree,

Adjacency matrix, Dissociated,

Algebra, Distal Cell Decomposition, 21|
o-, [86] Distance,

Amalgamation property, 265 Dual to U2, [153
Strong, [271

Arithmetic progression, [7] Edge, 0]

Atomless, [08] k-,

Axiom of Choice, Edge density,

Eigenvalue, [39]
Binary tree, [209] Evenly distributed,

Exchangeable,
Cardinality,

Coarse pseudofinite dimension, Filter,
214 Freéchet,
Conditional Expectation, [163 Free,
Conjecture Finite diameter, [75]
Erdés-Hajnal, Fraissé limit,
Convergent subsequence, Fubini Property,
Converges, [5]] Function
Copy internal, [71]
Actual, symmetric, [I9]
Induced, Function, characteristic,

277



278

Graph, [9]
k-,
complete bipartite,
Ground, [64]
Half,
Henson, [26§]

Linear k-,
Measurable,

Measurable k-,

path,

random,
Graphon, [192]

Has proper neighborhoods,
Hereditary property, [265]
Homogeneous, [216|

Hypergraphon,

Inequality
Cauchy-Schwarz,
concetration, [I0]
Hoeffding, [T1]
McDiarmid’s,

Inner product, [1306]

Internal Cardinality,

Lemma

Counting, [242]
Strong Szemerédi Regularity,

18T
Szemerédi Regularity, [180

Length,

Measurable equivalence, [I89]
Measure

Counting, [I§]

Pre-, [87]
Probability,

Neighborhood, [32]
NIP, [19§

INDEX

Nonstandard Natural Number,
210
Nonstandard Real Number, 213
Bounded,
Standard Part, 213]
Norm
L2, [136]
U2,
vV, [3§

Payley graph, [45]
Point of density, [240
Probability measure space,
Probability space

Keisler graded,

Projection, [165]

Quasirandom, [38] [13]]
("), [227
(%, 1235

Radon-Nikodym derivative, [L09
Random Countable Substructure,
Regular,

Representative, [63]

Root,

Seminorm,

Set
u-approximable,
p-null, [39] 92]

Cylinder,
Cylinder intersection, 235
internal, [70]
Set system, [I99]
Shatters,
Stable, [207]
L
Stirling’s Approximation,



INDEX

Strict ladder, 207]

Subgraph density,
induced, [14]

Subtree, [209]

Theorem
Lo$, [74
Ackerman-Freer—Patel,
Aldous—Hoover, 263
Arrow’s Impossibility,
Bolzano—Weierstrass, [50]
di Finetti’s,
Erdés—Makkai, [207]
Fraissé’s,
Gowers—Cauchy—Schwarz, [139]
Graph Removal,
Hypergraph Removal,
Maharam’s,
Mantel’s,
Roth’s, [I77]
Saturation,
Sauer—Shelah, [200]
Spectral,
Szemerédi’s, [7], [243]

279

Transfer, [I50]
Transfer, Metastable, [194]

Triangle Removal,
Turén’s, [112
Zorn’s Lemma, [59]
Tournament, [225]
Triangle,
degenerate,
Trivial group-theoretic definable

closure, [269]
Tuple

w-,

Ultrafilter,
nonprincipal, [54]
Ultralimit, [56]
Ultraproduct, [64]
Uncountable,

VC Dimension,
VCj,—1 Dimension, [250]
Vertex, [9]

Zarankiewicz Numbers, [25]]



280 INDEX



Bibliography

N. Ackerman, C. Freer, and R. Patel. “Invariant measures concentrated
on countable structures”. In: Forum Math. Sigma 4 (2016), €17, 59.
1SSN: 2050-5094 (cit. on p. [273]).

N. Ackerman, C. Freer, and R. Patel. “Stable regularity for rela-
tional structures”. In: arXiv preprint arXiv:1712.09305 (2017) (cit.
on p. [222)).

E. Aigner-Horev et al. “Quasirandomness in hypergraphs”. In: FElec-
tron. J. Combin. 25.3 (2018), Paper No. 3.34, 22 (cit. on p. [253]).

D. J. Aldous. “Representations for partially exchangeable arrays of
random variables”. In: J. Multivariate Anal. 11.4 (1981), pp. 581-598.
ISSN: 0047-259X (cit. on pp. 273]).

N. Alon and A. Shapira. “A characterization of the (natural) graph
properties testable with one-sided error”. In: SIAM J. Comput. 37.6
(2008), pp. 1703-1727. 1ssN: 0097-5397 (cit. on p. [195)).

N. Alon and A. Shapira. “Testing subgraphs in directed graphs”. In:
J. Comput. System Sci. 69.3 (2004), pp. 353-382. 1SSN: 0022-0000
(cit. on p. [195)).

N. Alon and J. H. Spencer. The probabilistic method. Fourth. Wiley
Series in Discrete Mathematics and Optimization. John Wiley & Sons,
Inc., Hoboken, NJ, 2016, pp. xiv+375. 1SBN: 978-1-119-06195-3 (cit. on

p- f6).
N. Alon et al. “Efficient testing of large graphs”. In: Combinatorica
20.4 (2000), pp. 451-476. 1sSN: 0209-9683 (cit. on pp. 195)).

N. Alon et al. “Scale-sensitive dimensions, uniform convergence, and

learnability”. In: J. ACM 44.4 (1997), pp. 615-631. 1sSN: 0004-5411
(cit. on p. [222]).

281



282

[10]

[11]

BIBLIOGRAPHY

J. Avigad and J. Helzner. “Transfer principles in nonstandard intu-
itionistic arithmetic”. In: Arch. Math. Logic 41.6 (2002), pp. 581-602.
1SSN: 0933-5846 (cit. on p. [151)).

J. Avigad, P. Gerhardy, and H. Towsner. “Local stability of ergodic
averages”. In: Trans. Amer. Math. Soc. 362.1 (2010), pp. 261-288.
1SSN: 0002-9947 (cit. on p. [195]).

