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ABSTRACT: We describe a method that we believe may be foundational for a comprehensive theory
of generalized Turdn problems. The cornerstone of our approach is a quasirandom counting lemma for
quasirandom hypergraphs, which extends the standard counting lemma by not only counting copies
of a particular configuration but also showing that these copies are evenly distributed. We demonstrate
the power of the method by proving a conjecture of Mubayi on the codegree threshold of the Fano
plane, that is, any 3-graph on n vertices for which every pair of vertices is contained in more than n/2
edges must contain a Fano plane, for n sufficiently large. For projective planes over fields of odd size
q we show that the codegree threshold is between n/2 — g 4+ 1 and n/2, but for PG,(4) we find the
somewhat surprising phenomenon that the threshold is less than (1/2 — €)n for some small € > 0. We
conclude by setting out a program for future developments of this method to tackle other problems.
© 2008 Wiley Periodicals, Inc. Random Struct. Alg., 00, 000-000, 2009
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1. INTRODUCTION

A famous unsolved question of Turdn asks for the maximum size of a 3-graph' on n vertices
that does not contain a tetrahedon K3, i.e. four vertices on which every triple is present.
Despite the superficial similarity to the analogous easy question for graphs (the maximum
size of a graph with no triangle) this problem has evaded even an asymptotic solution for over
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A k-graph G consists of a vertex set V(G) and an edge set E(G), each edge being some k-tuple of vertices.
© 2008 Wiley Periodicals, Inc.



2 KEEVASH

60 years. It may be considered a test case for the general Turdn problem, that of determining
the maximum size of a k-graph on n vertices that does not contain some fixed k-graph F.
This maximum size is called the Turdn number of F, denoted ex(n, F). It is not hard to
show that the limit 7 (F) = lim,,_, o, ex(n, F)/ (Z) exists. As a first step to understanding the
Turdn number we may ask to determine this limit, the Turdn density, which describes the
asymptotic behavior of the Turdn number. There are very few known results even in this
weaker form, and no general principles have been developed, even conjecturally.

For 0 < s < k we may define a generalized Turdn number ex,(n, F) as the largest
number m such that there is a k-graph H on n vertices that does not contain F and has
minimum s-degree? §,(H) > m. Note that we recover ex(n, F) in the case s = 0, and the
case s = k is trivial. The cases s = 0 and s = 1 are essentially equivalent, via a well-
known induction argument, and so there is no new theory here for graphs. However, for
general hypergraphs we obtain a rich source of new problems, and it is not apparent how
they relate to each other. There has been much recent interest in the case s = k — 1, which
were called codegree problems in [20]. (See also [17,22] for similar questions involving
structures that are spanning rather than fixed.) We may define generalized Turan densities
as y(F) = lim,,_, o ex;(n, F)/ (Z:i) 2 A simple averaging argument shows that if we define

the normalized minimum s-degrees of H as SS (H) =46,(H)/ (Z:;) then we have a hierarchy
So(H) = 81(H) = -+ = 8 1(H), 50 1 (F) < -+ < mo(F).

Projective geometries PG,,(q) provide examples of configurations F that are surprisingly
tractable for these problems. For the Fano plane (m = g = 2) the exact Turdn number
for n sufficiently large was determined independently and simultaneously by Keevash and
Sudakov [13] and Fiiredi and Simonovits [6]. They also characterized the unique maximizing
configuration: a balanced complete bipartite* 3-graph. Earlier, de Caen and Fiiredi [4] had
obtained the Turan density 7 (PG,(2)) = 3/4. On the other hand, Mubayi [19] showed that
the codegree density of the Fano plane is m,(PG,(2)) = 1/2. He conjectured that the exact
codegree threshold satisfies ex, (n, PG,(2)) < n/2. The following result establishes this and
characterises the case of equality.

Theorem 1.1.  If n is sufficiently large and H is a 3-graph on n vertices with minimum
2-degree at least n/2 that does not contain a Fano plane then n is even and H is a balanced
complete bipartite 3-graph.

General projective geometries have been studied in [11] (the Turdn problem) and [15]
(the codegree problem). A general bound 7,(PG,,(¢)) < 1 —1/m was obtained in [15], and
it was shown that equality holds whenever m = 2 and ¢q is 2 or odd, and whenever m = 3
and ¢ is 2 or 3. We prove the following results, which give quite precise information about

2Given S C V(H) the neighborhood of S in H is Ny (S) = {T € V(H)\ S : SUT € E(H)} and the degree of S is
|Np (S)|. The minimum s-degree §;(H) = min|g|—s [Ny (S)| is the minimum of [Ny (S)| over all subsets S of size s.
3In the codegree case s = k — 1 this limit was shown to exist in [20]. In general the existence may be deduced
from a very general theory of Razborov [21]. This is perhaps using a sledgehammer to crack a nut, and in fact
the method of [20] can be extended using martingale estimates in place of hypergeometric estimates. We will
elaborate slightly on the martingale aspect in the final section, but a detailed treatment is beyond the scope we
have set for this article.

4A k-graph H is bipartite if there is a partition V (H) = A U B so that there are no edges of H lying entirely within
A or entirely within B. A complete bipartite k-graph contains all edges that intersect both A and B. It is balanced
if [JA] — |B|| < 1.
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the codegree threshold for planes over a field of odd size and demonstrate a surprisingly
different behavior for PG, (4).

Theorem 1.2.  Suppose q is an odd prime power. Then |n/2] —q+1 < ex,(n, PG,(q)) <
n/2. In the case ¢ = 3 and n even we have ex;(n, PG,(3)) =n/2 — 1.

Theorem 1.3. There is € > 0 for which m,(PG,(4)) < 1/2 — €.

The main idea in our arguments is a quasirandom counting lemma that extends the (usual)
counting lemma for quasirandom hypergraphs. We adopt the Gowers framework as being
most compatible with our argument (there are other approaches to this theory, see Rodl et al.
(e.g. [24,25]) and Tao [29]). We will give precise definitions later, and for now describe our
result on an intuitive level. Hypergraph regularity theory gives a method of decomposing a
hypergraph into a bounded number of pieces, each of which behaves in an approximately
random fashion. The number of pieces depends only on the degree of approximation and is
independent of the size of the hypergraph. In order for such a decomposition to be useful, the
notion of random behavior should be sufficiently powerful for applications, and the general
criterion that has been used is that there should be a counting lemma, meaning a result that
a sufficiently random hypergraph contains many copies of any small fixed configuration.
Our quasirandom counting lemma will state that not only are there many copies, but that
they are uniformly distributed within the hypergraph.

We also make use of the idea of stability, a phenomenon which was originally discovered
by Erd&s and Simonovits in the 60s in the context of graphs with excluded subgraphs, but
has only been systematically explored relatively recently, as researchers have realized the
importance and applications of such results in hypergraph Turdn theory [13, 14], enumer-
ation of discrete structures and extremal set theory (see [12] as a recent example and for
many further references).

The rest of this article is organized as follows. The next section is expository in nature:
it introduces the theory needed in later sections for the special case of graphs, where it
will be mostly familiar to many readers (although our quasirandom counting lemma is new
even for graphs). Then in Section 3 we introduce the Gowers quasirandomness framework
for 3-graphs and present a case of our quasirandom counting lemma that we will need to
prove Theorem 1.1. Section 4 contains the proof of Theorem 1.1, using the quasirandomness
theory from Section 3 and also the method of “stability,” or approximate structure. In Section
5 we present the general theory of quasirandomness hypergraphs and the full form of our
quasirandom counting lemma: this is the engine behind our entire approach. We also give an
application to generalized Turdn problem for configurations that have a certain special form.
This general theory is applied in Section 6 to the study of codegree problems in projective
planes, where we prove the other theorems stated above. The final section sets out a program
for future developments of this method to other generalized Turdn problems. Since our
formulation of the Gowers quasirandomness framework uses some non-trivial variations on
the original framework, we give justifications for these variations in the Appendix of this
article.

Notation.  Write [n] = {1,...,n}. If X is a set and k is a number then () = {Y € X :
Y] =k}, (X)) = Uik (}) and () = Uiek(%). @ £ b denotes an unspecified real number
in the interval [a — b,a + b]. It is convenient to regard a finite set X as being equipped
with the uniform probability measure P({x}) = 1/|X], so that we can express the average
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of a function f defined on X as E,xf(x). A k-graph H consists of a vertex set V(H) and
an edge set E(H), each edge being some k-tuple of vertices. We often identify H with
E(H), thus |H| is the number of edges in H. Given S C V(H) the neighborhood of S
in His Ng(S) = {T € V(H)\S : SUT € E(H)} and the degree of S is |Ng(S)|. The
minimum s-degree 8,(H) = ming_, [Ny (S)| is the minimum of [Ny (S)| over all subsets
S of size s. Given X C V(H) the restriction H[X] is a k-graph with vertex set X and
edge set equal to all those edges of H that are contained in X. Suppose F and H are k-
graphs. The homomorphism density dr(H) is the probability that a randomly chosen map
¢ : V(F) — V(H) is a homomorphism, i.e. ¢ (e) is an edge of H for every edge e of F
(which we also write as ¢ (F) € H). We also use the same notation in a “partite setting”
(this will be explained when it occurs). When F' = e consists of just a single edge we write
d(H) = d,(H) = k!|E(H)||V(H)|™*, and call this the density of H. We use the notation
0 < o < B to mean that there is an increasing function f(x) so that the ensuing argument
is valid for 0 < « < f(B).

2. GRAPHS: REGULARITY AND COUNTING, QUASIRANDOMNESS,
AND QUASIRANDOM COUNTING

The purpose of this section is expository: we introduce the theory needed in later sections
for the special case of graphs, where it is considerably simpler, and partly familiar to many
readers.

In the first subsection we describe Szemerédi’s regularity lemma [27], one of the most
powerful tools in modern graph theory. Roughly speaking, it says that any graph can be
approximated by an average with respect to a partition of its vertex set into a bounded
number of classes, the number of classes depending only on the accuracy of the desired
approximation, and not on the number of vertices in the graph. Each pair of classes span
a bipartite subgraph that is “regular,” meaning that the proportion of edges in any large
bipartite subgraph is close to the proportion of edges in the pair as a whole. A key property
of this approximation is that it leads to a “counting lemma,” allowing an accurate prediction
of the number of copies of any small fixed graph spanned by some specified classes of
the partition. We refer the reader to [16] for a survey of the regularity lemma and its
applications.

The second subsection discusses quasirandomness of graphs, a concept introduced by
Chung, Graham and Wilson [3] (see also Thomason [31] for a similar notion). There are
many ways of describing this concept, all of which are broadly equivalent (up to renaming
constants); in fact, it is also equivalent to regularity (as described in the first subsection).
A particularly simple formulation is to call a bipartite graph quasirandom if the number of
4-cycles is close to what would be expected in arandom graph with the same edge density. A
closely related formulation that forms the basis for the Gowers approach to quasirandomness
in hypergraphs is to say that if we count 4-cycles weighted by the “balanced function” of
the graph then the result is small. Our discussion in this subsection is based on Section 3 of
[7] (we are more brief on those points discussed there, but we also provide some additional
arguments that are omitted there).

In the third subsection we introduce the graph case of our quasirandom counting lemma,
an extension of the counting lemma discussed in the first subsection, saying that copies
of any small fixed graph are well-distributed in the graph. This is a new result even in the
special case of graphs, and has consequences that are somewhat surprising at first sight.
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2.1. Regularity and Counting

We start by describing the notion of “regularity” for bipartite graphs. The density of a
bipartite graph G = (A, B) with vertex classes A and B is defined to be

ec(A,B)

dG(A, B) = W

We often write d(A, B) if this is unambiguous. Given € > 0, we say that G is e-regular
if for all subsets X € A and ¥ C B with |[X| > €|A| and |Y| > €|B| we have that
[d(X,Y) —d(A,B)| <e€.

The regularity lemma says that any graph can be partitioned into a bounded number of
regular pairs and a few leftover edges. Formally:

Theorem 2.1.  For every real € > 0 and number my > 1 there are numbers m,ny > 1
so that for any graph G on n > nqy vertices we can partition its vertices as V(G) =

VoUV,U---UYV, so that

e my<k<m,

o [Vo| < en,

s Vil =|Val == |V, and

* (V.,V)) spans an €-regular bipartite subgraph of G for all but at most €k* pairs 1 <
i<j<k

Remarks.  In applications one takes k > mg > €~! so that the number of edges within any
Vi is negligible. An “exceptional class” V, is allowed so that the remaining partition can be
“equitable,” i.e. |V,| = |V,| = --- = |V,|. If one prefers not to have an exceptional class
then its vertices may be distributed among the other classes to obtain a partition with the
same regularity properties for a slightly larger € with the class sizes differing by at most one.
We refer the reader to Section 1 of [16] for further discussion of variants of the regularity
lemma.

A key property of regularity is that we can accurately count copies of any small fixed
graph. For the purpose of exposition we state two simple cases, and then the general “count-
ing lemma.” Throughout we assume a hierarchy 0 < 1/n < € < d, that every density we
consider is at least d and each part in our graphs contains at least n vertices. The following
well-known statements can be proved using similar arguments to that given for Lemma 2.1
in [16].

Triangles. Suppose G is a tripartite graph with parts V;, V,, V3 and each pair (V;, V)
spans an e-regular bipartite graph of density dj;. Let A(G) be the set of triangles in G.
Then we can estimate the “triangle density” in G as da(G) = |A(G)|/|V1]|V»||Vs] =
d12d13d23 + 86.5

Four-cycles. Suppose G = (X, Y) is an e-regular bipartite graph with density d. Let C4(G)
be the number of labelled 4-cycles in G, i.e. quadruples (x;, X, y1,y2) withx; # x, € X,
Y1 # y» € Y such that x,y;, x1y,, x,y; and x,y, are all edges of G. We may define

S5The constant 8 is not best possible, but we only care that the error should tend to zero as € tends to 0.
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dc,(G), the “bipartite homomorphism density” of Cy4 in G, as follows. Fix a 4-cycle
C; = (A, B), considered as a bipartite graph K,, on A = {a;,a,} and B = {by, b,}.
Let @ be the set of all “bipartite maps” ¢ from A U B to X U Y, i.e. functions with
¢(A) C X and ¢(B) C Y. Define®

de,(G) = Pyeolp(Cy) € Gl = C4(G)/IXPIY* £ O(1/n).

Then dc,(G) = d* + 10e. In fact, a lower bound of d* follows from the Cauchy-
Schwartz inequality, so e-regularity of G is only needed to prove the upper bound.

General graphs. Suppose G is an r-partite graphon V.= V; U --- U V, and each pair
(Vi, V), 1 < i < j < rspans an e-regular bipartite graph with density d;;(G). Sup-
pose H is an r-partite graphon Y = Y, U --- U Y,. Let (Y, V) be the set of r-partite
maps from Y to V,i.e. maps ¢ : ¥ — Vwith¢(¥;) € V.for1 < i < r. Define the
r-partite homomorphism density of H in G as dy(G) = Pycoy.v)[¢ (H) € G]. Then
dy(G) = ]_[L,GE(H) d.(G) &= Oy (€), where d,(G) means that density d;;(G) for whiche €
HL[Y;, Y;] and the Oy-notation indicates that the implied constant depends only on H.

2.2. Quasirandomness

The regularity property discussed in the previous subsection turns out to be characterized
by the counting lemma; in fact, somewhat surprisingly, it is characterized just by counting
4-cycles. To be precise, if 0 < 1/n K € €K € K d < 1and G = (X,7) is a bipartite
graph with |X|, |Y| > n, density d and C,-density d¢,(G) < d* + € then G is €'-regular.
To illuminate some later more general arguments we will prove this fact here, via a closely
related characterization of Gowers (see Section 3 of [7]) that forms the basis for the Gowers
approach to quasirandomness in hypergraphs.