J. Avigad and J. Iovino. “Ultraproducts and metastability”. In: New
York J. Math. 19 (2013), pp. 713-727. 1SSN: 1076-9803 (cit. on p. [L95)).

J. Avigad and H. Towsner. “Metastability in the Furstenberg-Zimmer
tower”. In: Fund. Math. 210.3 (2010), pp. 243-268. 1SSN: 0016-2736
(cit. on p. [7)).

I. Ben Yaacov et al. “Model theory for metric structures”. In: Model
theory with applications to algebra and analysis. Vol. 2. Ed. by Z.
Chatzidakis et al. Vol. 350. London Math. Soc. Lecture Note Ser.
Cambridge Univ. Press, Cambridge, 2008, pp. 315-427. 1SBN: 978-0-
521-70908-8 (cit. on p. [82).

B. van den Berg and S. Sanders. “Reverse mathematics and parameter-

free transfer”. In: Ann. Pure Appl. Logic 170.3 (2019), pp. 273-296.
1SSN: 0168-0072 (cit. on p. [151)).

V. Bergelson et al., eds. Ultrafilters across mathematics. Vol. 530.
Contemporary Mathematics. Papers from the International Congress
on Applications of Ultrafilters and Ultraproducts in Mathematics (UL-
TRAMATH 2008) held in Pisa, June 1-7, 2008. American Mathemati-
cal Society, Providence, RI, 2010, pp. x+200. 1SBN: 978-0-8218-4833-3
(cit. on p. [81).

A. Blass. “A model without ultrafilters”. In: Bull. Acad. Polon. Sci.
Sér. Sci. Math. Astronom. Phys. 25.4 (1977), pp. 329-331. 1sSN: 0001-
4117 (cit. on p. [59).

B. Bollobas. Random graphs. Academic Press, Inc. [Harcourt Brace
Jovanovich, Publishers], London, 1985, pp. xvi+447. 1SBN: 0-12-111755-
3; 0-12-111756-1 (cit. on p. [46).

B. Bollobas and P. Erdds. “On the structure of edge graphs”. In: Bull.
London Math. Soc. 5 (1973), pp. 317-321. 1SSN: 0024-6093 (cit. on
p-[113)).

M. Brianski, P. Micek, and M. Pilipczuk Michatand Seweryn. “Erdés-
Hajnal properties for powers of sparse graphs”. In: SIAM J. Discrete
Math. 35.1 (2021), pp. 447-464. 13SN: 0895-4801 (cit. on p. [220]).



BIBLIOGRAPHY 283

[21]

[22]

23]

[24]

[25]

B. Chazelle. The discrepancy method. Randomness and complexity.
Cambridge University Press, Cambridge, 2000, pp. xviii4+463. ISBN:
0-521-77093-9 (cit. on p. [A7).

A. Chernikov, D. Galvin, and S. Starchenko. “Cutting lemma and
Zarankiewicz’s problem in distal structures”. In: Selecta Math. (N.S.)
26.2 (2020), Paper No. 25, 27. 1sSN: 1022-1824 (cit. on p. [218)).

A. Chernikov, D. Palacin, and K. Takeuchi. “On n-dependence”. In:
Notre Dame J. Form. Log. 60.2 (2019), pp. 195-214. 1SsN: 0029-4527

(cit. on p. [253)).

A. Chernikov and P. Simon. “Externally definable sets and dependent
pairs I1”. In: Trans. Amer. Math. Soc. 367.7 (2015), pp. 5217-5235.
1SSN: 0002-9947 (cit. on p. [220)).

A. Chernikov and S. Starchenko. “A note on the Erdés-Hajnal property
for stable graphs”. In: Proc. Amer. Math. Soc. 146.2 (2018), pp. 785
790. 1SSN: 0002-9939 (cit. on p. [222)).

A. Chernikov and S. Starchenko. “Definable regularity lemmas for NIP
hypergraphs”. In: arXiv preprint arXiv:1607.07701 (2016) (cit. on

p. [222)).
A. Chernikov and S. Starchenko. “Regularity lemma for distal struc-
tures”. In: J. Bur. Math. Soc. (JEMS) 20.10 (2018), pp. 2437-2466.

ISSN: 1435-9855 (cit. on pp. 222)).

A. Chernikov and H. Towsner. “Hypergraph regularity with forbidden
patterns”. in preparation (cit. on p. [253)).

F. R. K. Chung and R. L. Graham. “Quasi-random hypergraphs”.
In: Random Structures Algorithms 1.1 (1990), pp. 105-124. 1SSN:
1042-9832 (cit. on p. [253)).

F. R. K. Chung, R. L. Graham, and R. M. Wilson. “Quasi-random
graphs”. In: Combinatorica 9.4 (1989), pp. 345-362. 1SSN: 0209-9683
(cit. on pp. {47} [151]).

F. R. K. Chung. “Quasi-random classes of hypergraphs”. In: Random
Structures Algorithms 1.4 (1990), pp. 363-382. 1SsN: 1042-9832 (cit. on
p- [253)).

F. R. K. Chung. “Regularity lemmas for hypergraphs and quasi-
randomness”. In: Random Structures Algorithms 2.2 (1991), pp. 241—
252. 18SN: 1042-9832 (cit. on p. [253)).



[34]

BIBLIOGRAPHY

F. R. K. Chung. Spectral graph theory. Vol. 92. CBMS Regional
Conference Series in Mathematics. Published for the Conference Board
of the Mathematical Sciences, Washington, DC; by the American
Mathematical Society, Providence, RI, 1997, pp. xii+207. 1SBN: 0-
8218-0315-8 (cit. on p. [A7).

V. Chvéatal and E. Szemerédi. “Notes on the Erdés-Stone theorem”. In:
Combinatorial mathematics (Marseille-Luminy, 1981). Vol. 75. North-
Holland Math. Stud. North-Holland, Amsterdam, 1983, pp. 183-190
(cit. on p.|113)).

G. Conant, A. Pillay, and C. Terry. “A group version of stable regu-
larity”. In: Mathematical Proceedings of the Cambridge Philosophical
Society. Cambridge University Press. 2018, pp. 1-9 (cit. on p. [222)).

D. Conlon and J. Fox. “Graph removal lemmas”. In: Surveys in
combinatorics 2013. Vol. 409. London Math. Soc. Lecture Note Ser.
Cambridge Univ. Press, Cambridge, 2013, pp. 1-49 (cit. on p. [195]).

D. Conlon, J. Fox, and B. Sudakov. “An approximate version of
Sidorenko’s conjecture”. In: Geom. Funct. Anal. 20.6 (2010), pp. 1354—

1366. 1sSN: 1016-443X (cit. on pp. 151]).
L. N. Coregliano and A. A. Razborov. “Semantic limits of dense combi-

natorial objects”. In: Uspekhi Mat. Nauk 75.4(454) (2020), pp. 45-152.
1SSN: 0042-1316 (cit. on p. [253)).

L. N. Coregliano and M. Malliaris. Countable Ramsey. 2022 (cit. on
b. B22).

L. N. Coregliano and A. A. Razborov. Natural quasirandommness
properties. 2020. eprint: arXiv:2012.11773 (cit. on pp. .

M. Di Nasso, I. Goldbring, and M. Lupini. “Nonstandard Methods
in Ramsey Theory and Combinatorial Number Theory”. In: ArXiv
e-prints (Sept. 2017). eprint: [1709.04076| (math.CO) (cit. on p. [B1)).

M. Di Nasso. “Hypernatural numbers as ultrafilters”. In: Nonstandard
analysis for the working mathematician. Springer, Dordrecht, 2015,

pp. 443-474 (cit. on p. [81)).
P. Diaconis and S. Janson. “Graph limits and exchangeable random

graphs”. In: Rend. Mat. Appl. (7) 28.1 (2008), pp. 33-61. 1SsN: 1120-
7183 (cit. on p. [273]).


arXiv:2012.11773
1709.04076

BIBLIOGRAPHY 285

[44]

[45]

[46]

R. M. Dudley. “A course on empirical processes”. In: Ecole d’été de
probabilités de Saint-Flour, XII—1982. Vol. 1097. Lecture Notes in
Math. Papers from the summer school held in Saint-Flour, August
22-September 8, 1982, Edited by P. L. Hennequin. Berlin: Springer,
1984, pp. 1-142. 1SBN: 3-540-13897-8 (cit. on p. 222).

R. M. Dudley, E. Giné, and J. Zinn. “Uniform and universal Glivenko-
Cantelli classes”. In: J. Theoret. Probab. 4.3 (1991), pp. 485-510. 1SSN:

0894-9840 (cit. on p. [222]).

E. Duefiez and J. Iovino. “Model theory and metric convergence I:
Metastability and dominated convergence”. In: Beyond First Order
Model Theory. Chapman and Hall/CRC, 2017 (cit. on p. [195).

G. Elek and B. Szegedy. “Limits of Hypergraphs, Removal and Regu-
larity Lemmas. A Non-standard Approach”. unpublished. 2007 (cit. on
p- [253)).

G. Elek and B. Szegedy. “A measure-theoretic approach to the theory
of dense hypergraphs”. In: Adv. Math. 231.3-4 (2012), pp. 1731-1772.

1SSN: 0001-8708 (cit. on pp. 195)).

H. B. Enderton. A mathematical introduction to logic. Second. Har-
court/Academic Press, Burlington, MA, 2001, pp. xii+317. ISBN:
0-12-238452-0 (cit. on p. B1)).

P. Erdés and J. Spencer. “Imbalances in k-colorations”. In: Networks
1 (1971/72), pp. 379-385. 1SSN: 0028-3045 (cit. on p. [47)).

P. Erdos and A. H. Stone. “On the structure of linear graphs”. In:
Bull. Amer. Math. Soc. 52 (1946), pp. 1087-1091. 1sSN: 0002-9904

(cit. on p. |[113]).
V. Falgas-Ravry and E. R. Vaughan. “On applications of Razborov’s

flag algebra calculus to extremal 3-graph theory”. In: ArXiv e-prints
(Oct. 2011). arXiv: 1110.1623 [math.C0] (cit. on p.[130).

V. Falgas-Ravry and E. R. Vaughan. “Turdan H-densities for 3-graphs”.
In: Electron. J. Combin. 19.3 (2012), Paper 40, 26. 1SSN: 1077-8926
(cit. on p. [130]).

S. Feferman. “Some applications of the notions of forcing and generic
sets”. In: Fund. Math. 56 (1964/1965), pp. 325-345. 1sSN: 0016-2736
(cit. on p. [p9).

P. Fletcher. “Nonstandard set theory”. In: J. Symbolic Logic 54.3
(1989), pp. 1000-1008. 1sSN: 0022-4812 (cit. on p. [151)).


https://arxiv.org/abs/1110.1623

286
[56]

[57]

BIBLIOGRAPHY

J. Fox. “A new proof of the graph removal lemma”. In: Ann. of Math.
(2) 174.1 (2011), pp. 561-579. 1ssN: 0003-486X (cit. on p. [195)).

J. Fox and L. M. Lovasz. “A tight lower bound for Szemerédi’s
regularity lemma”. In: Combinatorica 37.5 (2017), pp. 911-951. 1SSN:

0209-9683 (cit. on p. [[94).

J. Fox, J. Pach, and A. Suk. “A polynomial regularity lemma for
semialgebraic hypergraphs and its applications in geometry and prop-
erty testing”. In: SIAM J. Comput. 45.6 (2016), pp. 2199-2223. 1SSN:

0097-5397 (cit. on p. [222)).