Suppose G is a bipartite graph with parts X and Y. We can identify G with its characteristic
function G(x,y), which forx € X and y € Y is defined to be 1 if xy is an edge of G, or
0 otherwise. Define the balanced function G(x, y) = G(x,y) —d, where d = dg(X,Y) =
|Eg(X,Y)|/|1X||Y] is the density of G, i.e. G(x,y) is 1 — d if xy is an edge of G, or —d
otherwise. Note that ., G(x,y) = 0. For any function f defined on X x Y we define

() = 1XI7IY172 Y0 D7 FOr,y0f (e, y2)f (2, y1)f (o2, 32).

X1 X €X y1.yp€Y

We can rephrase this by recalling the setup in the previous subsection, where we had a
4-cycle Cy = (A, B), considered as a bipartite graph K,, on A = {a,,a,} and B = {b, b,},
and let ® denote the set of all bipartite maps ¢ from A U B to X U Y. Then

Ci(f) =EByeo [ ] f(@(0)).

ecE(Cy)

In particular C4(G) = d¢,(G), where the first instance of G is to be understood as the
characteristic function G(x, y).

We say that a function f : X x ¥ — [—1, 1] is n-quasirandom if C4(f) < n, and we say
that G is n-quasirandom if its balanced function G is n-quasirandom.

°By ¢(Cs4) € G we mean ¢ (e) € E(G) for each edge e of Cy.
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Theorem 2.2. Suppose G is a bipartite graph of density d with parts X and Y of size at
least n. The following are equivalent, in the sense that each implication (i) = (j) is true
for0<1l/n<e <K Kd=<1:

1. Gis e\-regular.
2. de,(G) = d* +e,.
3. Ci(G) < €.

Before giving the proof we quote a simple version of the “second moment method,”
Lemma 6.5in [7]: if 0 < a,d < 1, Y ,a; > (d —a)nand Y, a7 < (d* + a)n
then a; = d & o'/* for all but at most 3«'/?n values of i. Indeed, Y (a; —d)* =Y a —
2d Y ai+d’n < (d®+a—2d(d—a)+d*)n < 3an. Also, we often use the Cauchy-Schwartz

inequality in the form 0 < E(Z — EZ)? = EZ? — (EZ)?, for a random variable Z.

Proof. (1) = (2): This implication is given by the counting lemma quoted in the previous
subsection, but for completeness we give a proof here. Consider a random map ¢ € P,
i.e. a random bipartite map from A U B to X U Y, where as before we consider C, as a
bipartite graph with parts A = {a;, a,} and B = {b,, b,}. Let E| be the event that x; = ¢ (a;)
has (d %+ €)|Y]| neighbors in Y. By definition of €,-regularity we have P(E;) > 1 — 2¢,
(there are at most €;|X| vertices with more than (d + €;)|Y| neighbors and at most €;|X]|
vertices with less than (d — €,)|Y| neighbors). Let E, be the event that x, = ¢(a,) has
(d & €)?|Y| neighbors in N (x;). Again, €,-regularity gives P(E,|E|) > 1 — 2¢,. Now the
event {¢(C4;) € G} occurs if and only if y; = ¢ (by) and y, = ¢ (b,) lie in N(x;) N N (x,),
so we have

de,(G) = Pyeo[@(Cy) C Gl = Pyeo[{d(Cs) C GINEI NE;] £4e; = d* £ 10e;.

This proves the implication with €, = 10e,.

(2) = (3): Suppose that dc, (G) = d* £ €. Our first step is to show that we can also
count any subgraph of Cy, in that dp, (G) = d*+e, and dp,(G) = d? j:4621/4, where P; is the
path with 7 edges (we already know that dp, (G) = dg(X,Y) = d, and it is immediate that
for a matching M, of two edges we have dy, (G) = d*). We start with the homomorphism
density of P,, say with the central vertex being mapped to X and the two outer vertices to
Y (the same bound will hold vice versa). We can write

dP2 (G) = Exex,y]eY,yzeYG(x’yl)G(x’yZ) = Exex(EerG(X,y))z,

which by Cauchy-Schwartz is at least (E,cx ey G(x,y))* = d*. On the other hand, we can
again apply Cauchy-Schwartz to get

dp,(G)? = (Buy, 5, G, y1)G(x,12))* < By, (B, G(x,y1)G(x,y2))’
= Eyl,yzEX] ,sz(xl,Y|)G(xl,yz)G(xz,yOG(xz,yz) = dc4(G) <d* + €.

This gives dp, (G) = d* £ €,, and moreover, applying the second moment method quoted
before the proof, for a random x € X, with probability at least 1 — 3621/ * we have
E,, ,,Gx,y)G(x,y,) = d* £ &%, 50 INWI/|Y| = E,G(x,y) = d £ €,’*. This allows
us to estimate
dP3 G) = Ex|,x2ex,y1€Y,y2eYG(x1,yl)G(x17y2)G(x2’y2)
= (£ &) (d £ &) 66, = d> £ 4¢)",
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where the main term gives the contribution when x; and y, have typical neighborhoods and
6621/ ? bounds the error coming from atypical x; and y,.

Now we can estimate Cy(G). Write G = Jo—fi, where fo(x,y) = G(x,y) and fi(x,y) =d
(a constant function). Then

Ci(G) = Ey, ayex ey GOx1, y1)G(x1,¥2) G (x2, 1) G (X2, ¥2)
= Z(_I)ZMExl,xz,yl,ysz” (xl,yl)fMlz(xl,yz)me (x27yl)fM22(-x2’ yz)s
M

where M = (M};); je(12) ranges over 2 x 2 matrices with {0, 1}-entries and ) M is Zi‘j M;.
For each M we can estimate the summand corresponding to M, using the estimate for the
homomorphism density of the subgraph of C4 corresponding to the O-entries of M. For
example, if M}, = M, = My = 0 and My, = 1, then M corresponds to a P3, and the
corresponding summand is —d - dp, (G) = —d*+ 4621/ * Thus we obtain 8 summands in the
range d* + 4621/ * and 8 summands in the range —d* + 4621/ : giving a total of at most 64621/ :,
This proves the implication with €3 = 64621/ *,

(3) = (1): Suppose C4(G) < €3. Consider X' C X with [X'| > ¢|X|and Y’ C Y with
|Y'| > €|Y|. Write X'(x) for the characteristic function of X', i.e. X'(x) is 1 if x € X/,
otherwise it is 0; similarly, let Y’(y) be the characteristic function of Y’. Then

IX11Y]

do(X',Y") —d = Eyexryer G(x,y) = WEXEX,)'EYX,(X)Y/()])E(X’ y)

and by Cauchy-Schwartz (in the first and third inequalities below) we have

(Erexyer X' @Y ()G, 1)* < Erex (Byer X' ()Y ()G (x,3))?)?
< BrexEyer Y ()G (x, 1))’
= (BiexEyy per Y 0D Y (02)G(x, 7)) G (x, 72))°
< Ey,,_\-2ey(ExexY/()’l)Y’()Q)E(X’)’I)E(X, y2))?
< By, ey BrexG(x, y1)G(x, 1))
= E,, 1rer B pex G, y1) G (x1, ¥2) G (62, y1) G (x2, )
= C4(G) < &s.

This gives dg(X',Y) =d £ 61’2631/4, which proves the implication with €; = 631/12.

2.3. Quasirandom Counting

Now we will introduce the graph case of our quasirandom counting lemma, an extension of
the counting lemma discussed in the first subsection, saying that copies of any small fixed
graph are well-distributed in the graph. As before, for the purpose of exposition we lead up
to the general case through two illustrative cases.

Triangles. Suppose G is a tripartite graph with parts V;, V,, V3 and each pair (V;, V)
spans an e-regular bipartite graph of density d;;. We remarked before that the “triangle
density” in G can be estimated as d,(G) = d\»di3dy; = 8€. Moreover, it is easy to
see that the triangles of G are “well-distributed,” in that any sufficiently large subsets

Random Structures and Algorithms DOI 10.1002/rsa
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V! € Vi, 1 <i < 3induce asubgraph of G that also has triangle density about d;,d;3d»3.
Indeed, if V/ C V; with [V/| > €'|V}|, 1 <i < 3, then each (V/, V/) induces an €'/*-
regular subgraph of G with density d; & €, so we can apply triangle counting directly
to see that (V|,V;,V;) has triangle density (di» & €)(di3 & €)(da; £ €) £ 8¢'/? =
d12d13d23 + 1561/2 (Say).

Four-cycles. Suppose G = (X, Y) is an e-regular bipartite graph with density d. We saw
before that we can estimate the Cy-density of G as d¢,(G) = d* £+ 10e. A similar
argument to that just given for triangles allows us to estimate the Cy-density of G
restricted to sufficient large subsets X, € X and Y, C Y. But in fact, we can make
a stronger claim: given any sufficiently dense graphs Hy on X and Hy on Y we can
estimate the density of 4-cycles {x;y, X1z, X1, X2y2} of G in which x;x; is an edge of
Hy and y,y; is an edge of Hy.

To do this, first recall our definition of dc, (G) as Pgco[¢(Cs) € G], where we fix a
4-cycle C4 = (A, B), considered as a bipartite graph on A = {a;,a,} and B = {b{, b,}
and let ® be the set of all bipartite maps ¢ from AUB to XUY . Consider an auxiliary “Cy-
homomorphism” graph G’, defined as follows. G’ is a bipartite graph with parts X’ and
Y’, where X’ consists of all maps ¢; : A — X and Y’ consists of all maps ¢, : B — Y.
Given ¢; € X' and ¢, € Y’ we can construct a bipartite map ¢ = (¢, $,) € ® in an
obvious manner: ¢ restricts to ¢; on A and ¢, on B. We say that ¢ ¢, is an edge of G’
if ¢ = (@1, ¢) is ahomomorphism from C4 to G, i.e. ¢ (a;, b;) € E(G) fori,j € {1,2}.

We claim that if 0 < € « €’ and G is e-regular then G’ is €'-regular. To see this we
use Theorem 2.2. By construction G’ has density d¢/ (X', Y') = d¢,(G) = d* + 10e.
Also we can calculate dc,(G') = a’K4’ .(G), where K, 4 is the complete bipartite graph
with 4 vertices in each part. To see this, label the parts of the K4 as A' U A? and
B' U B?, where A' = {a},a}}, A* = {a}, a3}, B' = {b},b}}, B> = {b},b3}. Then we
can identify a bipartite map v’ from A U B to X’ U Y’ with a bipartite map i from
(A' UA?) U (B' UB?) to X U Y: define ¥ (a}) = ¥/'(a;)(a;) and Y (b)) = ¥/ (b;)(b;).
Now v is a homomorphism from C; to G’ if and only if ¥ is a homomorphism from
Ky4t0 G: we have {'(a), ¥'(bi)} € G' Vi, k € {1,2} & {Y'(a;)(a), ' (bi) (b))} € G
Vi,jk,t € {1,2} < {y(d), ¥ (b))} € G Vi,j,k,£ € {1,2}. Therefore dc,(G') =
dk,,(G). But we can estimate d,,(G) = d'® £ O(e) by the counting lemma, so
de,(G) =dg (X', Y)* £ O(¢). Now Theorem 2.2 tells us that G’ is €’-regular.

Finally, suppose that we have graphs Hy on X and Hy on Y with |E(Hy)| > €'|X|?
and |E(Hy)| > €'|Y|*. Applying the definition of €’-regularity, we see that if we
choose a random edge xx, of Hy and (independently) a random edge y,y, of Hy then
(X171, X1y2, %21, %22} is a 4-cycle in G with probability d* & 2¢’.

General graphs. Suppose G is an r-partite graph on V = V; U --- U V, and each pair
(Vi,V}), 1 <i < j < rspans an e-regular bipartite graph with density d;;(G). Suppose
H is an r-partite graphon Y = Y, U---UY,. Let ®(Y, V) be the set of r-partite maps
from Y to V,ie.maps ¢ : ¥ — V with ¢(Y;) C V, for 1 < i < r. Recall that the
r-partite homomorphism density of H in G is dy(G) = Pyeor.v)[¢(H) S G]. The
counting lemma says that dy (G) = ]—[eeE(m d.(G) £ Oy(€), where d,(G) means that
density d;(G) for which e € H[Y}, Y;] and the Oy-notation indicates that the implied
constant depends only on H.

To interpret this notation, observe that, e.g., ¥'(a;) = @ € X’ is a map from A to X, so llr(a%) =w(ay) € X.
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Moreover, copies of H are well-distributed in G in the following sense. Consider
the auxiliary “H-homomorphism” graph G’, defined as follows. G’ is an r-partite graph
on V' =V U...UV/ where V/ consists of all maps ¢, : ¥; — V,. Given ¢, € V/
and ¢; € V/, for some 1 <i < j < r we say that ¢;¢; is an edge of G if ¢;(y;)¢; ()
is an edge of G for every edge y;y; of H with y; € Y; and y; € Y;. Then copies of the
complete graph K, in G’ correspond to homomorphisms from H to G.

Suppose we have a constant hierarchy 0 < € < € K« €” < 1. A similar argument

to that used in the case of 4-cycles shows that for every 1 < i < j < r, (V/,V))

induces a subgraph of G’ with density d;H(Yi’Zi ) + O(e) that is €’-regular. Suppose also

that we have a |Y;|-graph J; on V; with |[E(J;)| > €”|V;|"l for 1 < i < r. Then by
€’-regularity of G’ and the counting lemma for K,, we see that if choose independent
random edges ¢; in J; for | < i < r then {e;,...,e,} spans a copy of H in G with
probability [ [,z d.(G) £€”.

3. QUASIRANDOM 3-GRAPHS

In this section we discuss the Gowers approach to quasirandomness in 3-graphs: our expo-
sition will be quite condensed, and for more details we refer the reader to that given in [7].
Although we will later repeat this discussion for general k-graphs, we feel it is helpful to
first present the case k = 3, which is simpler to grasp for a reader new to the subject. We
conclude this section by describing our quasirandom counting lemma for the special case of
the distribution of octahedra in 3-graphs, which is analogous to the distribution of 4-cycles
in graphs described above; our solution of Mubayi’s conjecture, Theorem 1.1, will only
make use of this case.

3.1. Two Cautionary Examples

When considering how to generalise regularity from graphs to 3-graphs, a natural first
attempt is to take a 3-graph H and partition its vertices as V(H) = V, U --- U V,, for some
k(e), so that all but at most ek triples (V,, V,, V..) span a tripartite 3-graph that is e-vertex-
regular, meaning that forany V. C V,, V, C V,, V. C V. with |V!| > €|V,]|, |V;| = €|V, |,
[V!| > €|V.| we have Eeré,eré,zeVéH(xs ¥,2) = Erev,yev, zev. H (X, y,2) & €. This is indeed
possible, as shown by Chung and Graham [2], with a proof closely modelled on that of
the graph regularity lemma. This result is often known as the “weak hypergraph regularity
lemma,” as although it does have some applications, the property of vertex-regularity is not
strong enough to prove a counting lemma, as the following example of Rodl demonstrates
quite dramatically.