J. Fox et al. “Overlap properties of geometric expanders”. In: J. Reine
Angew. Math. 671 (2012), pp. 49-83. 1sSN: 0075-4102 (cit. on p. [222)).

P. Frankl and V. Rodl. “Extremal problems on set systems”. In:
Random Structures Algorithms 20.2 (2002), pp. 131-164. 1SSN: 1042-

9832 (cit. on p. [253]).

D. H. Fremlin. Measure theory. Vol. 3. Measure algebras, Corrected
second printing of the 2002 original. Torres Fremlin, Colchester, 2004,

pp. 693+13. 1sBN: 0-9538129-3-6 (cit. on pp. 263)).

A. Frieze and R. Kannan. “Quick approximation to matrices and
applications”. In: Combinatorica 19.2 (1999), pp. 175-220. 1sSN: 0209-
9683 (cit. on p. [195).

A. Frieze and M. Karonski. Introduction to random graphs. Cambridge
University Press, Cambridge, 2016, pp. xvii+464. 1SBN: 978-1-107-
11850-8 (cit. on p. [46)).

Z. Firedi and J. Pach. “Traces of finite sets: extremal problems
and geometric applications”. In: Extremal problems for finite sets
(Visegrad, 1991). Vol. 3. Bolyai Soc. Math. Stud. Janos Bolyai Math.
Soc., Budapest, 1994, pp. 251-282 (cit. on p. [222)).

H. Furstenberg, Y. Katznelson, and D. Ornstein. “The ergodic the-
oretical proof of Szemerédi’s theorem”. In: Bull. Amer. Math. Soc.
(N.S.) 7.3 (1982), pp. 527-552. 1SSN: 0273-0979 (cit. on p. [7)).

H. Furstenberg. “Ergodic behavior of diagonal measures and a theorem
of Szemerédi on arithmetic progressions”. In: J. Analyse Math. 31
(1 1977). 10.1007/BF02813304, pp. 204-256. 1sSN: 0021-7670 (cit. on

pp. [7} [105).
D. Garcia. “A note on pseudofinite dimension and forking”. In: arXiv
preprint arXiv:1402.5212 (2014) (cit. on p. [222]).



BIBLIOGRAPHY 287

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[77]

(78]

D. Garcia, D. Macpherson, and C. Steinhorn. “Pseudofinite structures
and simplicity”. In: J. Math. Log. 15.1 (2015), pp. 1550002, 41. 1SSN:

0219-0613 (cit. on p. [222]).

A. Gelman and D. Nolan. “You can load a die, but you can’t bias a
coin”. In: The American Statistician 56.4 (2002), pp. 308-311 (cit. on

p-B1).
R. Goldblatt. Lectures on the hyperreals. Vol. 188. Graduate Texts

in Mathematics. An introduction to nonstandard analysis. Springer-
Verlag, New York, 1998, pp. xiv+289. 1SBN: 0-387-98464-X (cit. on

op. 7] 1} {107 [51).

I. Goldbring and H. Towsner. “An approximate logic for measures”.
English. In: Israel Journal of Mathematics 199.2 (2014), pp. 867-913.

1SSN: 0021-2172 (cit. on pp. [7}, [130)).

I. Goldbring and H. Towsner. “Dividing and weak quasi-dimensions in
arbitrary theories”. In: Arch. Math. Logic 54.7-8 (2015), pp. 915-920.
1SSN: 0933-5846 (cit. on p. [222]).

O. Goldreich. “Introduction to testing graph properties”. In: Studies
in complexity and cryptography. Vol. 6650. Lecture Notes in Comput.
Sci. Springer, Heidelberg, 2011, pp. 470-506 (cit. on p. [194)).

A. W. Goodman. “On sets of acquaintances and strangers at any
party”. In: Amer. Math. Monthly 66 (1959), pp. 778-783. 1SsN: 0002-

9890 (cit. on pp. 116]).
W. T. Gowers. “A new proof of Szemerédi’s theorem”. In: Geom.

Funct. Anal. 11.3 (2001), pp. 465-588. 1SSN: 1016-443X (cit. on pp.
151).

W. T. Gowers. “Hypergraph regularity and the multidimensional
Szemerédi theorem”. In: Ann. of Math. (2) 166.3 (2007), pp. 897-946.
1SSN: 0003-486X (cit. on pp. E 253)).

W. T. Gowers. “Lower bounds of tower type for Szemerédi’s uniformity
lemma”. In: Geom. Funct. Anal. 7.2 (1997), pp. 322-337. 1sSN: 1016-
443X (cit. on p. [194)).

W. T. Gowers. “Quasirandomness, counting and regularity for 3-

uniform hypergraphs”. In: Combin. Probab. Comput. 15.1-2 (2006),
pp. 143-184. 1SSN: 0963-5483 (cit. on p. 253).



[84]

BIBLIOGRAPHY

S. W. Graham and C. J. Ringrose. “Lower bounds for least quadratic
nonresidues”. In: Analytic number theory (Allerton Park, IL, 1989).
Vol. 85. Progr. Math. Birkhduser Boston, Boston, MA, 1990, pp. 269—
309 (cit. on p. [46)).

B. Green and T. Tao. “Yet another proof of Szemerédi’s theorem”.
In: An drregular mind. Vol. 21. Bolyai Soc. Math. Stud. Janos Bolyai
Math. Soc., Budapest, 2010, pp. 335-342 (cit. on p.[7)).

N. G. Hadziivanov and V. S. Nikiforov. “The Nordhaus-Stewart-Moon-
Moser inequality”. In: Serdica 4.4 (1978), pp. 344-350. 1SsN: 0204-4110
(cit. on p. [116)).

H. Hatami. “Graph norms and Sidorenko’s conjecture”. In: Israel J.
Math. 175 (2010), pp. 125-150. 1sSN: 0021-2172 (cit. on pp. 151]).