Example. TakeasetX = X; UX, UX; U Xy, where X;, | <i < 4 are pairwise disjoint
sets of size n. Consider a random orientation of the complete 4-partite graph on X, i.e. for
every x; € X;, x; € X;, 1 < i < j < 4 we choose the arc x;x; or the arc x;x;, each choice
having probability 1/2, all choices being independent. Define a 3-graph H on X to consist
of all triples x;x;x; that induce a cyclic triangle in the orientation. Then with high probability
each triple (X;, X;, X;) spans an e-vertex-regular triple when n > €', and this will remain
true even if we partition H into k(e) parts. However, it is easy to see that H does not contain
any copy of the tetrahedron K.
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In the light of this example, we might informally say that vertex-regularity uses a random
model of a 3-graph in which triples are randomly chosen as edges with some probability p,
but that a counting lemma fails because of potential correlations between edges that share
a pair of vertices. Our second example (adapted from [7]) points the way to a better model.

Example. Take asetX = X; UX, U Xj, where X;, | < i < 3 are pairwise disjoint sets
of size n. For each pair 1 < i < j < 3 define a random bipartite graph G;;, in which each
x:X;, x; € X;, x; € X; is an edge with probability dj;, all choices being independent. Consider
A = A(G1,UG13UGys), the triangles spanned by these graphs. Define a random 3-graph H
by taking each triangle of A to be an edge with probability d;,;. With high probability H has
density d(H) = |E(H)|/n* = d1»d 3d»3d, 23 + o(1). Now consider the number of copies of
some fixed 3-graph F in H, or for a better parallel with our analysis of quasirandom graphs
consider the “tripartite -homomorphism density” dp(H) = Pyeol¢ (F) S H], where ®
is the set of tripartite maps from F to H. We can no longer estimate this by d(H)Z®)!, as
might at first be expected from the analysis for graphs. For a simple example, suppose that
F consists of two edges sharing a pair of vertices; say F has vertex setA = A; UA, UA; with
Ay = {a1}, Ay = {a2}, A5 = {a}, a3} and edges a,a,a3, ajaxa;. Then with high probability
dr(H) = dnpdidsydly, + o(1).

3.2. Quasirandom Complexes

The second example above shows that a counting lemma for 3-graphs must take account of
densities of pairs, as well as densities of triples. Thus we are led to define quasirandomness
not for a 3-graph in isolation, but for a simplicial complex consisting of a 3-graph together
with all subsets of its edges. We say that H is a tripartite 3-complex® on X = X; UX, U X;
if we have H = U,c(23H;, where Hy = {J}, H}; is a subset of X; for 1 <i < 3, Hj;;; is
a bipartite graph with parts Hy;), Hy;; for 1 <i < j < 3, and Hy, 3 is a 3-graph contained
in the set of triangles spanned by Hy, 5, Hy; 3 and Hyp 3. Of course, the interesting part of
this structure is the 3-graph together with its underlying graphs: we usually take Hy;, = X;
for 1 < i < 3, and we only include Hy so that we are formally correct when referring to
H as a (simplicial) complex. Sometimes we allow Hy; to be a strict subset of X;, but then
we can reduce to the usual case by redefining the ground set as X" = X| U X} U X}, where
X =Hy 1 <i<3.

As usual we identify each H; with its characteristic function, for example H»3(xy, X2, X3)
is 1 if x1x,x; is an edge of Hy;, otherwise O (henceforth we write 123 instead of {1, 2, 3},
etc. for more compact notation). We let H7,; denote the set of triangles spanned by Hj 2,
Hy, 3 and Hy, 3;, and also the characteristic function of this set. Then we define the relative
density by

dis(H) = |Hyzl/|H}psl.

In words, it is the proportion of graph triangles that are triples of the complex. Note that
we can describe the densities of the bipartite graph H;; with a similar notation: we let H;;
denote the pairs spanned by H; and H;, i.e. the complete bipartite graph with parts X; and
Xj, and then H;; has density d;;(H) = |H;|/|H}|.

We have seen that vertex-regularity is not the correct notion for defining quasirandomness
in 3-graphs; it turns out that the other two properties described in Theorem 2.2 can be

SWe prefer this term to “chain,” which is used in [7].
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generalized to a useful concept for 3-graphs. These properties were defined using 4-cycles
for graphs; for 3-graphs they are defined in terms of the octahedron O;. This is a tripartite 3-
graph with vertex setA = A; UA,UA;, where A; = {a?,a}}, 1 <i < 3and8edgesa;'a5’as’,
where e = (e, e,, e3) ranges over vectors in {0, 1}*. One could define quasirandomness of a
complex in terms of the density of octahedra (by analogy with property 2 in Theorem 2.2),
but we will follow Gowers and consider “octahedra with respect to the balanced function”
(by analogy with property 3 in Theorem 2.2). The balanced function is defined as

H p53(x1, %2, %3) = Hys (X1, X2, %3) — dioz (H)H 3 (x1, X2, X3),

i.e. for X € X], Xy € Xz, X3 € X3, H123(X1,)C2,X3) equals 1-— d123(H) ifX1X2X3 is an edge of
His3, equals —d 3 (H) if x1x,x3 is a triangle in Hy; U Hy3 U Hy3 but not an edge of H,,3, or
equals 0 otherwise. As before we note that E,, cx, ,x2€x2yx3ex3ﬁ123 (x1,x,x3) = 0. Let ® be
the set of tripartite maps from A = A; UA, UA; to X = X; U X; U X;. For any function
f X, x X5 x X3 — [—1, 1] we define

0s(f) =Egeo [] f(@(eD.

ecE(03)

We say that f is n-quasirandom (with respect to H) if O3(f) < n(di»d;3d»3)* (note that
we are assuming that d; = d, = d; = 1). One can think of this as saying that O;(f) is
small compared to the density of the “graph octahedron,” i.e the complete tripartite graph
K(2,2,2), as this has density about (d2d13d»3)* when the graphs Hj; are quasirandom (as
they will be). Then we say that H,,; is n-quasirandom (with respect to H) if its balanced
function H 3 is n-quasirandom.

3.3. Quasirandom Decomposition and the Counting Lemma

Next we will see why the notion of quasirandomness given in the previous subsection is
useful: there is a decomposition theorem and a counting lemma.

To describe the decomposition theorem we need to first think about the kind of structure
that will arise in a decomposition into simplicial complexes. It will not simply be a disjoint
union of simplicial complexes: just as in a graph decomposition the various bipartite graphs
may share vertices, in a 3-graph decomposition the various tripartite 3-complexes may share
vertices and pairs. Suppose H is an r-partite 3-graphon X = X, U- - -UX,. A decomposition
of H is described by partitions X; = X! U- - -UX" of each part X; into subsets, and partitions
KX, X)) = G;/ U...u GZ»’:" of each complete bipartite graph with parts X;, X; into bipartite
subgraphs. Let P denote this “partition system.” For each edge e of H there is an induced
complex H (e, P) defined as follows. The vertex set of H(e, P) is X;" U Xjaj U X,*, where
e = xxx, withx; € X', x; € X;”, x € X;*. The pairs in H (e, P) are given by the restriction
of G;’ UGj* UG} to the vertex set of H(e, P), where xix; € G, xix; € Gy, xixi € G
The triples in H (e, P) are those edges of H that also form triangles in the pairs of H (e, P).

The following decomposition is a variant of Theorem 8.10 in [7]. (We defer a justification
of the differences here and elsewhere until the appendix.)

Theorem 3.1. Suppose 0 < 1/n K d| K 1, L dy LK 13 L 1/r,e < 1 and H is an
r-partite 3-graphon X = X, U- - -UX,, where each |X;| > n. Then there is a partition system
P consisting of partitions X; = X? U X! U --- U X" with each n; < 1/d, and partitions
KX, X)) = G;j U---uU G;’j with each n; < d;l/z, such that,
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e each exceptional class X? has size at most €|X;|, for1 <i <r,

e the classes Xiai, 1 <i<vr1<a; <n;all have the same size, and

* ifeis arandomly chosen edge of H, then with probability at least 1 — €, in the induced
complex H (e, P), the graphs are n,-quasirandom, and the 3-graph is n;-quasirandom
with respect to H (e, P).

To apply this decomposition we need a counting lemma, estimating the number of homo-
morphisms from a fixed r-partite 3-complex F on Y = Y,U- - -UY, to aquasirandom r-partite
3-complex Hon X = X;U---UX,.Let (Y, X) denote the set of r-partite maps ¢ : ¥ — X.
We define the partite homomorphism density of F in H by’

dr(H) = Pyearx) | [H($(€)).

eel

The following theorem is a variant of Corollary 5.2 in [8].

Theorem 3.2. Suppose 0 < n, K dy K 13 K ds,€,1/|F| < 1, that H and F are r-
partite 3-complexeson X = X,U---UX,andY = Y,U---UY, respectively, every graph H;;
is n,-quasirandom with density at least d,, and that every 3-graph Hjj, is n3-quasirandom
with relative density at least d; with respect to H. Then'’

dr(H) = Pyearx) [ [H@() = (1 £ &) [ [ de(H).

eel eel

Remarks.
1. The special case when F is a single edge shows that the absolute density of a triple
in H is well-approximated by the product of its relative densities, viz.

d(Hy) = [Hyl /1Xi11X;11Xic| = (1 & €)ddiddiji. ey

2. It is important to note the hierarchy of the parameters, as this is where some of the
technical difficulties in hypergraph regularity lie. In the decomposition the number
of graphs G; in the partition may be much larger than 73", so the counting lemma
has to cope with graphs H;; with density much smaller than 73, the quasirandomness
parameter for triples; fortunately it can be arranged that n,, the quasirandomness
parameter for pairs, is smaller still, and this is sufficient for the counting lemma.

3.4. Counting Homomorphisms to Functions and Uniform Edge-Distribution

We will also need the following more general theorem, a variant of Theorem 5.1 in [8],
which allows estimation of the number of F-homomorphisms with respect to functions
supported on H; the generalization is similar to that which we saw earlier from counting
4-cycles in quasirandom graphs to estimating C,(f) for a function f. Intuitively it expresses
the fact that, in a quasirandom 3-complex, sets of size k < 3 are almost uncorrelated with

9Note that we use the same notation for the normal homomorphism density: it will be clear from the context which
is intended, and in any case they are roughly equivalent for our purposes in that they only differ by a constant
factor.

10Recall that d,(H) means the density dj (H) for which e € H;.
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sets of size less than k. First we need some notation. Suppose X = X; U --- U X, is a set
partitioned into r parts. For A C [r] let K4(X) be the set of all A-tuples with one point in
each X;, i € A. We say that e € K4(X) has index A and we sometimes abuse notation and
use e instead of A; thus, if H is an r-partite 3-complex on X and e € H, for some A C [r],
|A| < 3then H, = H,.

Theorem 3.3. Suppose 0 < n, L dy K€ 13 L ds,€,1/|F| < 1, that H and F are r-
partite 3-complexeson X = X, U.--UX, andY =Y,U---UY, respectively, every graph H;;
is n,-quasirandom with density at least d,, and that every 3-graph Hjj is n3-quasirandom
with relative density at least d; with respect to H. Suppose Fy is a subcomplex of F, for
each e € F we have a function f, on K,(X) with f, = f.H,,'! andf, = H, for alle € F \ F,.
Then

Egpeox) [l—[ﬂ(¢(6))]= [ de) - Eocorry | [[fo@(e)) | £ €] [detD).

ecF ecF\Fy eck ecF

Note that Theorem 3.2 is the case of Theorem 3.3 when F, = . The following corollary
shows that quasirandomness implies vertex-uniformity, the analogue of graph regularity
that we mentioned earlier as being too weak for a useful hypergraph regularity theory.

Corollary 3.4. Suppose 0 < 1, K dy K 13 K ds,€ < 1, that H is a tripartite 3-complex
onX =X UX, UXswith H; = X;, 1 <i <3, that Hy,, Hi3 and Hy3 are n,-quasirandom
with density at least dp, and that Hi»3 is n3-quasirandom with relative density at least d;
with respect to H. Suppose W; C X;, | < i < 3 and let H\»3[W] be the restriction of H»3 to
W= W| U Wz U Wg Then

|His (W1l [Hisl .(|W1||W2||W3| )
IXi[1X: 01X 1X0]1Xo]1X5] X1 11Xo]1X5]

Proof. Set Y, = {i}for1 < i < 3, F equal to all subsets of ¥ = Y, U Y, U
Y; and Fy C F equal to the subsets of size at most 1. Apply Theorem 3.3 with
fitx)) = lyew, and f, = H, for e € F \ Fy. Since H; = X;, 1 < i < 3 we have
[Mecriry deH) = Tloepde(H). Also Egeowx) [Loer, fo(@(€) = T[T, Wil/IXi|. Now
Epeowx) [ Loer fe(@ ()] = |Hi3[W1|/1X111X>11X3] so Theorem 3.3 gives the result. .

3.5. Uniform Distribution of Octahedra in Quasirandom 3-Complexes

Now we will establish a further special case of our quasirandom counting lemma, the
uniform distribution of octahedra in quasirandom 3-complexes, which is the heart of our
solution of Mubayi’s conjecture. Recall that the octahedron O; is a tripartite 3-graph with
vertex set A = A} UA, U A, where A; = {a?,a}, 1 <i < 3 and 8 edges a}'as>a5’, where
e = (e1,ey,e;3) ranges over vectors in {0, 1}}. We write O5 for the tripartite 3-complex
generated by O; (i.e. it contains all subsets of the edges of 03) and O5 = O3 \ O; for the

tripartite 2-complex of strict subsets of edges of Os.

THere we are using the notation described before the theorem: if e has index some A C [r], |A| < 3, then
K.(X) = Ko(X) = [[;ca Xi- The equation f, = f.H, is a concise way of saying that f, is supported on H, = Hy.
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Suppose H is a tripartite 3-complex on X = X; UX, U X3, where H; = X;, 1 <i < 3.
We define an “auxiliary” tripartite 3-complex H' on X' = X| U X} U X}, where X/ consists
of all maps ¢; : A; = X;, 1 < i < 3 as follows. The triples H{,; consist of all ¢,¢,¢; for
which ¢ = (¢, $2, ¢3) is a homomorphism from O; to H; the pairs Hi’j consist of all ¢;¢;
such that (¢;, ¢;) is a homomorphism from (03)5 to Hj, forl <i<j<3.

Theorem3.5. Suppose0 <1l/n <K m<KLe KK K pKea Ly Ke,dy <1,
that H is a tripartite 3-complex on X = X, U X, U X3, where H; = X; with |X;| > n,
1 < i < 3, that Hy,, H\3 and Hy; are n,-quasirandom with density at least d», and that
H,\y; is n3-quasirandom with relative density at least dy with respect to H. Then, in the
auxiliary complex H', each H is n,y-quasirandom with density (1 + €,)d; (H)*, and Hi,, is
ns-quasirandom with relative denstty (1 & e3)di3(H)® with respect to H'.

Furthermore, suppose that G; is a graph on X; with |E(G;)| > €'|1X;|>, 1 <i < 3 and
we randomly and independently select edges xx; of G;, 1 < i < 3. Then {xx|, XX}, X3x}}
spans an octahedron in H with probability (1 £ €')d,»(H)*d\3(H)*d»;(H)*d 23 (H)8.

Proof. It may help the reader to note that the prime symbol ' is a visual cue, distinguishing
quantities referring to H' from those referring to H. We write d; = d;(H) and d; = d;(H’)
forl C {1,2,3}, |I| = 2,3.'2 The quasirandomness of each H l’j follows from the discussion
of quasirandom counting of 4-cycles in Subsection 2.3, so it remains to establish the claim
for Hi,,. The final statement will then follow from Corollary 3.4 and Eq. (1).