C. W. Henson and J. Iovino. “Ultraproducts in analysis”. In: Analysis
and logic (Mons, 1997). Vol. 262. London Math. Soc. Lecture Note
Ser. Cambridge Univ. Press, Cambridge, 2002, pp. 1-110 (cit. on
p. 2.

N. Hindman and D. Strauss. Algebra in the Stone-Cech compactifica-
tion. De Gruyter Textbook. Theory and applications, Second revised
and extended edition [of MR1642231]. Walter de Gruyter & Co.,
Berlin, 2012, pp. xviii+591. 1SBN: 978-3-11-025623-9 (cit. on p. .

W. Hodges. A shorter model theory. Cambridge University Press,
Cambridge, 1997, pp. x+310. 1SBN: 0-521-58713-1 (cit. on p. [209).

D. Hoover. Relations on Probability Spaces and Arrays of Random
Variables. Preprint. Institute for Advanced Study, Princeton, NJ, 1979
(cit. on pp. 273).

B. Host and B. Kra. “Nonconventional ergodic averages and nilmani-

folds”. In: Ann. of Math. (2)161.1 (2005). 10.4007/annals.2005.161.397,
pp. 397-488. 15SN: 0003-486X (cit. on p.[7)).

P. Howard and J. E. Rubin. Consequences of the axiom of choice.
Vol. 59. Mathematical Surveys and Monographs. With 1 IBM-PC
floppy disk (3.5 inch; WD). American Mathematical Society, Provi-
dence, RI, 1998, pp. viii+432. 1SBN: 0-8218-0977-6 (cit. on p. [59).

E. Hrushovski. “On pseudo-finite dimensions”. In: Notre Dame J.
Form. Log. 54.3-4 (2013), pp. 463-495. 1SSN: 0029-4527 (cit. on p.[222)).

E. Hrushovski. “Stable group theory and approximate subgroups”.
In: J. Amer. Math. Soc. 25.1 (2012), pp. 189-243. 1sSN: 0894-0347

(cit. on pp. 222).



BIBLIOGRAPHY 289

[91] S. Janson. “Large deviations for sums of partly dependent random
variables”. In: Random Structures Algorithms 24.3 (2004), pp. 234-248.
ISSN: 1042-9832 (cit. on p. [261)).

[92] S. Janson, T. Luczak, and A. Rucinski. Random graphs. Wiley-
Interscience Series in Discrete Mathematics and Optimization. Wiley-
Interscience, New York, 2000, pp. xii+333. 1SBN: 0-471-17541-2 (cit. on
p. [i6).

[93] T. Jech. Set theory. Springer Monographs in Mathematics. The third

millennium edition, revised and expanded. Springer-Verlag, Berlin,
2003, pp. xiv+769. 1SBN: 3-540-44085-2 (cit. on p. [81).

[94] Y. Jiang et al. “Regular partitions of gentle graphs”. In: Acta Math.
Hungar. 161.2 (2020), pp. 719-755. 1SSN: 0236-5294 (cit. on p. [220)).

[95] O. Kallenberg. Probabilistic symmetries and invariance principles.
Probability and its Applications (New York). New York: Springer,
2005, pp. xii+510. 1SBN: 978-0387-25115-8; 0-387-25115-4 (cit. on

p. [273).
[96] A.S. Kechris, V. G. Pestov, and S. Todorcevic. “Fraissé limits, Ramsey

theory, and topological dynamics of automorphism groups”. In: Geom.
Funct. Anal. 15.1 (2005), pp. 106-189. 1sSN: 1016-443X (cit. on p. [273)).

[97] H. J. Keisler. “Probability quantifiers”. In: Model-theoretic logics. Ed.
by J. Barwise and S. Feferman. Perspect. Math. Logic. Springer, New
York, 1985, pp. 509-556. 1SBN: 0-387-90936-2 (cit. on p. [105).

[98] Y. Kohayakawa, V. R6dl, and J. Skokan. “Hypergraphs, quasi-randomness,
and conditions for regularity”. In: J. Combin. Theory Ser. A 97.2
(2002), pp. 307-352. 18SN: 0097-3165 (cit. on p. [253)).

[99] U. Kohlenbach and L. Leugtean. “A quantitative mean ergodic theorem
for uniformly convex Banach spaces”. In: Ergodic Theory Dynam.
Systems 29.6 (2009), pp. 1907-1915. 1sSN: 0143-3857 (cit. on p. [195]).

[100] U. Kohlenbach. “Some logical metatheorems with applications in
functional analysis”. In: Trans. Amer. Math. Soc. 357.1 (2005), 89—
128 (electronic). 1SsN: 0002-9947 (cit. on p. [195)).

[101] U. Kohlenbach and P. Safarik. “Fluctuations, effective learnability
and metastability in analysis”. In: Ann. Pure Appl. Logic 165.1 (2014),
pp. 266-304. 1sSN: 0168-0072 (cit. on p. [195]).



290

[102]

[103]

[104]

105

106

107]

108]

[109]

[110]

[111]

BIBLIOGRAPHY

J. Komlés and M. Simonovits. “Szemerédi’s Regularity Lemma and
its applications in graph theory”. In: Combinatorics, Paul Erdds is
Eighty, Vol 2. Ed. by D. Miklos et al. Janos Bolyai Mathematical
Society, 1996, pp. 295-352 (cit. on p. [194)).

J. Komlés et al. “The regularity lemma and its applications in graph
theory”. In: Theoretical aspects of computer science (Tehran, 2000).
Vol. 2292. Lecture Notes in Comput. Sci. Springer, Berlin, 2002,

pp. 84-112 (cit. on p. [194]).
M. Krivelevich and B. Sudakov. “Pseudo-random graphs”. In: More

sets, graphs and numbers. Vol. 15. Bolyai Soc. Math. Stud. Springer,
Berlin, 2006, pp. 199-262 (cit. on p. .

K. Kunen. Set theory. Vol. 34. Studies in Logic (London). College
Publications, London, 2011, pp. viii+401. 1SBN: 978-1-84890-050-9

(cit. on p. [81).
M. C. Laskowski. “Vapnik-Chervonenkis classes of definable sets”. In:
J. London Math. Soc. (2) 45.2 (1992), pp. 377-384. 1ssN: 0024-6107

(cit. on p. [222)).
J. Lenz and D. Mubayi. “The poset of hypergraph quasirandomness”.

In: Random Structures Algorithms 46.4 (2015), pp. 762-800. ISSN:
1042-9832 (cit. on p. [253)).

P. A. Loeb. “Conversion from nonstandard to standard measure spaces
and applications in probability theory”. In: Trans. Amer. Math. Soc.
211 (1975), pp. 113-122. 1sSN: 0002-9947 (cit. on p. [105)).

L. Lovasz and M. Simonovits. “On the number of complete subgraphs
of a graph. II”. In: Studies in pure mathematics. Birkhduser, Basel,
1983, pp. 459-495 (cit. on p. [116])).

L. Lovasz. Large networks and graph limits. Vol. 60. American Math-
ematical Society Colloquium Publications. American Mathematical
Society, Providence, RI, 2012, pp. xiv+475. 1SBN: 978-0-8218-9085-1

(cit. on p. [195)).

L. Lovasz and B. Szegedy. “Regularity partitions and the topology of
graphons”. In: An irreqular mind. Ed. by I. Bardny and J. Solymosi.
Vol. 21. Bolyai Soc. Math. Stud. Szemerédi is 70. Budapest: Janos
Bolyai Math. Soc., 2010, pp. 415-446. 1SBN: 978-963-9453-14-2; 978-3-

642-14443-1 (cit. on p. [222]).



BIBLIOGRAPHY 291

[112]

[113]

114]

[115]

[116]

[117)

[118]

[119]

[120]

[121]

[122]

[123]

D. Maharam. “On homogeneous measure algebras”. In: Proc. Nat.
Acad. Sci. U.S.A. 28 (1942), pp. 108-111. 1sSN: 0027-8424 (cit. on
p- [189)).

M. Makkai. “Stone duality for first order logic”. In: Adv. in Math.
65.2 (1987), pp. 97-170. 1SSN: 0001-8708 (cit. on p. [74).

M. Malliaris and S. Shelah. “Regularity lemmas for stable graphs”. In:
Trans. Amer. Math. Soc. 366.3 (2014), pp. 1551-1585. 1SSN: 0002-9947
(cit. on p. [222]).

M. Malliaris and A. Pillay. “The stable regularity lemma revisited”. In:
Proc. Amer. Math. Soc. 144.4 (2016), pp. 1761-1765. 1SSN: 0002-9939

(cit. on p. [222]).

J. Matousek. Lectures on discrete geometry. Vol. 212. Graduate Texts
in Mathematics. New York: Springer-Verlag, 2002, pp. xvi4481. ISBN:
0-387-95373-6 (cit. on pp. 222]).

J. Matousek. “Geometric set systems”. In: Furopean Congress of Math-
ematics, Vol. II (Budapest, 1996). Vol. 169. Progr. Math. Birkh&user,
Basel, 1998, pp. 1-27 (cit. on p. [222)).

J. W. Moon and L. Moser. “On a problem of Turan”. In: Magyar Tud.
Akad. Mat. Kutato Int. Kézl. 7 (1962), pp. 283-286 (cit. on p. [116]).

G. Moshkovitz and A. Shapira. “A short proof of Gowers’ lower bound
for the regularity lemma”. In: Combinatorica 36.2 (2016), pp. 187-194.
1SSN: 0209-9683 (cit. on p. [194]).

J. S. Myers. “Graphs without large complete minors are quasi-random”.
In: Combin. Probab. Comput. 11.6 (2002), pp. 571-585. 1SSN: 0963-
5483 (cit. on p. [47).

B. Nagle, V. Rédl, and M. Schacht. “The counting lemma for regular k-
uniform hypergraphs”. In: Random Structures Algorithms 28.2 (2006),
pp. 113-179. 1SSN: 1042-9832 (cit. on pp. 7, [253).

E. Nelson. “Internal set theory: a new approach to nonstandard

analysis”. In: Bull. Amer. Math. Soc. 83.6 (1977), pp. 1165-1198.
1SSN: 0002-9904 (cit. on p. [151]).

V. Nikiforov. “Eigenvalues and extremal degrees of graphs”. In: Linear
Algebra Appl. 419.2-3 (2006), pp. 735-738. 1SSN: 0024-3795 (cit. on

p. 7).



292 BIBLIOGRAPHY

[124] E. A. Nordhaus and B. M. Stewart. “Triangles in an ordinary graph”.
In: Canad. J. Math. 15 (1963), pp. 33-41. 1sSN: 0008-414X (cit. on
p. [[16).

[125] E. Palmgren. “A constructive approach to nonstandard analysis”.
In: Ann. Pure Appl. Logic 73.3 (1995), pp. 297-325. 1SsN: 0168-0072
(cit. on p. |151)).

[126] E. Palmgren. “A note on Brouwer’s weak continuity principle and the
transfer principle in nonstandard analysis”. In: J. Log. Anal. 4 (2012),
Paper 2, 7 (cit. on p. [151]).

[127] F.Petrov and A. Vershik. “Uncountable graphs and invariant measures
on the set of universal countable graphs”. In: Random Structures
Algorithms 37.3 (2010), pp. 389-406. 1SsN: 1042-9832 (cit. on p. 273).

[128] A. Pillay. Geometric stability theory. Vol. 32. Oxford Logic Guides.
Oxford Science Publications. The Clarendon Press, Oxford University
Press, New York, 1996, pp. x+361. 1SBN: 0-19-853437-X (cit. on
p.E22).