First we estimate the relative density of H' using Eq. (1): we have (using €;/3 instead
of €)

d(HI,ZS) = ‘H;23‘/|XI |2|X2|2|X3|2 = IP><z>e<l>(A,X) [d’(O%S) - H] ==+ 63/3)d?2d?3d§3d?23’
and
d(Hps) = [His|/1X0PIXaP1X5 P = Poeouy [0(05) € H] = (1 £ :/3)d},dtdss,

sodin(H') = |H| 23|/|H$3| =(1=x 63)d|23
Next we need to egmate O5(H' 123). Write fo = Hj,; (the characteristic function) and
fi = d\,3Hs,, s0 that H' 153 = fy — f{. Then

03( 123) Eyeomx 1_[ H'13(¢'(e)) = Z( 1)Z Eyeomx) l—[f,e (9'(e)),

ecO3 ecO03

where j ranges over all {0, 1}-sequences (j.).co, and Zj = 26603 Je- We interpret each
summand as counting homomorphisms to functions from 0303, by which we mean (with
unusual notation!) the complete tripartite 3-graph with 4 vertices in each class (cf. our
earlier analysis of C, via K,;4.) To accomplish this we consider a complete tripartite 3-
graph, which we call 0503, with 3 parts A;o UA;;, 1 < i < 3, where A4;; = {aw, !J},
1 <i<3,j=0,1. We think of the edges of O;0; as a unlon of 8 copies of O3, indexed by
03, thus E(0303) = U,cp,05, where, writing e = {ai . a2 . a;} 05 is the copy of O3 with
parts {a’ ',ei}’ 1 <i <3 (seeFig. 1).1?

IE’

1276 avoid confusion, note that d, d3 are lower bounds for d;;, d123 respectively, not relative densities of Hy, H3.
13Some readers may like to think of this construction as a “tripartite tensor product.”

Random Structures and Algorithms DOI 10.1002/rsa



16 KEEVASH
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Fig. 1. O; and 050;: the left index identifies part 1, 2, or 3; the right index identifies the copy 04 of
O3; the top index determines which edge we consider within a copy of Os.

We identity a tripartite map ¢’ from A = A; UA, UAsto X' = X] U X, UX] with a
tripartite map ¢ from AA = (Ao U A1) U (Asp U Az1) U (A3p U Azy) to X by defining
$(a’) = ¢'(@)(a). Thus for e = {a}', a3, a5} € 03, ¢° = ($'(a), ¢/ (@), ¢ (@) acts
on 05. We can rewrite the summands above using

[[r@@=]]]]fr@@ =[] fis@E).

ec03 €03 ¢c04 Ec0303

where we write e(E) for that ¢ € O; such that E € O3, fo = Hjy; (the characteristic
function) and f; = (d};)"/*H}yy = (1 £ €3/4)d13H 5.

Now we can estimate the contribution from the summand corresponding t0 j = (j.).co,
using the counting lemma for homomorphisms to H from a tripartite 3-complex K; on AA,
in which the pairs form the complete tripartite graph on AA and the triples are U,.;,—oO5.
We have

Egeoux) | [£.(@' (@) =EBoeownx) || fuw @E)

e€03 E€0303
oy 2
= (d123) Pscomax @ (K)) € H]
— (12 e)d,)™ - (1 £ e)diSdlsdisdy >

— (1 £ 0(&)(d)od}ydsy) (d}s)",
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100
110 101
& ® » n/2 n/2
010 011 001
The Fano Plane PG,(2) The complete bipartite 3-graph H,(n)

Fig. 2. PG,(2) and Hy(n).

where the implicit constant in the O(-) notation is absolute, say 100. Therefore

0s(H'i) = > (= DE(1 %+ 0€)) (d ;i) (dy )
J

= Z 0(63)(d12d13d£3)4(d;23)
J

8 4
< (d12d13d£3) )

’

since €3 < 1. This proves that H,, is n;-quasirandom with relative density (13€)d3(H)?
with respect to H. The third statement of the theorem follows from Corollary 3.4, so we are
done. .

4. THE FANO PLANE

In this section we prove Theorem 1.1, thus establishing Mubayi’s conjecture. Our key tool
will be Theorem 3.5, our result above on uniform distribution of octahedra in quasirandom
3-complexes. We also make use of the idea of stability, or approximate structure, which
can be traced back to work of Erdés and Simonovits in the 60s in extremal graph theory.
Informally stated, a stability result tells us about the structure of configurations that are close
to optimal in an extremal problem: for example, a triangle-free graph with n?/4 — o(n?)
edges differs from a complete bipartite graph by o(n?) edges. Such a result is interesting
in its own right, but somewhat surprisingly it is often a useful stepping stone in proving
an exact result. Indeed, it was developed by Erd6s and Simonovits to determine the exact
Turdn number for k-critical graphs.

To further explain our method we first need some definitions. The Fano plane PG,(2) is
the projective plane over IF, = {0, 1}, the field with two elements: it is a 3-graph in which
the vertex set consists of the 7 non-zero vectors of length 3 over IF,, and the 7 edges are
those triples of vectors abc with a + b = c (see Fig. 2). A natural construction of a 3-graph
not containing the Fano plane is a balanced complete bipartite 3-graph H,(n), which we
recall is obtained by partitioning a set into two parts X = X; U X, with sizes as equal as
possible and taking as edges all triples that are not contained in either part (i.e. that intersect
both parts): it is easy to verify that the Fano plane is not bipartite, so is not contained in
H2 (l’l)
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In 1976 Sés [26] conjectured that H, (n) gives the exact value of ex(n, PG,(2)). This was
established for large n, together with the characterization of H,(n) as the unique maximizing
configuration, independently and simultaneously by Keevash and Sudakov [13] and Fiiredi
and Simonovits [6]. In [13] the following stability method was used: the first step was to
show that a Fano-free 3-graph with (3/4 — o(1)) ('3') edges differs from a complete bipartite
3-graph by o(n?) edges; then, the second step was to examine the possible imperfections in
structure in a 3-graph that is close to being bipartite, showing that they exclude more edges
in a Fano-free 3-graph than a complete bipartite 3-graph with no imperfections.

In considering the codegree problem, Mubayi [19] noted that the same construction
H,(n) gives a lower bound ex,(n, PG,(2)) > |n/2] and proved that 7, (PG,(2)) = 1/2,
so this bound is asymptotically best possible. In our solution of the exact problem, the first
step will be to use Theorem 3.5 to obtain some partial structure of Fano-free 3-graphs with
nearly maximal minimum codegree, namely that a Fano-free 3-graph H on n vertices with
minimum 2-degree (1/2 — o(1))n has a sparse set of size (1/2 — o(1))n. The second step
(fairly straightforward) is to complete the approximate structure, showing that H differs
from a complete bipartite 3-graph by o(n*) edges. Then the final step is to examine the
possible imperfections in structure to show that the largest minimum codegree is attained
with no imperfections: this is similar in spirit to the analysis of the normal Turdn problem,
although there are some additional technical difficulties for the codegree problem. We will
divide the three steps of the proof into subsections of this section.

4.1. The Sparse Set

The first step of the proof is the following application of Theorem 3.5.

Theorem 4.1. Suppose 0 < 1/n K 0 K € K 1, H is a 3-graph on a set X of n vertices
that does not contain a Fano plane, and 5,(H) > (1/2 — 0)n. Then there is a set Z C X
with |Z| > (1/2 — €)n such that d(H[Z]) < €, i.e. Z spans at most €|Z|3 /6 edges of H.

The idea of the proof is as follows. First we apply Theorem 3.1 to decompose H into
induced 3-complexes, most of which are quasirandom. Then a simple double-counting
gives us a vertex x such that there are about half of the vertex classes in the partition on
which x has a dense neighborhood graph. For each triple of such classes, each quasirandom
induced 3-complex on these classes must be very sparse; otherwise Theorem 3.5 gives us an
octahedron in which the pairs from each class are in the neighborhood graph of x, and this
structure contains a Fano plane. This implies that we have about half of the vertex classes
in the partition inducing a sparse subhypergraph of H.

Proof of Theorem 4.1.  'We operate with a constant hierarchy 0 < 1/n € d} <€ n <
d Ky Ldy, y K0 KeK1l.Setr=[0"7andletX =X, U---UX, be an
arbitrary partition with ||X;| —n/r| < 1for 1 < i < r. Let H, be the edges of H that
respect this partition, i.e. have at most one point in each X;. Applying Theorem 3.1 to
the generated r-partite 3-complex HF, using y instead of €, we obtain a partition system
P consisting of partitions X; = X° U X! U ... U X;" with each n; < 1/d, and partitions
KX, X)=GLU---U Gg."j with each n;; < d;'/*, such that,

* each exceptional class X? has size at most y | X;|, for 1 <i <r,
¢ the classes X,-a", 1 <i<r,1 <a; <n; have the same size, say m, and
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* if eis arandomly chosen edge of H, then with probability at least 1 — y, in the induced
complex H; (e, P), the graphs are n,-quasirandom, and the 3-graph is 73-quasirandom
with respect to H; (e, P).

Next we find a vertex x as described in the sketch before the proof. Consider the set of
all pairs contained in the vertex classes of P: denote it ¥ = U1 Yiy,, where I = {(i, ;) :

1
I<i<rl<fi<nm}andY, = (Xé ) (Note that we are not considering any exceptional
classes here.) Double-counting gives

D INa) N Y=Y ING(Y) N X] > [¥](1/2 = O)n,

xeX yeY

so we can choose x with [Ny (x) N Y| > (1/2 = 6)|Y]. Let C = {(i,#;) : |[Ny(x) N Y, | >
01Yi,|. Then, since |X;"| = m for every (i,t;) €I,

(12 - 9>|1|(’§) = (1/2—O)|¥] < [Ny N Y| < |C|<’;) + |I\C|9(’;’),

so |C| > (1/2 —20)|I|. LetZ = U(i,t,-)eCX,'ti~ Then |Z| = |Clm > (1/2 — 30)n.

Consider any induced tripartite 3-complex H; (e, P) in which the three vertex classes
are Xf;’ 1 <a < 3with (i,,t,) € C,1 < a < 3 and iy, i», i3 are distinct. We claim that it
cannot be that all three graphs in H (e, P) are n,-quasirandom with density at least d, and
the 3-graph in H (e, P) is n3-quasirandom with density at least d5. For then, since y < 0,
Theorem 3.5 gives us an octahedron (in fact many!) with parts {x,,x,}, 1 < a < 3 in which
X,x, is an edge of Ny(x) NY, ., 1 < a < 3. However such a structure clearly contains a
Fano plane, which contradicts our assumptions.

It follows that at least one quasirandomness condition or density condition fails for each
induced tripartite 3-complex H; (e, P) with vertex classes in Z. Now the choice of partition
system P guarantees that at most yn° edges of H; belong to induced complexes which fail a
quasirandomness condition. Also, at most dsn® edges of H, belong to an induced complex
for which the 3-graph has relative density at most ds, and at most 3d21/ n edges of H, belong
to an induced complex in which one of the 2-graphs has relative density at most d, (since
n; <dy 2 for every i,j). Finally, we can estimate the number of edges of H that do not
respect the partition X = X, U---UX, as |H \ H,| < n®/r. We conclude that d(H[Z]) < e,
as required. .

4.2. Stability

The remainder of the proof makes no further use of quasirandomness. The next step is to
use the sparse set to deduce a stability result, i.e. that a Fano-free 3-graph with minimum
codegree about n/2 is approximately bipartite.

Theorem 4.2. Suppose 0 < 1/n K 0 K € K 1, H is a 3-graph on a set X of n vertices
that does not contain a Fano plane, and §,(H) > (1/2 — 0)n. Then there is a partition
X = A U B such that at most en® edges are contained entirely within either A or B.
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Proof. It is convenient to introduce a constant ¢ with 6 <« ¢ < €. By Theorem 4.1 we

can find A C X with |A] > (1/2 — ¢)n and d(H[A]) < ¢, ie. [H[A]] < ¢|A*/6. Let
B =X\ A. Then

A
3IH[ANl+ ) INu(p) N Bl = ) INu(p)| > ('2'>(1/2—9)n,

176(3) I’E@)
SO
> INu®) N <A>' = > INu(p)PB| > (1/2—9)n(|A|>—¢|A|3/2 > (1/2—2¢)n<|A|)
o " 2 " 2 2 )

re(3)

This implies that |B| > (1/2 — 2¢)n, so both |A| and |B| are (1/2 &+ 2¢)n. Let

Ny (b) N (2)' < (- ¢'/2)<|§|)}~
(1/2—2¢)n<|2|> <>

Ny (b) N A

o (b) (2)’
beB

< 1Bol(1 - ¢1/2><'3'> + |B\Bo|<|A|)

2
(AN e (1A
—|B|<2> 1Bl - (2)

50 [Bo| < ¢~ '/*(|1B] — (1/2 — 2¢)n) < 3¢'/n.
We claim that there is no edge e € H[B \ By]. Otherwise we would have

A A
ﬂNH(b) N <2>‘ >(1— 3¢1/2)(|2'>.

bee

BOZ{bEB:

Then

Then, since ¢ < 1, NyeNy(b) N (3) contains a copy of Ky, the complete graph on 4
vertices: we can see this by Turdn’s theorem, which gives 7 (K;) = 2/3, or even just a
simple averaging argument which gives 7 (K,;) < 5/6. However, this K, and e span a
copy of the Fano plane, contradiction. Therefore every edge of B contains a point of By,
so |H[B]| < |Byl|B|*> < 3¢'?n’. Since |H[A]| < ¢|A|*/6 there are less than en® edges
contained entirely within either A or B. .

4.3. The Exact Codegree Result for the Fano Plane

Finally, we use the stability result above to prove Theorem 1.1, which states that if n is
sufficiently large and H is a 3-graph on n vertices with minimum 2-degree at least n/2 that
does not contain a Fano plane, then n is even and H is a balanced complete bipartite 3-graph.

Proof of Theorem 1.1. Let € be sufficiently small and n > ngy(e) sufficiently large. By
Theorem 4.2 we have a partition X = X, U X; so that |H[X,]| + |H[X;]| < en’. Choose
the partition that minimises |H[X,]| + |H[X,]|. We will show that this partition satisfies the
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conclusion of the theorem. Note first that the same argument used in the proof of Theorem
4.2 shows that |X,| and |X,| are (1/2 £ 2¢)n.

Next we show that there is no vertex x € X, with degree at least €'/*n* in H[X,].
For suppose there is such a vertex x. By choice of partition we have |Ny(x) N (X1)| >
INy () N (%) > €'/n?, or we could reduce |[H[X,]| + |H[X,]| by moving x to X;. We
can choose matchings M = {x]x},...,x,x2} in Ny (x) N (%) and M’ = {y}y?}, ...y} »2} in
Ny(x) N (le), with m = €'/n/2; indeed, it is a well-known observation that any maximal
matchings will be at least this large, as the vertex set of a maximal matching in a graph
covers all of its edges. Now we use an averaging argument to find a pair of edges of M that
are not “traversed” by many edges of H, in the following sense. We have

Z Z |Nao ({2 X2})| < 3IHIXo]| < 3en?,

I={iyipye (M) J=U1 a)el12)2

so we can choose I € (["’]) such that

-1
Z [Neor () 23 1) < (’Z) 3en’ < 50¢'*n.

J={j1 Jr}el21?

Also, for every 1 < k < m, H cannot contain all 8 edges xflxgyk , with ji, ja, 3 in {1,2},
as then together with x we would have a copy of the Fano plane. By double-counting we
deduce that there is some pair p = x’ lx” such that there are at least m/4 vertices y;’ that do
not belong to Ny (p). This gives |NH(p)| < 50€?n 4+ |X|| — €#n/8 < (1/2 — €)n, which
contradicts our assumptions. We deduce that there is no vertex in X, with degree at least
€'4n? in H[X,]. Similarly there is no vertex in X; with degree at least €'/*n” in H[X,].