[129] B. Poizat. Stable groups. Vol. 87. Mathematical Surveys and Mono-
graphs. Translated from the 1987 French original by Moses Gabriel
Klein. American Mathematical Society, Providence, RI, 2001, pp. xiv+129.
ISBN: 0-8218-2685-9 (cit. on p. 222).

[130] A. A. Razborov. “Flag algebras”. In: J. Symbolic Logic 72.4 (2007),
pp. 1239-1282. 15SN: 0022-4812 (cit. on pp. [121} (124} [126] [130)).

[131] C. Reiher and M. Schacht. “Forcing quasirandomness with triangles”.
In: ArXiv e-prints (Nov. 2017). eprint: 1711.04754 (math.CO) (cit.
on p. [47).

[132] C. Reiher. “The clique density theorem”. In: Ann. of Math. (2) 184.3
(2016), pp. 683-707. 18SN: 0003-486X (cit. on pp. [119).

[133] V. Rodl and M. Schacht. “Regularity lemmas for graphs”. In: Fete
of combinatorics and computer science. Ed. by G. O. H. Katona, A.
Schrijver, and T. Sz6nyi. Vol. 20. Bolyai Soc. Math. Stud. Papers from
the conference to commemorate the 60th birthday of Léaszlé Lovasz
held in Keszthely, August 11-15, 2008. Budapest: Janos Bolyai Math.
Soc., 2010, pp. 287-325. ISBN: 978-963-9453-12-8; 978-3-642-13579-8
(cit. on p. [194)).

[134] V.Rodland J. Skokan. “Regularity lemma for k-uniform hypergraphs”.
In: Random Structures Algorithms 25.1 (2004), pp. 1-42. 1sSN: 1042-

9832 (cit. on pp. [7] [253)).



1711.04754

BIBLIOGRAPHY 293

[135]

[136]

[137]

138

[139)]

[140]

[141]

[142]

[143]

[144]

[145]

N. Sauer. “On the density of families of sets”. In: J. Combinatorial
Theory Ser. A 13 (1972), pp. 145-147 (cit. on p. [222)).

A. Shapira. “Quasi-randomness and the distribution of copies of a fixed
graph”. In: Combinatorica 28.6 (2008), pp. 735-745. 1SSN: 0209-9683
(cit. on p. 47).

A. Shapira and R. Yuster. “The effect of induced subgraphs on quasi-

randomness”. In: Random Structures Algorithms 36.1 (2010), pp. 90—
109. 1SSN: 1042-9832 (cit. on p. [A7).

S. Shelah. “Definable groups for dependent and 2-dependent theories”.
In: Sarajevo J. Math. 13(25).1 (2017), pp. 3-25. 1SSN: 1840-0655 (cit.
on p. [253)).

S. Shelah. “Stability, the f.c.p., and superstability; model theoretic
properties of formulas in first order theory”. In: Ann. Math. Logic 3.3

(1971), pp. 271-362. 1SSN: 0168-0072 (cit. on pp. [[98, 222).

A. F. Sidorenko. “Inequalities for functionals generated by bipartite
graphs”. In: Diskret. Mat. 3.3 (1991), pp. 50-65. 1SSN: 0234-0860

(cit. on pp. {47} [151]).
P. Simon. “Distal and non-distal NIP theories”. In: Ann. Pure Appl.
Logic 164.3 (2013), pp. 294-318. 18SN: 0168-0072 (cit. on p. [220)).

M. Simonovits and V. T. S6s. “Hereditarily extended properties,
quasi-random graphs and not necessarily induced subgraphs”. In:
Combinatorica 17.4 (1997), pp. 577-596. 1SSN: 0209-9683 (cit. on
p. D).

M. Simonovits and V. T. Sés. “Szemerédi’s partition and quasiran-
domness”. In: Random Structures Algorithms 2.1 (1991), pp. 1-10.
ISSN: 1042-9832 (cit. on p. [47).

J. Skokan and L. Thoma. “Bipartite subgraphs and quasi-randomness”.
In: Graphs Combin. 20.2 (2004), pp. 255-262. 1SsN: 0911-0119 (cit. on

p- 7).
E. Szemerédi. “On sets of integers containing no k elements in arith-

metic progression”. In: Acta Arith. 27 (1975). Collection of articles in
memory of Jurii Vladimirovi¢ Linnik, pp. 199-245. 1ssN: 0065-1036

(cit. on p. [7)).



294

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]
[154]
[155]

[156]

BIBLIOGRAPHY

E. Szemerédi. “Regular partitions of graphs”. In: Problémes combina-
toires et théorie des graphes (Colloq. Internat. CNRS, Univ. Orsay,
Orsay, 1976). Vol. 260. Colloq. Internat. CNRS. Colloque Interna-
tional CNRS held at the Université d’Orsay, Orsay, July 9-13, 1976.
Paris: CNRS, 1978, pp. 399-401. 1SBN: 2-222-02070-0 (cit. on p. [[94).

M. Talagrand. “The Glivenko-Cantelli problem”. In: Ann. Probab.
15.3 (1987), pp. 837-870. 1SsN: 0091-1798 (cit. on p. [222]).

M. Talagrand. “The Glivenko-Cantelli problem, ten years later”. In:
J. Theoret. Probab. 9.2 (1996), pp. 371-384. 1SSN: 0894-9840 (cit. on

p.B22).

T. Tao. “A correspondence principle between (hyper)graph theory
and probability theory, and the (hyper)graph removal lemma”. In:
J. Analyse Math. 103 (1 2007). 10.1007/s11854-008-0001-0, pp. 1-45.
I1SSN: 0021-7670 (cit. on p. [7)).

T. Tao. “A quantitative ergodic theory proof of Szemerédi’s theorem”.
In: Electron. J. Combin. 13.1 (2006), Research Paper 99, 49 pp.
(electronic). 1SSN: 1077-8926 (cit. on pp. 7], [L94)).