Write |Xo| = n/2+t and |X;| = n/2 — ¢, where without loss of generality 0 < ¢t < 2en.
Suppose for a contradiction that either t > 0 or + = 0 and there is an edge in H[X,] or
H[X,]. Note that for every pair p € ( ) we have [Ny (p) N Xo| = INg(p)| — |Xi| = t. Thus
we can assume there is at least one edge in X, (since the case = 0 is symmetrical). Let
Y; C X; be minimum size transversals of H[X;] (i.e. |[eNY;| # @ for every e in H[X;]). Then
Yy # 0. Also, by the previous paragraph

1 X
Yole*n? > > [Ny (0| = [H[Xo]| = 3 D Wa ()] = 3< °>

2
p<C)

50 |Yo| > € V4Ln=2("2*) > 501, say, since € is small.
For each edge e € X, consider all possible ways to extend it to a copy of the Fano plane
using some F € (’Z‘). Since H does not contain a Fano plane there is some triple with 2

points in ' and one point in e that is not an edge. We count each such triple at most ('X ‘2!72)
times, so we get a set of at least ('X” 2) (‘Xl ') distinct triples. Thus there is some point x in e

for which we have a set M, of at least > ('X” 2) (‘)i"

x and a pair in ( ) ) not belonging to NH (x). Now varying e over all edges in X,,, we get sets
M,,x € T of at least ~ ('XI') ‘missing” triples involving x, for some transversal 7. Since Yy

1 (IX i oas I . .
) > 20( ) ) missing” triples involving

X
is a minimum size transversal M = U,.rM, has size at least |[M| > |Yy] - (' 2”)
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Now, for each pair p € (¥!) we have
n/2 < |Ng(P)| = INu(p) N Xo| + [Ny (p) N Xi| < |Xol — INy ()| + INu(p) N X1,

SO

1X1]
BIHX = Y INe@) NXi1= Y (INu(Q)] — 1) = M| — r( N )
re(i)) re(y)
Since [M| > |¥|(%) and & |Yo| — 1 > |¥o| we have [H[X,]| > 2 [Yol(")). Also
Yile*n? > 3y N @] > [HIX)L s0 Vi) > e g Yoln > ("57) > 21Yl, say,
since € is small.

Finally, we can apply the argument of the previous paragraph interchanging X, and X.
We getaset M’ of atleast |Y; |- 5 (*0') distinct triples that are not edges, each having 2 points
in Xj and 1 point in X;. For each pair p C X, we now have |[Ny(p) N Xo| > [Ny (p)| + 1,
so [H[Xol| > 1 (1¥11/20+ )("0") and |Yo| > €~/*n?|H[X,]| > 2|Y,|. This contradiction
completes the proof. .

5. QUASIRANDOM HYPERGRAPHS

We now return to the theory of quasirandom hypergraphs: we will discuss the Gowers
approach in full generality, together with some variants that we need for our arguments,
the general form of our quasirandom counting lemma, and its application to generalized
Turan problems. The essential ideas are already present in the discussion above for graphs
and 3-graphs, so we will be fairly brief. We refer the reader to [8] for full details of the
Gowers theory, with the proviso that we have also adopted some notation and terminology
from [9] and made other changes for consistency of notation. This section is divided into
four subsections: the first extends the notation and definitions introduced above to general
k-graphs, the second contains the general forms of the decomposition theorem and counting
lemma, the third the general form of our quasirandom counting lemma, and the fourth a
generalized form of Theorem 4.1.

5.1. Definitions

Consider a set X = X; U --- U X, partitioned into r parts. For brevity call this an r-partite
set. A C X is an r-partite subset if it contains at most one point from each X;. An r-partite
k-graph on X is a k-graph on X consisting of r-partite subsets. An r-partite k-complex H
is a collection of r-partite subsets of X of size at most k that forms a simplicial complex,
ie.if Se Hand T C Sthen T € H. If H is a k-graph then we can generate a k-complex
H=={T :35S € H,T C S}and a (k — 1)-complex H= = {T : 3§ € H,T C S} (strict
subsets). If H is an r-partite k-complex on X = X; U---UX, and A € (Z]]() we define an
|A|-complex Hy< = UpcaHp and an (JA| — 1)-complex Hy< = UpcaHp.

The index of an r-partite subset A of X is i(A) = {i € [r] : AN X; # @}. Let K4 (X) =
{§ € X :i(S) = i(A)}. If H is a k-graph or k-complex we write H, for the collection
of sets in H of index A. In particular, if S is an r-partite subset of X and A C i(S) then
Sy =S NU;eaX;. We also use Hy : K4(X) — {0, 1} to denote the characteristic function of
this set, i.e. H4(S) is 1 if S € H, and 0 otherwise.
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Write H}} for the collection of sets S of index A such that all proper subsets of S belong
to H. (Note that Hy C H}.) We also use H to denote the characteristic function of this set.
The relative A-density of H is dy(H) = |H,|/|H}|. We shorten this to d, if H is clear from
the context. In particular we have dy = 1, since Hy = Hj; = {J}. We often assume that
Hy = X;, so that dy; = 1 for 1 < i < r: in general we can apply a result obtained under
this assumption by replacing X = X; U--- U X, with X' = X] U ... U X/, where X/ = Hy;.
We also use an unsubscripted d to denote (absolute) density, e.g. d(Hy) = |Hy|/|Ka(X)].

Suppose Y = Y, U ---UY, is another r-partite set. We let ® (Y, X) denote the set of all
r-partite maps from Y to X: these are maps ¢ : ¥ — X such that ¢ (Y;) € X; for each i. If
J is a k-graph or k-complex on Y and H a k-graph or k-complex on X we say that ¢ is a
homomorphism if ¢ (J) € H.

For each number i let U; = {u?,u!} be a set of size 2 and let U = U, U;. For a set of
numbers A let Uy = U;cq U;. The A-octahedronon Uis Oy, = {B C U, : |BNU;| = 1,i € A}.
Suppose that for each B € 04 we have functions f3 defined on K, (X). Their Gowers inner
product is ({fz}secoy )0 = Eweowx) ]_[BGOA fz(w(B)). (Effectively we are averaging over
w in ®(U,, X,), but extending the function does not affect the average.) Given a function
f defined on K4 (X) let Oct(f) = ({fz})q«, where fz = f for every B € O,. Say that f is
n-quasirandom relative to H if Oct(f) < n HBE(,; dg(H)."*

If H is a k-complex on X and A € (L’){) = {B : B C [r],|B| < k}, the balanced

function of H, is Hy = (Hy — dy)H* = H, — dsH}. We say that H, is n-quasirandom if
its balanced function H, is n-quasirandom. If F is a fixed r-partite k-complex we say that
H is (e, F, k)-quasirandom if H, is nj -quasirandom for every A € F, where the “hidden
parameters” 1, ..., 1 are defined recursively by ¢, = €, and n;, = %(es ]_[AeF"A‘ZS dA)z’v,
€1 = n,|F|™! I—[f:s 27" for 2 < s < k. This terminology is a convenient way of expressing
a sufficient condition for approximate counting of homomorphisms from F to H. It is
sometimes helpful to have a notation including the hidden parameters, thus we say that H
is -quasirandom, where 7 = (71, . . ., x), if Hy is nj4-quasirandom with respect to H for
every A € (L’,]() (we can take n;, = 0), and we say that H is d-dense, where d = d,...,dy),
if Hy has relative density at least d|4 with respect to H for every A € (L’)() We also say
that H is (F,d)-dense, if H, has relative density at least djs with respect to H for every
A € F.Thereis anatural hierarchy 0 < ) K di K m <KL 6 K dh € -+ K ;i K€ § K
di, 1/|F| < 1 that arises in applications, and assuming that the functions implicit in the
«-notation decay sufficiently quickly, if H is 7j-quasirandom and (F, d)-dense then H,< is

(€141, Fa<, |A])-quasirandom for every A € (L’){)

Comments. We prefer the term k-complex (k-chain is used in [8]), as we are dealing with
simplicial complexes. We are using the letter d for densities (§ is used in [8]) to reserve the
letter § for minimum degree or density. We should emphasise that d with a set subscript
indicates relative density with respect to that set, whereas d with no subscript indicates
(absolute) density (which will be generally well-approximated by a product of relative
densities). For the sake of consistency we always use set subscripts to indicate some kind
of restriction to that set. The functions defined on K, (X) may be regarded as A-functions as
defined in [8]. The Gowers inner product was formalized in [9] in a slightly restricted context

l4Recall that O3 is a (k — 1)-complex consisting of strict subsets of the sets in O4, and write dg(H) = d;p)(H)
for less cumbersome notation. This will be a general rule: a subscript A should be understood as i(A) where
appropriate.
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and generally in [30], where it was called the cube inner product. Here we are departing from
[8], where a counting rather than averaging convention is used, as we find it more convenient
not to have to keep track of normalizing factors. Although we do not need these facts, it
may aid the reader to know that for d > 2 the operation f > ||f||g« = Oct(f )27‘1 defines a
norm, and there is a Gowers-Cauchy-Schwartz inequality |({fs}se0,)0a| < [Tpeo, fslloe-

5.2. Quasirandom Decomposition and the Counting Lemma

As for 3-graphs, the above notion of quasirandomness admits a decomposition theorem and
a counting lemma.

Suppose as before, that X = X; U --- U X, is an r-partite set. A partition k-system P
is a collection of partitions P, of K, (X) for every A € ("])). For each A there is a natural
refinement of Py, called strong equivalence in [8], where sets S, in K4(X) are strongly
equivalent if Sz and S, belong to the same class of Py for every B C A." Given x € Kj,1(X)
the induced complex P(x) has maximal edges equal to all sets strongly equivalent to some
x4 = {x; : i € A} with |A| = k. The main case of interest is when H is a k-graph or
k-complex and Py = (H4, Ka(X) \ Hy).

The following decomposition theorem is a variant of Theorem 7.3 in [8], with two key
differences: (i) we have an equitable partition of X, together with an exceptional class, and (ii)
we want some flexibility in the choice of the hidden parameters in quasirandomness, rather
than the specific choice inherent in the definition of (e, F, k)-quasirandomness. The proof
is very similar to that given in [8], so we will defer a sketch of the necessary modifications
that give this version to appendix A.

Theorem 5.1.  Suppose 0 < 1/n K di K m K dh K 3 K -+ L dpm) € M K
e 1/r,1/m < 1, that X = X; U --- U X, is an r-partite set with each |X;| > n, and P is a
partition k-system on X such that each such that each P, partitions K4(X) into at most m
sets. Then there is a partition k-system Q refining P such that

e Oy =Py when|A| =k,

—1/2
* |04l <dy,”* when |A| <k, )
* Qi = Qu, 1 < i < rare of the form X;)’l .- UXl-’m"O UXil .- UX,-’"’, where
X) = XiO,l U..-uU le).m,-,o are exceptional classes of size |X?| < €|X;|, and the X!,
1 <i<vr t#0areall of equal size, and

* ifx = (x1,- -+ ,x,) is chosen uniformly at random from K, (X), then with probability
at least 1 — € the induced complex Q(x) is n-quasirandom and d-dense, for some
0<d, <1.

Next, we have the following generalized counting lemma, the adaptation of Theorem
5.1 in [8] to the setting of 77-quasirandom d-dense complexes. (The proof is identical.)

Theorem 5.2. Suppose 0 < 1/n K di K m K dh K 3 L -+ L dpo) € K
€,di, 1/|F| < 1, H and F are r-partite k-complexes on X =_X1 U---UX,and Y =
Y\ U .- U Y, respectively, and H is n-quasirandom and (F,d)-dense. Suppose F, is a

I5Recall that set subscripts indicate an appropriate restriction: Sp = S N U;epX;.
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subcomplex of F, for each e € F we have a function f, on K, (X) withf, = f,H,, andf, = H,
forall e € F\Fy. Then

Epeo.x) []‘[ﬁ<¢(e))]= [ d)  Eocowr | [[fo@(@) | £ €] [dett).

ecF eeF\Fy eck ecF

As for 3-graphs, there are two special cases of Theorem 5.2 that are particularly useful.
Firstly, when F, = {J we get a counting lemma for the partite homomorphism density of F
in H:

dp(H) = Egeor) []‘[ HL,(qs(e))] =+ ],

eeF ecF

The further special case when F is a single edge gives an approximation of absolute densities
in terms of relative densities:

d(Hy) = (1 e [ [ dp(®).

BcA

Secondly, we see that quasirandomness implies vertex-uniformity (the proof is almost
identical to that given for 3-graphs, so we omit it):

Corollary 5.3.  Suppose 0 < I/n <K di K m K dh <K 3 K - L dpp K e K
€,d;, < 1 and H is an n-quasirandom d-dense k-partite k-complex on X = X, U X, U Xj,
with H; = X;, 1 < i < k. Suppose W; C X;, 1 < i < r and let Hy[W] be the restriction of
H[kJIOW=W1U"'UWk. Then

|Hy [W]] _ | Hig .(|W1|"'|Wk|i )
Xt Xl Xl X [Xi] - [ Xl

5.3. The Homomorphism Complex: Quasirandom Counting

Now we will present our quasirandom version of the counting lemma in full generality.
Suppose J is a t-partite k-complex with vertex set E = E, U - - - U E, and G is an 7-partite
k-complex with vertex set Y = Y, U- - -UY,. We define the homomorphism complex J — G,
which we also denote G’ for the sake of compact notation. The vertex setis Y’ = Y{U--.UY],
where Y/ is the set of all maps ¢; : E; — Y;. For each A C [¢], the edges G, of index A
consist of all |A|-tuples (¢;);ca for which the associated |A|-partite map ¢, : E4 — Yy isa
homomorphism, i.e. ¢4(J4) € Ga. Note that G’ = J — G is formally a 7-complex, but its
sets of size bigger than k have a trivial structure, in that they are present exactly when all
their subsets of size (at most) k are present.

Theorem 5.4. Suppose 0 < I/n < m KL e <K< <KLKh K< pmKLa L K- KL
N L € L N, KL 1/t,dy < 1, that J is a t-partite k-complexon E = E,U---UE, and G is
an 7-quasirandom (J,d)-dense t-partite k-complex on Y = Y, U --- U Y,, where G; = Y;,
1 <i<t Then G' =J — G is /-quasirandom, where / = My, ..., m)) with g, = 0 for
k < i < t. Furthermore, the densities may be estimated as d,(G') = (1 & €)d,(G)VA! for
|A| < k and d,(G') = 1 for |A| > k.
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Proof. The argument is very similar to that used in the proof of Theorem 3.5. We write
dy = dy(G) and d;, = d,(G’) for A C [t], |A| > 2. Fix A C [t], |A| > 2. The counting
lemma gives

Gyl Poeown@UD) €6 A Eeu/D gz ds
IGXl  Pieowr(@Uy) SG) (1 E£eyu/3) HSEJ; ds

d, = = (1 eu)d?.

Next we need to estimate Oct(G,). Write G, = g) — g}, where g, = G, and g} = d,G"*.
We can assume that |A| < k: otherwise we have G, = G, d, = 1 and G, = 0. Then

0ct(G}) = Eveawy) | | Ga@(B)) = Z( DY Eyeowr | | 8, (@(B)),

BeOy BeOy

where we recall that Oy is the A-octahedron on U, j ranges over all {0, 1}-sequences (jz)sco, »
and ) j = ZBGOA Js-

We interpret each summand as counting homomorphisms to functions from JJ,, where
we define the clone JJ of J as the following #-partite k-complex on EE = EE, U - -- U EE,.
The parts EE; = E? UE]!, 1 < i < t have two copies x?,x] of each point x; € E;. The
edges of JJ, consist of 2! copies of J4, indexed by O, thus JJy = Upeo,J%, writing
JB = {{xBYica : {xitica € Ja}, where xB is x? if BN U; = {u¥} or x! if BN U; = {u}}. Given
a t-partite map w from U to Y’, we obtain ¢-partite maps ¢® = w(B), B € O, acting on
various copies of E in EE, which together give a ¢-partite map ¢ from EE to Y defined by
¢ (x)) = w(u})(x;). Now we can rewrite the summands above using

IT 5,@®) = [T I8¢ @ = [T isr, @),

BeOy S0, TejB Telly

where we write B(T) for that B € O, suchthatY € J8, gy = G, (the characteristic function)
and g1 = (d/)l/lelG* = (1 ﬂ:2|JA| E‘A‘)dAGz

Now we can estimate the contribution from the summand corresponding t0 j = (js)zeo,
using the counting lemma for homomorphisms to G from the complex K; = JJ4=<\Upg,j,—1J5.
We have

EwedD(U,Y’) 1_[ g]’-B (w(B)) = Eqﬁqu(EE,Y) 1_[ i) (¢(T))

BeOy Teliy
= ()" Pyeowrnld (K) € GI
= (A £ eupdi*)™ - 1 £ ) [T dr(©)

Tek;
=(1£0n) [[ ¢ =0x0eu) [] 4
Telly< BeO,<
Therefore
Oct(Gy) = > (=X A £ 0e)) [] dp = Z OGw) [T ds<niw T a5
j BeO,< BeO,< BeOy <
since €)4; < 1,,- This proves that G}, is 1/, -quasirandom, so we are done. .
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5.4. An Application to Generalized Turan Problems

In this subsection we apply the quasirandom counting lemma to derive information about
generalized Turdn problems for configurations that have the following particular structure.
Suppose F is a k-graph and s is an integer. The s-blowup F'(s) of F' is defined as follows.
For each vertex x of F there are vertices xy, . . ., x, of F(s). For each edge x! - - -xk of F we
have all s* edges xi‘l . -xffk with 1 <i;,...,i; < sinF(s). Note that F(2) = FF is the clone
of F as defined in the previous section. For I < s < k — 1 we define the s-augmentation
F* of F as the k-graph obtained from F(s) by adding a set V* of k — s new vertices and
all edges V* U {xy,...,x}, with x € V(F). The following theorem is a generalization of
Theorem 4.1 in two respects: (i) the relationship between a single edge and the Fano plane
is replaced by the relationship between F and F**, (ii) the assumptions have been relaxed
to “f-approximate” assumptions.

Theorem 5.5. Suppose 0 < 1/n € 0 €K e K 1/k,1 <s <k—-10<4§ <1,
F is a k-graph, H is a k-graph on a set X of n vertices, dr+s(H) < 0 and the s-graph
G={Se (f) D INE(S)| < 8(2:)} has density d(G) < 0. Then there is a subset Z C X with

|Z| > (6 — €)n so that dr(H[Z]) < €.

Proof of Theorem 5.5. 'We operate with a constant hierarchy 0 < 1/n € 0 K o < d; K
mMLd < pK - Ldp) KpLyY,dy Kw<Ke<Kl Setr=[w?] and let
X = X; U..-UX, be an arbitrary partition with ||X;| — n/r] < 1 for 1 < i < r. Let
H, be the edges of H that respect this partition, i.e. have at most one point in each X;.
Consider the partition system P naturally associated with H:, in which P, is the partition
Ki(X) = (H )4 U Ka(X)\ (H) 4. Applying Theorem 5.1, using y instead of €, we obtain
a partition system Q refining P such that

e Oy = P, when |A| =k,

* 10al < dy)* when |A] < &,

* Q= Qu, 1 <i<rareofthe fom X U---UX,"" UX!U-..UX/", where
X0 =x"uU-..uU X?'mi‘o are exceptional classes of size [X?| < y|Xi|, and the X/,
1 <i<r,t# 0 are all of equal size, say m, and

0,m; ¢

e ifx = (xy,...,x,) is chosen uniformly at random from K,;(X), the_n with probability
at least 1 — y the induced complex Q(x) is B-quasirandom and d-dense, for some
0<d, <1.

Consider the set of all s-tuples contained in the vertex classes of Q: denote it ¥ =

1
UisperYig;, where I = {(i,1;) : 1 <i<r,1 <t <m}and Y, = (Xj ) Let W = (ki) and
W ={ReW:|Ny(R)NY|> (6§ —w)|Y|}. Double counting gives

(|Y|—en5/s!)8<Z:j> < Y du($) = Y INgRINY\G| < [W[[Y[HWA\W|(3—w)| Y],

SeY\G Rew

which gives |W'| > 1w(" ). Write Cg = {(i,t;) € I : [Ng(R) NY;,| > w(")}. Since

S,
a <K d; there are at most 2"l < o~'/2 possibilities for Cg, so there is some C that occurs as
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Cy for at least o (kf ) of the R in W’. For now we focus on one such R. Then, since |Xl-’i |=m

S.

for every (i,t;) € 1,

6 - w>|1|<':) <INa®NY] < Y

m m
+ E w )
. § . N
(i.t;)eC (i.t;)el\C

$0 |C| > (§ = 2w)|I|. Let Z = U(,-,,l.)ecXit". Then |Z| = |Clm > (§ — 3w)n.

Suppose V(F) = {v!,...,v'} for some ¢. We think of F= as a t-partite k-complex with
one vertex in each part. For any (ordered) ¢-tuple of vertices x = (xy,...,x;) withx, € Xi’;’,
(is, t,) € C, i, distinct, 1 < a < t we consider the induced 7-partite k-complex Q(x), i.e.
the union of the induced complexes corresponding to each k-subset of x. For convenient
notation we temporarily identify (iy,...,7,) with [1] = {1,...,¢}. We let H(x) C Q(x) be
obtained by keeping those k-tuples corresponding to edges of H, i.e. H(x)4 = Q(x), if
Q)4 C Hyand H(x)4 = Bif Q(x)4 € K4\H,, for A € (). We claim that H (x) is not both
n-quasirandom and (F=, 3) -dense. Otherwise, we can calculate as follows that there is too
high a probability that a random map ¢ : V(F*) — X is a homomorphism from F** to H.
Using the definition of F**, we write the event {¢ (F**) C H} as E; N E; N E3 N E,, where
E, is the event that the additional vertex set V* is mapped to some R in W’ with Cr = C, E,
is the event that V(F(s)) is mapped in r-partite fashion to the classes ij, l1<ac<tEsis
the event that each s-tuple v{ - - - V¢ is mapped to Ny (R) N Y;,,, for 1 < a < t, and E, is the
event {¢(F(s)) € H}. Now P(E;) > «/2 by definition of C, P(E,|E,) = (m/n)* > «a and
P(E;|E, N E;) > (w/2)" by definition of Cg. Also, Theorem 5.4 and Corollary 5.3 applied
toJ = F(s)= give

1 A
PEENENE) =1%o [| ddHw) > []d >«

A€F(s)= AeF=

We deduce that P[¢p(F™) € H] > a/2 - «a - (w/2) -« > 0, which contradicts our
assumptions. Therefore H (x) is not both -quasirandom and (F=, 3)—dense.

Now we want to estimate dp (H[Z]) = Pr.p_.,(f (F) € H[Z]). The event f(F) C H[Z]
is contained in the event B; U B, U B; where B is the event that f is not a partite map (i.e.
two vertices of F' are mapped to the same X;), B, is the event that f is a partite map but F
is mapped to H(x) for some #-tuple x that is not 7-quasirandom, and Bj is the event that
neither By or B, holds and f(F) € H. Then P(B)) < (})/r < w. Also, Q was chosen so
that at most yn* edges of H; belong to induced complexes which fail a quasirandomness
condition, so P(B;) < |E(F)|y < w. To estimate P(B3) we note that on this event f maps
V(F) to some H (x) that is 7-quasirandom, so by the previous paragraph it is not (F=, d)-
dense. Since |Q4] < d;ﬂl/z when |A| < k, for any a < k, at most (z)d;/zn" edges of H,
belong to an induced complex in which some a-graph has relative density at most d,,. Also,
at most dyn* edges of H, belong to an induced complex in which the k-graph has relative
density at most d;. Summing these contributions, we deduce that P(B;) < w. Finally we
have dr(H[Z]) < P(B,) + P(B,) + P(B;) < 3w < ¢, as required. .

Remark.  As a further extension, note that we could have taken any I’ C [ and applied the
argument with Y’ = U;,yer Y, instead of Y. Thus we find some C' C I’ with [C'| > (5 — €)

|I'| such that Z' = U(L,l.)ec/X,-t’ satisfies |Z'| = |C'|m > 'llTll‘(S — e)nand dr(H[Z']) < €.
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6. CODEGREE PROBLEMS FOR PROJECTIVE PLANES

In this section we apply Theorem 5.5 to codegree problems for projective planes. The first
subsection contains definitions and a summary of previous results on codegree problems
for projective planes obtained in [15]. The second subsection generalises the approach used
for the Fano plane to obtain strong structural information for the general problem, which
already determines the codegree threshold for planes over a field of odd size up to an additive
constant (the first part of Theorem 1.2). In the third subsection we complete the proof of
Theorem 1.2 with a more detailed analysis for the plane over F; in terms of its blocking
sets: we see that the true codegree threshold in this case lies strictly between the natural
upper and lower bounds found in the first subsection. The last subsection deals with the
plane over F,, where we demonstrate a surprisingly different behavior from F, and fields
of odd size.

6.1. Definitions and Previous Results

First we give some definitions. Let IF, be the field with g elements, for any prime power g. The
projective geometry PG,,(g) of dimension m over IF, is a (g + 1)-graph with vertex set equal
to the one-dimensional subspaces of IFZ’“ and edges corresponding to the two-dimensional
subspaces of IFZ‘“, in that for each two-dimensional subspace, the set of one-dimensional
subspaces that it contains is an edge of the hypergraph PG,,(q). A vertex of PG, (q) can

be described by projective co-ordinates as (x; : -« : X,41), Where (xi,...,X,y1) iS any
non-zero vector of IF’q"“ and (x; : - : x,41) denotes the one-dimensional subspace that it
generates.

The main result of [15] is the following upper bound on the codegree density for general
projective geometries, which is tight in many cases.

Theorem 6.1.  The codegree density of projective geometries satisfies 7,(PG,(q)) <
1 — 1/m. Equality holds whenever m = 2 and q is 2 or odd, and whenever m = 3 and q is
2 or3.

The results in [15] can be summarized by the following table, in which the entry in
the cell indexed by row m and column ¢ is either a number indicating the exact value of
7,(PG,,(g)) or an interval in which 7,(PG,,(¢)) lies.

m\q 2 3 4 2,t>3 p',podd
2 1/2 1/2 [1/3,1/2] [0,1/2] 1/2
3 2/3 2/3 [1/2,2/3] [0,2/3] [1/2,2/3]
4 [2/3,3/4] [2/3,3/4] [1/2,3/4] [0,3/4] [1/2,3/4]
m=>5 [3/4,1—1/m] [2/3,1—1/m] [1/2,1—1/m] [0,1—1/m] [1/2,1—1/m]

6.2. General Structure

A useful property of projective geometries proved in [15] is that PG,,(¢) € PG,,_1(g)™;in
particular PG, (g) C e, where e is a single (¢ + 1)-edge. Thus we may specialise Theorem
5.5 as follows.
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Theorem 6.2. Suppose q is a prime power, 0 < 1/n €K 0 K € K 1/q,0<8 <1, His
a (q + 1)-graph on a set X of n vertices, dpg,q(H) < 0 and the g-graph G = {Q € ( )
Ny (Q)| < dn} has density d(G) < 0. Then there is a subset Z C X with |Z| > (§ — e)n S0
that d(H[Z]) < €.

Similarly to Theorem 4.2, we can use this to deduce a stability result, describing the
approximate structure of a (¢ + 1)-graph that does not contain PG,(g) and has most of its
g-degrees at least n/2 — o(n).'°

Theorem 6.3.  Suppose q is a prime power, 0 < 1/n K 0 K € K 1, Hisa (q+ 1)-graph
on a set X of n vertices, dpg,)(H) < 0 and the q-graph G = {Q € (:) ;N (Q)] <
(1/2 — 8)n} has density d(G) < 0. Then there is a partition X = A U B such that at most
en?*! edges are contained entirely within A or within B.

Before giving the proof we remark that any k-graph H with density d(H) > 1 — (;:’)71
contains K*, the complete k-graph on m vertices. Indeed, by averaging H contains a set M

m?

of m vertices with d(H[M]) > d(H), and then every k-tuple in M must be an edge. (In other
words we are using the easy bound w(K¥) < 1 — (’]:’)_l on the Turan density, which is far
from being best possible, but suffices for our purposes here.)

Proof. Introduce a hierarchy of constants € = 64 > 6; > 6, > 0, = 0. By Theorem 6.2
we can find A C X with |A| > (1/2 — 0,)nand d(H[A]) < 6,,1.e. |[H[A]| < 6,]A|%F!/(q +
1)!. Let B = X\A. Now

(q+ DIHIAI+ ) INy(@NBl= > INg(Q)|
0<(y) 0<(y

<2)\G‘ (1/2—0)n
(5)
> /2= n("

> INub) N C]‘)‘ = Y INu(Q) N B

beB Qe (/;\])

SO

> (1/2 - 92)n<|2|> — 6,JA|1" /g

(|A|>
> (1/2 — 65)n .
q

This implies that |B| > (1/2 — 65)n, so |A| and |B| are (1/2 &£ 6;)n. Let

o ()05 ()}

16This weakened assumption may strike the reader as strange at first sight, as in a straightforward application of
the stability method one has information about all g-degrees, but its importance will become clearer in the last
subsection.

={beB:
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Then
(172 - 93)”(|A|> <Y INu)n (A> < IBol(1 - 93”2)<|A|> + lB\Bo|<|A|)
) beB q 1 1
= |B|('A') — 1By| -93”2('/"),
q q
SO

IBo| < 65 "*(IB] — (1/2 — 63)n) < 26)*n.

We claim that there is no edge e € H[B\By]. If there were we would have | (), _, Ny (D) N
(2)| >0—-(qg+ 1)931/2)(‘2‘). But then, by the remark before the proof (1),., Nu(b) N (2)
contains a KZZ’ and together with e we have a copy of PG,(q). Therefore every edge of B
contains a point of By, so |[H[B]| < |BO|(|§‘) < 2931/271((1/2 + 6:)n)?/q! < %en"“. Since
|H[A]| < 6,]A|%*! /(g + 1)! we are done. .

Finally, just as in the proof of Theorem 1.1, we use the previous stability result to obtain
very precise information about a (¢ + 1)-graph on a set X of n > n, vertices with minimum
g-degree §,(H) > n/2 that does not contain PG;(q).

Theorem 6.4.  For any prime power q there is a number ng so that if H is a (q + 1)-graph
on a set X of n > nq vertices with minimum q-degree 5,(H) > n/2 that does not contain
PG,(q) then n is even, there is a partition X = X, U X, where |Xy| = |X1| = n/2 and
H[X,] = H[X ] = 0.

Proof.  Let € be sufficiently small and n > ny(e, g) sufficiently large. By Theorem 6.3 we
have a partition X = X, U X; so that |H[X,]| + |H[X;]| < en?"!. Choose the partition that
minimises [H[Xo]| + [H[X;]|. We will show that this partition satisfies the conclusion of
the theorem. Note first that the same argument used in the proof of Theorem 6.3 shows that
|Xo| and |X;| are (1/2 £ 2¢)n.