T. Tao. “Expanding polynomials over finite fields of large characteris-
tic, and a regularity lemma for definable sets”. In: Contrib. Discrete
Math. 10.1 (2015), pp. 22-98. 1SSN: 1715-0868 (cit. on p. [222]).

T. Tao. “Norm convergence of multiple ergodic averages for commuting
transformations”. In: Ergodic Theory Dynam. Systems 28.2 (2008),
pp. 657-688. 1SSN: 0143-3857 (cit. on p. [195)).

T. Tao. “Szemerédi’s regularity lemma revisited”. In: Contrib. Discrete
Math. 1.1 (2006), pp. 8-28. 1ssN: 1715-0868 (cit. on pp. [194} [195).

C. Terry. An improved bound for reqular decompositions of 3-uniform
hypergraphs of bounded V Cy-dimension. 2022 (cit. on p. [254)).

C. Terry and J. Wolf. Irreqular triads in 3-uniform hypergraphs. 2021
(cit. on p. [254).

A. Thomason. “Pseudorandom graphs”. In: Random graphs 85 (Poz-
nan, 1985). Ed. by Z. Karoniski Michatand Palka. Vol. 144. North-
Holland Math. Stud. Papers from the second international seminar
on random graphs and probabilistic methods in combinatorics held
at Adam Mickiewicz University, Poznan, August 5-9, 1985, Annals of
Discrete Mathematics, 33. Amsterdam: North-Holland, 1987, pp. 307—
331. 1SBN: 0-444-70265-2 (cit. on p. .



BIBLIOGRAPHY 295

[157]

[158]

[159]
[160]

[161]

[162]
[163]

[164]

[165]

A. Thomason. “Random graphs, strongly regular graphs and pseu-
dorandom graphs”. In: Surveys in combinatorics 1987 (New Cross,
1987). Vol. 123. London Math. Soc. Lecture Note Ser. Cambridge
Univ. Press, Cambridge, 1987, pp. 173195 (cit. on p. .

H. Towsner. “g-algebras for quasirandom hypergraphs”. In: Random
Structures Algorithms 50.1 (2017), pp. 114-139. 1sSN: 1042-9832 (cit.

on py. (51 [91, 253).

H. Towsner. A Removal Lemma for Ordered Hypergraphs. 2021. eprint:
arXiv:2101.09769 (cit. on p. [253)).

H. Towsner. “An analytic approach to sparse hypergraphs: hypergraph
removal”. In: Discrete Analysis (2018) (cit. on p. [L94)).

V. N. Vapnik and A. J. Cervonenkis. “The uniform convergence of
frequencies of the appearance of events to their probabilities”. In:
Teor. Verojatnost. i Primenen. 16 (1971), pp. 264-279. 1SsN: 0040-361x

(cit. on p. [222)).
E. R. Vaughn. Flagmatic User’s Guide (cit. on pp. 130)).

R. Yuster. “Quasi-randomness is determined by the distribution of
copies of a fixed graph in equicardinal large sets”. In: Combinatorica
30.2 (2010), pp. 239-246. 1SSN: 0209-9683 (cit. on p. [47).

Y. Zhao. “Hypergraph limits: a regularity approach”. In: Random
Structures Algorithms 47.2 (2015), pp. 205-226. 1sSN: 1042-9832 (cit.
on p. [253)).

T. Ziegler. “A non-conventional ergodic theorem for a nilsystem”. In:
Ergodic Theory Dynam. Systems 25.4 (2005), pp. 1357-1370. 1SSN:
0143-3857 (cit. on p. [7)).


arXiv:2101.09769

	Preface
	Random and Quasi-random Graphs
	Random Finite Graphs
	Subgraph Density
	tHG as an Integral
	Counting Triangles
	Counting Cycles of Length 4
	Quasirandom Graphs
	Sequences of Graphs
	Digression: Spectral Graph Theory
	An Example: The Payley Graph
	Remarks

	Ultraproducts
	Convergent Subsequences
	Ultralimits
	Ultrafilters
	Products
	Ultraproducts
	A Few Examples
	Internal Sets
	Saturation
	Related Topic: Arrow's Theorem
	Remarks

	Density as Probability
	Density is not Cardinality
	Probability on Internal Sets
	Probability Spaces
	Probability Spaces on VnUk
	Subgraph Density
	Sampling
	The Possible Subgraph Densities are Compact
	Remarks

	Extrema
	Mantel's Theorem
	Shifting Measures
	Turán's Theorem
	Counting Kt in the Equal s-partite Graphs
	Interpolating Between s-Partite Graphs
	Minimizing Triangles when the Density is in (1/2,2/3)
	Remarks

	Structure and Randomness
	Quasirandomness
	Consequences for Finite Graphs
	The L2 Norm
	The U2 Seminorm
	Seminorms, Even Distribution, and Quasirandomness
	Transfer
	Remarks

	Regularity
	Rectangles
	Grids
	Conditional Expectation
	Conditional Expectation on Rectangles
	Graph Removal
	Roth's Theorem
	Szemerédi Regularity
	Which Rectangles are Needed
	Points of Density
	Separable Realizations and Graphons
	Higher Order Transfer
	Remarks

	Combinatorial Structure
	VC Dimension
	Closure of VC Dimension
	e-Nets
	VC Dimension and Rectangles
	A Converse of Sorts
	Stability
	Stable Regularity
	Internal Cardinality and Pseudofinite Dimension
	Stable Erdős-Hajnal
	Distal Cell Decompositions
	Remarks

	Hypergraphs
	k-Graphs
	Notation for Integrals Indexed by Graphs
	Weak Quasirandomness
	Cylinder Intersection Sets
	Hypergraph Removal
	Szemerédi's Theorem
	Hypergraphons
	k-ary Combinatorics
	Remarks

	Random Countable Graphs
	Exchangeable Sequences
	Exchangeable Arrays
	Invariant Measures
	Fraïssé Limits
	Measures Concentrating on a Structure
	Remarks

	Index of Notation
	Index
	Bibliography