First we show that there is no vertex x € X, with degree at least €'/?7n? in H[X,]. For
suppose there is such a vertex x. By choice of partition we have |Ny (x) N ();1)| > [Ng(x) N
();0)| > €Y24p4, or we could reduce |H[X,]| + |H[X,]| by moving x to X;. We can choose
matchings M = {x] ---x{,.... %, - x4} in Ny ) N () and M’ = {y} -y, ..., - ¥4
in Nyg(x) N ();1), with m = €'/%In/q (as in the case ¢ = 2 we are using the well-known
observation that any maximal matchings will be at least this large). Now

) Yo Va6 )| < (@ + DIHIXoN < (g + Den™!,

so we can choose I € ([';’]) such that

-1
, . m
> N x| < ( ) (g + Den™" < 2¢%(qg+ 1)'e'*n.
J={jtdq)elqt q
Also, forevery 1 < k < m, H cannothave all g*! edgesxfl1 . -x{qyiq“ ,withji, ..., j,41in
[q1, as then together with x we have a g-augmented edge, which contains PG, (q). Therefore
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there is some g-tuple Q = xf 1‘ . such that there are at least g~9m vertices y /41 that do not

belong to Ny (Q). This gives |NH(Q)| < 2q7(q+De'?n41X,| —q 7 '€ < (1/2—€)n,
which contradicts our assumptions. We deduce that there is no vertex in X, with degree at
least €'/2n4 in H[X,]. Similarly there is no vertex in X; with degree at least €'/?/n9 in H[X ].

Write |Xy| = n/2 4t and |X,| = n/2 — ¢, where without loss of generality 0 <t < 2en.
Suppose for a contradiction that either t+ > 0 or + = 0 and there is an edge in H[X,] or
HI[X,]. Note that for every g-tuple Q € ();0) we have [Ny (Q) N Xo| > INy(Q)| — 1X,| > t.
Thus we can assume there is at least one edge in X, (since the case ¢t = 0 is symmetrical).
Let ¥; € X; be minimum size transversals of H[X;]. Then Y, # @. Also, by the previous
paragraph

1 t |Xo|
Yole*'n% > 3" Ny @) = [HIXoll = —— > [Nupxy (Q)] > —( 0)
q+1 g+ 1\ ¢q
x€Yy QE();())
so |Yy| > e~/ e (”/2“) > 2q%t, say.
For each edge e € X, consider all possible ways to extend it to a copy of PG,(g) using
some F' € ( ) Since H does not contain PG,(g) there is some (g + 1)-tuple with ¢ points

in F and one point in e that is not an edge. We count each such (g + 1)-tuple at most (' 1! qq)

times, so we get a set of at least (‘Xlqu) ('X”) distinct (¢ + 1)-tuples. Thus there is some

point x in e for which we have a set M, of at least m (‘;{2“7:) ('X1 ‘) > g3 ('};1 ') ‘missing”
(g + 1)-tuples involving x and a g-tuple in (X‘) not belonging to Ny (x). Now varying e over
all edges in X, we get a set M = U, M, of missing (g + 1)-tuples with [M| > |Y;|-g 3‘1(')(1‘)

(since Y; is a minimum size transversal). For each g-tuple Q € ( ) we have
n/2 < INg(Q)| = INg(Q) N Xo| + [Ny (Q) N Xi| < [Xo] — INu(Q)] + INy(Q) N X

SO

X
@+ DIHX = Y INa@NXi|= ) (|NM<Q)|—;)=|M|_t<| 1|).
0e(¥)) 0e(™) q

Since ¢|Yy| — t > 3q7*|Yo| we have |H[X;]| > 2(q+1)|Y |(‘X”) Also |Y;|€'?nd >

Y ey, W] > [HIX\ 1, 50 |Y1| > e/ +W =1 ("27) > 21, l.

Finally we can apply the argument of the previous paragraph interchanging X, and X;. We
getaset M’ of atleast |, |- g (‘);0') distinct (g 4 1)-tuples that are not edges, each having
g points in X, and 1 point in X;. For each g-tuple Q C X, we now have [Ny (Q) N Xo| >
Ni (O + 1, 50 |HIXoll > 25+ (@Y | +0(%))) and [Yol > € 2nt|HIXo]| > 2|1,
This contradiction completes the proof. .

Remark.  The argument applies more generally to any F with PG,(g) C F C e*? (where
e = PG(q) is a single edge.)

For general odd g Theorem 6.4 determines the g-degree threshold to find PG,(q) up
to a constant, thus proving the first part of Theorem 1.2. It provides an upper bound
ex,(n, PG,(g)) < n/2. On the other hand, it was proved in [15] that there is no copy
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of PG,(q) in the complete oddly bipartite (¢ + 1)-graph, by which we mean the con-
struction obtained by forming a balanced partition X = X, U X; and taking as edges
all (¢ + 1)-tuples with an odd number of points in each X;. This gives a lower bound
ex,(n, PG>(q)) = [n/2] —q + 1.

6.3. The Projective Plane Over F;

To nail down the constant uncertainty in the bound ex, (n, PG»(q)) > |n/2| — g+ 1 for odd
q requires analysis of the degrees of g-tuples not contained in X, or X;, which is closely
connected to the theory of blocking sets in projective planes (see [28]). This theory is far
from complete, but the case g = 3 is sufficiently simple to analyse.

Say that S C PG,,(q) is a blocking set if 0 < |S N L| < |L| for every line L of PG, (q).
Note that the complement of a blocking set is also a blocking set, so the existence of a
blocking set is equivalent to the existence of a bipartition of PG,,(q). The blocking sets of
PG,(3) may be classified as follows (see [28] or [10]): they all have size 6 or 7, and those
of size 6 are of the form L(x,y) U L(y,z) U L(x,2) \ {x,y,z}, where x, y, z are non-collinear
points and we use the notation L(a, b) for the line containing a and b. (Those of size 7 are
their complements.)

Consider a partition V(PG,(3)) = Ay U A, of PG,(3) into blocking sets, where A| =
L(x,y) UL(y,z) UL(x,2) \ {x, Y, z}. We refer to the type of a line L as ALA'' if |[LNA;| = 1,
i =0, 1. Then the lines L(x, y), L(y, z) and L(x, z) each have type A%Az, and their restrictions
to each part form a triangle in Ay and a matching in A;. There are 6 lines of type AjA;, and
we note that the 3 points of A, consist of 1 point from {x,y, z} and 2 of the other 4 points.
This leaves 4 lines of type ApA3, for which we note that the point in A is not one of {x, y, z}.
In the picture, we have x = 100, y = 010, z = 001, Ay = white discs, A; = black discs.

Construction. Now we can describe an improvement to the complete oddly bipartite
construction. Take a set X of n points, n even, and partition it as X = X, U X; with
|Xo| = n/2 + 1. Choose 2 special points a, b in X,. Form a 4-graph H by taking as edges
all 4-tuples which either have 3 points in one X; and 1 point in X;_;, or have 2 points in X
and 2 points in Xj, exactly one of which is a or b. Then H does not contain PG,(3), as the
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edges with 2 points in each part do not contain the triangle with matching neighborhood
configuration described in the previous paragraph. Also, the minimum 3-degree of H is
n/2 —1.

We will show that this construction is optimal. First we need the following lemma, which
is similar to (but does not follow from) a case of a result of Diwan and Sobhan Babu [5]. The
proof is a simple but slightly tedious case analysis which we outline here for the reader’s
convenience.

Lemma 6.5. Suppose G, G, and Gs are graphs on the same set Y of at least 8 vertices,
so that each has minimum degree at least 2 and there is no “multicolored” matching e, e,
esz with e; € G; for each i. Then there are two points a, b that meet each edge of each G;.

Proof. Suppose that no two points meet each edge of each G;. We claim that there is a
matching M of size 3in G = G, U G, U Gj. To see this, consider a possible counterexample
G. Divide into cases according to the connectivity x (G) of G. The minimum degree condition
implies that each component of G contains a matching of size 1 (i.e. an edge), and even a
matching of size 2 unless it is a triangle, so G must be connected. If «(G) = 1 and vis a
cutvertex then every component of G\v contains an edge, so G\v has exactly two components
C, C'. Since there is no matching of size edge in C’. Next suppose that « (G) = 2 and {u, v}
say C, is a star with at least 4 vertices, i.e. its edges all contain some vertex x in C. By the
minimum degree condition any other vertex y in C is joined to v. But now we can find a
matching of size 3: take ya, xz for some z € C\ {x, y} and an edge in C’'. Next suppose that
k(G) = 2 and {u, v} is a cutset. By hypothesis {u, v} does not meet every edge, so some
component C of G\ {u, v} contains an edge. If there are at least two other components C’,
C” of G\ {u, v} then we can extend this to a matching of size 3 with an edge from C to u
and an edge from C” to v. If there is one other component C’ of G\ {u, v} then we can find
a matching of size 3 in which there is an edge from C to u or v, from C’ to the other of u or
v, and a third edge in C. Finally, suppose « (G) > 3 and § is a minimum cutset. Since every
x € S has a neighbor in every component of G\ S there are exactly 2 components of G\ S.
Then we can find a matching of size 3 using two edges from S to components of G\ S and
one edge inside a component of G\S. In all cases we see that there is a matching M of size
3inG=G1 UGzUG3.

If not all three colors G; are used in M we will show how to increase the number of
colors. Suppose first that all three edges are in G;. Pick any new point x and an edge e of
G, that contains it. We can include e and discard whichever edge of our original matching
meets it (or any if none does) to obtain a new matching M’ of size 3 on which the color
G, also appears (on edge e¢). Now any new point y must be incident to exactly two edges
of Gj, joining it to the endpoints of e (otherwise we would have a multicolored matching).
However, we could take another new point z, an edge ¢’ in G, containing z, and include
¢’ in a new matching (discarding an appropriate edge). Now we have either 2 edges of G,
and 1 of G, (if e was discarded) or 2 edges of G, and 1 of G, (otherwise). Either way, the
same reasoning as before tells us that every new point y’ is incident in Gj to exactly to the
endpoints of f, where f # e is some edge of the new matching, contradicting the fact that
it is incident exactly to the endpoints of e. .

Theorem 6.6. If n is sufficiently large and H is a 4-graph on a set X of n vertices that
does not contain PG,(3) then §5(H) < n/2.
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Proof of Theorem 6.6. Suppose for a contradiction that 6;(H) > n/2. By Theorem 6.4
we have n even, X = X, U X; with |Xy| = |X;| = n/2 and H[X,] = H[X|] = 0. Also,
for every 3-tuple contained in one of the X;, to get minimum 3-degree n/2 every 4-tuple
obtained by adding a point from X, _; must be an edge. For every pair a, b in X, we have
a graph G,, = Ny(a,b) N (le) on X; with minimum degree at least 2. These graphs do
not contain a “triangle-colored matching,” i.e. a triple a, b, ¢ in X, and a matching ey, e, e;
in X, with e; € Gy, e € G,, e3 € G,,. For every 4-tuple with 3 points in one X; and
one point in X;_; is an edge, so using the description of the blocking sets in PG,(3), any
triangle-colored matching could be completed to a copy of PG,(3), contrary to assumption.
By the lemma there must be two points ay, b; in X; that meet every edge of each of G,
G,. and G,,. In fact a;, b; must meet every edge of G, for any pair @, b’ in X,, as may
be seen by applying the previous reasoning in the triangles a’b’a and b'ab (without loss of
generality). Similarly there are two special points ay, by in X, that meet every edge with 2
points in each X;. But now any triple a, b, ¢ with say a, b in X, \{ao, by} and ¢ in X;\{a,, b}
is not contained in any edge with 2 points in each X;, so has 3-degree equal to n/2 — 2. This
contradiction completes the proof. .

6.4. The Projective Plane Over I,

We conclude by demonstrating a somewhat surprising phenomenon for the projective plane
over [F,: its codegree density is less than 1/2 — ¢ for some absolute ¢ > 0, unlike the cases
of IF, and IF,;, ¢ odd where the codegree density is 1/2.

Before proving our bound we need some information about the blocking sets of PG,(4).
A classification was given in [1], but we will just need two specific examples. For the first,
suppose more generally that g is a prime power. Then one blocking set in PG,(g?) is a
Baer subplane B, which may be constructed by restricting to those points (xy : x; : x)
that have some representative (o, a;,a,) with each g; in the base field IF,. Each line of
PG,(g?) contains either 1 or g + 1 points of B. The intersections of size ¢ + 1 in B form
the lines of a copy of PG,(q). Also, since every pair of lines in PG,(q) intersect, the
lines of PG,(¢*) containing them do not intersect outside of B. For the sake of being
more concrete, we remark that this can be described more explicitly in PG,(4) using the
representation PG,(4) = {A +x : x € Zy}, where A = {3,6,7,12, 14}. An example of
a Baer subplane is B = {x : x = 0 mod 3}. Dividing by 3 we can represent the lines
of Bas {A' +x : x € Z;}, where A’ = {1,2,4}: a well-known description of the Fano
plane.

We also need to consider the blocking set A = L(x,y) UL(x,z) U{w}\ {y, z}, where x, y, z
are 3 non-collinear points, and w € L(y, z). Consider the associated 2-coloring Cy = A, C; =
V(PG,(4))\Cy. Recall that the type of an edge L is C(|)me0\ Cimc' ' There are 2 edges of type
CiC},9 of type CAC, 3 of type C3C? and 7 of type CZC;. For the C3C? edges the triples in
Cy can be described as wd;d; withi = 1,2, 3, where L(x,y) = {x,y,d,,ds,d3} and L(x,z) =
{x,z,d|,d,d;}. For the CSCI3 edges the triples in C, can be described as e e,e3, ae;el,
be;e! with i = 1,2, 3, where we write L(y,z) = {y,z,w,a,b}, L(x,w) = {x,w, e|, ez, €3},
L(a,e)\(L(x,y) UL(x,2) U{a, e;}) = {ej} and L(b, ) \ (L(x,y) UL(x,2) U{b,e;}) = {e]}.
Figure 3 shows an incomplete representation of PG, (4), with C, represented by black discs
and C; by white discs.

The following statement generalises Theorem 1.3, in that it makes an allowance for a
small exceptional set of small codegrees.
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Fig. 3. PG,(4) and the second embedding used in the proof.

Theorem 6.7. For any € > 0 sufficiently small there is 0 > 0 and ny so that if H is a
5-graph on a set X of n > ng vertices and G = {Q € (i) D |Ng(Q)| < (1/2 — 0)n} satisfies
d(G) < 6 then dp62(4)(H) > €.

Proof. Let €5 be a small constant (say 107%), introduce a hierarchy of constants €5 >
€3> -6 > € > € > € > € > 6 and suppose n is sufficiently large. Suppose for
a contradiction that d(G) < 6 but dpg,4)(H) < €. By Theorem 6.3 we can find a partition
X = X, UX, so that |X,| and |X,| are (1/2 & €p)n and [H[X,]| + |H[X,]] < €on’.

We introduce two 3-graphs fori = 0, 1:

o5 ()] - 5)
: 3) 2 "\ 2 '

We claim that dpg,2)(J;) < €. For suppose otherwise, say that dpg,2)(Jo) > €2, and let ¢
be a random map from V (PG, (4)) to X, conditioned on the event E(¢) that a Baer subplane
B is mapped to J,, and the other points are mapped to X;. We estimate the probability that ¢
embeds PG, (4) in H. There are 2 types of edges to consider: 14 of type X, X| and 7 of type
X;X?. Suppose L is an edge of PG,(4) that we are attempting to embed with type X1 X;.
For each point a in X, let m(a) be the number of 4-tuples Q € ()i‘) such that a U {Q} is not
an edge of H. We have

(172 = 6y (("2') —e(Z)) =3 Wa@l=Y

0=()

< 1%| ('i‘ ') — " ma) + Seor’,

aeXy

X
Np(a) N (4>‘ + 5[H[X ]|

S0 2 ex, M(@) < 10€n’. Now

P(o(L) ¢ H) = Z P(¢(L) N Xy = {ahm(@)|X;| ™,

aeXy

and since there are at most ('X06|71) copies of PG,(2) in J, that use a we have P(¢ (L) N Xy =
{a}) < (") /e (") = L. so P(p(L) ¢ H) < —%~ - 1061’ |X;|~* < 5000€; '€). We

T elXl’ €1Xol

Random Structures and Algorithms DOI 10.1002/rsa



A HYPERGRAPH REGULARITY METHOD FOR TURAN PROBLEMS 37

are attempting to embed 14 edges of type X, X, so the probability that any fails is less than
10562_ €. On the other hand, we have conditioned on the event that the Baer subplane B
is mapped to Jj, and so by definition each of the 7 attempted embeddings of type X3 X? is
successful with probability at least €, — O(1/n). Furthermore, if Ty, ..., T; are the triples
of the Baer subplane then Npg,4) (T1), ..., Npg,@ (T7) are disjoint sets, so the events are
independent. With probability 1 — O(1/n) their images under ¢ are disjoint, so we estimate
P(¢(PGy(4)) C H) > €] — O(1/n) — 10°¢; '€y > €'/2, say. Then, letting ¥ be a random
map from V(PG,(4)) to X, we have dpg,s(H) = P(Y(PG>(4)) € H) > P[E(Y)]e'/* >
€:(1/4)"€'? > €. This contradiction shows that dpg, ) (J;) < €.
Next we introduce 2-graphs for i = 0, 1:

X\ .
P, = {{ai,ag} € <2> with |le,(a,-,a§)| < (1/2 — 62)|X,-|}.

We claim that |P;| < €, (p;,» ') for atleast one of i = 0, 1. For suppose otherwise, and consider a

4-tuple Q = {ay, ay, a, a}}, where {a;, a;} are chosen uniformly at random from P;, i = 0, 1.
We have E|N;(Q)| = E[Ny(Q) N Xo| + E|Ny(Q) N X, |. Now

EINy(Q) N Xol = Eypr D Puyr (a € Nu(Q)]ao, )

aeXy

and Pal,aﬁ (a € Ny(Q)lag, ay) = P({ay,a}} € Ny(ao,ay,a)). For a € Ny (ag, ay) we esti-
mate this probability trivially by 1, but for a € Xy \ Ny, (ao,a,) we use the definition
of J, and the lower bound on P, to estimate P({a,,a|} € Ny(ap,a,,a)) < elez". This
gives E|Ny(Q) N Xo| < Ns(ao, ay)| + €165 ' [Xo| < (1/2 — €,/2)|Xo]. Similarly we esti-
mate E|Nyz(Q) N X | < (1/2—¢€/2)|X,], so E|Ng(Q)| < (1/2 — €;/2)n. However, we also
have BN, (Q)] > P(Q ¢ G) - (1/2 — O, and P(Q € G) < A9 < o2 _

|PolIPy | €2(Ixzol)q(\Xz] \)
E|Ny(Q)| > (1 — €)(1/2 — 6)n. This contradiction shows that at least one P; is small, say
1P| < &("0).
Now we can apply Theorem 6.3 to find a partition X, = Ag U By where |Ay| and |By|
are (1/2 % €3)|X,| such that at most €3|X,|* edges of J, are contained entirely within A, or

within By. Next we repeat the argument to deduce similar structural information on J;. Let

P, = {{ao,ag} € (AZO> with |NJ0 (a0, ap) ﬂA0| < 40063|X0|} ,
X
P = {{al,a’l} € (2‘> with |V, (a1,d})| < (1/2 - 64)|x1|} :
We must have [Pj| > 1 ("), otherwise

1 ) 1 /|4l
&IXol' > 1Uogl = 3 D [Ny (a0 ap) N Ao > 6( 2°> - 400€3 X, |,

ag.ap€Ap
which is a contradiction. Now we cannot have |P|| > €4 (');" ‘), as then considering Q =
{ao, ay, a1, a)}, where {a;, a;} are chosen uniformly at random from P;, i = 0, 1, we estimate
(similarly to before) E|Ny (Q) NXy| < (1/2+500€3)|Xo| + 6164’] |Xol and E|INy (Q)NX,| <
(1/2—¢€4)|X1|410¢€; X ], s0 EINL (Q)| < (1/2 —€4/2)n, contradiction. Again, by Theorem
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6.3 we find a partition X; = A; U B; where |A;| and |B,| are (1/2 % €5)|X;| such that at

most €5|X; | edges of J; are contained entirely within A; or within B;.
Let T; count edges of H of type AJA?B], i = 0, 1. We can bound 7; by summing degrees

of quadruples Q = {ay, ay, a1, a,} with {a;,a}} € (Azi):
Aol (1A A
(1/2 — 0)n ((' 2”') (' 2”) - 9n2/24> <Ty+Ti+3 > [Nule)n (2‘)‘
A
+3 > [Nate)n (;)‘.

A
e 30)
A
ee(y)

Now
A A A X Aol /1A
ZA% 'Nmm(zl) - |(J0)AO|(| 21|>+<| 30|).6]<| 21|> <5€3n<| 20|><| 21|)
ee 3)
and
A A A X, A A
XA;) ten <20) - l(J')A"C 20|> " <| 31') '€‘<| 20') - SGS"C 20') <| 21')’

soToy+T) > (1/2 — 4065)n('A2°‘)('A2”). Therefore

To > Bol ('AZ‘)') ('Az‘ ') - ((IBol +1B, |)<'A2°'> <'A21 ') _ - 4065),1(“‘20') ('Az‘ '))
> (1 —40065)|Bo|(|A0|> <'A1|),
2 2

By symmetry, similar bounds hold for the number of edges in each case when we specify
a triple in one X; respecting the partition (A;, B;) and a pair in A,_; or By_;, i.e. the types
AZBIA2, A2BLB2, AVB2A, AVB2B?, A2BI A2, A2BLB2, A\ B2A2, A B2BY.

Now we find PG,(4) using the A coloring. Let ¢ be a random map from V(PG,(4)) to
X, conditioned on the event E'(¢) that w, x are in Ay, y,z, €1, €2, €}, €; are in A,, d;, d; are in
By and ez, a, b are in By (i ranges from 1 to 3). Note that M = min{|Ao|, |A], |Bol, |B1|} >
(1/4 — 2es)n. There are 11 attempted embeddings of type XX/ .. Recalling that m(a) is
the number of 4-tuples O € ()i‘) such that a U {Q} is not an edge of H, we estimate that
the probability that we fail to embed some such L is at most 11 " ex,; @M S < 10%%.
There are 10 attempted embeddings that have the type discussed in the previous paragraph,
i.e. one of the types equivalent to ABjA?%. Each fails with probability at most 400es, so the
probability that any fails is at most 4000¢s. Now a random map i from V(PG,(4)) to X
satisfies E'(y) with probability at least (1/5)?! and so succeeds in embedding PG, (4) in H

with probability at least (1/5)?!/2 > . This contradiction completes the proof. .

Remark.  The question of what happens for PG,(2°) in general is intriguing. It seems
plausible that the above approach of going from PG,(2) to PG,(4) could be adapted to an
inductive argument when s = 2" is a power of 2. Much of the argument would go through as
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above: our hypergraph has an approximate bipartition X = XoUX; and J; = {e € ( X ) :

221y
INu(@)] > €1,y 1)} satisfy ;o1 (Ji) < €2. The step that may fail is finding Q of
low degree: our approach used the convenient coincidence of 2 - 227" = 2% which only

occurs for r = 1.

7. FUTURE DIRECTIONS

The basic form of our hypergraph regularity method has been well illustrated by its appli-
cation to projective planes, which are relatively easy to deal with (for reasons yet to be
understood), although even here we cannot give exact answers in all cases, and fields of
even size seem particularly strange. However, the quasirandom counting lemma has poten-
tial to be a powerful tool in the study of any Turdn problem, whether generalized or standard.
For example, in the Turdn problem for the tetrahedron, if we consider any K -free 3-graph
H and a vertex x then the edges of H cannot be quasirandomly distributed with positive
density within the triangles of the neighborhood graph Ny (x).

If we restrict attention only to excluding simple k-graphs F' (meaning that each pair
of edges in F have at most one common point) then the projective geometries in higher
dimensions point to one stumbling block that should be overcome in future developments
of this method. For example, if we consider a 3-graph H on n vertices with no PG3(2)
and all but o(n?) codegrees at least (2/3 — o(1))n then our results will give a set Z of
(2/3 — o(1))n vertices that induce a 3-graph with no Fano plane and all but o(n?) codegrees
atleast (1/2—o0(1))|Z|, so Z is approximately bipartite by our structure result. This suggests
that PG;(2) should be approximately tripartite, and hence an inductive approach for general
m and g showing that a (¢ + 1)-graph H with no PG,,(q) and all but o(n?) codegrees at least
(1 — 1/m — o(1))n should be approximately m-partite.

A potential approach to filling in the gap is suggested by the remark after Theorem 5.5.
If we stick to PG;(2) for the sake of simplicity, then not only do we have an approximately
bipartite subhypergraph of size about (2/3)n, but any set of vertices V' obtained by taking
some classes of the regularity partition contains some approximately bipartite Z’" of size
about (2/3)|V’|. Thus we are faced with the problem of recovering structural information
about H from various restrictions, which is perhaps best understood in the context of prop-
erty testing (see [23] for a hypergraph property testing result and many references to the
literature). Although a full investigation of this idea is beyond the scope we have set for
this article introducing our basic method, we remark that it should be possible to carry our
arguments over to this context via a random reducibility property of quasirandom com-
plexes, i.e. that a random restriction of a quasirandom complex to sets of large constant
size should be quasirandom with high probability: a high-level sketch is that the martingale
used by Lovasz and Szegedy [18] to show concentration of the probability that a random
map from a fixed graph F to a random graph G is a homomorphism may be extended to
show concentration of the octahedral counting function that appears in the definition of
quasirandomness. This will allow us to conclude that if m is a large constant and M is a
random m-set of vertices then M contains an approximately bipartite subhypergraph of size
about (2/3)m with high probability (say 1 — exp —m for some ¢ > 0). However, even
assuming this it is still not clear how to recover the global approximate structure of H. If
exact results are desired we also have the problem of recovering the exact structure from
the approximate structure. This seems to be quite a different type of question, and so far all

Random Structures and Algorithms DOI 10.1002/rsa



40 KEEVASH

instances of its solution have been of a rather ad hoc character, so it would be interesting to
develop some general principles here as well.

APPENDIX: VARIANT FORMS OF THE GOWERS
QUASIRANDOMNESS FRAMEWORK

In this appendix we justify the variant forms of the decomposition theorem and counting
lemma that we used in the article. We first note that the proof given for Theorem 5.1 in
[8] also proves Theorem 5.2 in this article: it only helps to assume stronger inequalities for
the 7;, and our parameter hierarchy is such that we can replace |7, \ Ji|€ in [8] by € for
simpler notation. Then the arguments in Section 6 of [8] go through as written. The proof
of Theorem 5.1 is quite similar to the proof of Theorem 7.3 in [8]. We will not reproduce
that proof in full, but will outline it to sufficient extent to explain what modifications are
needed. First we recall a definition ([8], p. 36):

IftS ={S,...,S}and T = {T}, ..., T,} are partitions of the same set U, the mean-square
density of S with respect to 7T is

T (1S, NT;
msdz(S) = E E :U:(| 7] |>.
]

i=1 j=1

We also recall Lemma 8.1 of [8], which states that if 7" is a refinement of 7 then msd (S) >
msdz(S).

Proof of Theorem 5.1. The proof of Theorem 7.3 in [8] is by means of the following
iterative procedure. Suppose we have a partition k-system P (which may be the initial
partition or one produced by a some number of iterations: we will not complicate notation
with a sequence Py, P,,...). Consider a partition k-system P* defined by what is called
weak equivalence in [8]: S, S" € K4 (X) are in the same class of P} exactly when Sg and Sj
are in the same class of Py for every proper subset B C A. It is shown (see [8], pp. 38-39)
that if P,(P(x) is (e,j, k)-quasirandom) < 1 — ¢, then there is A € (L’]]c) and a refining
partition k-system Q of P, so that (a) O = Ppunless B C A, |B| = |A| — 1, (b)if B C A,
|B| = |A| — 1 then Qj is a refinement of Pz where each class of Py is partitioned into at most
ca (e, P) further classes, and (c) msdQ;(QA) > dePj; (P,) + fa(e, P). Here ¢4 and f, are
explicitly defined functions that depend only on € and P, and furthermore the dependence
of ¢4 on P depends only {|Pg| : B C A} and that of f4 depends only on {|P3| : |B| > |A|}.
This property of f, implies that f4 (€, Q) = fi (€, P). Furthermore, this argument still applies
in the context of our proof, i.e. we have the same conclusion if P(x) is -quasirandom and
d-dense with probability less than 1 — €. (Note that the functions ¢, and f, now depend on
the functions implicit in the < -notation for the parameter hierarchy.)

To see that the procedure terminates (with some system of partitions with the required
property) introduce a function ¢p for the system of partitions P, which is defined on (m)

msd,x Py)

by ¢p(A) = (W—‘ Choose an ordering < of ([']) in which |B| > |B’| implies that
B < B'. Order functions ¢ on (¥}) by ¢ < ¢’ if there is B € () such that ¢ (B)) = ¢ (B) for
all B < B and {(B) < ¢'(B). This is a well-ordering, and the iteration takes the system P
to a system Q with ¢y < ¢p, so the procedure terminates.

To prove our version we introduce further refinements in each step of the procedure. First
of all we make the general observation that given any partition £ = E; U - - - UE, there is an
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“equalizing method” to find a partition E = Ej UE| U --- U E, for which |E]| = ||E|/t*],
|Ey| < |E|/t and every E! with i # 0 is contained in some E;. The method is to repeatedly
and arbitrarily select classes E; within some E; that still has size at least ||E|/7*], and then
remove its elements from consideration in later stages. Thus we are unable to use at most
|E|/t* elements from each of the ¢ original classes E;, and we put the unused elements
together in an exceptional class £y = E, U --- U Ej, of size at most |E|/t.

We start by using the equalizing method in an initial refinement to transform P into some
Q with an equitable partition of the vertex set. By first arbitarily refining P we can assume
that |X°| < €|X;|/2, 1 <i < r. Then we repeatedly apply the same refinement procedure
as above followed by the equalizing method: at each stage we obtain a new system Q from
the original procedure and then refine it to some equitable Q'. It is clear that the number
of classes remains bounded by a function only of m, r, k and €. By Lemma 8.1 of [§8] we
have msdQ;{« Q) = msdQ: Qy) = msdpj (Py) + fa(e, P). Also, we still have Qp = Pp
for all B with |B| > |A|, so fa(e, Q) = fa(e, P) and the iterations terminate as before. The
amounts added to the exceptional classes decrease rapidly with each iteration (certainly
each is at most half of that at the previous iteration), and as we initially added at most %e |X;]
exceptional elements of X; we end up with at most €|X;]. .
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