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ON DEGREE SEQUENCES FORCING THE SQUARE OF A HAMILTON
CYCLE

KATHERINE STADEN AND ANDREW TREGLOWN

ABSTRACT. A famous conjecture of Pésa from 1962 asserts that every graph on n vertices and
with minimum degree at least 2n/3 contains the square of a Hamilton cycle. The conjecture was
proven for large graphs in 1996 by Komlds, Sarkozy and Szemerédi [27]. In this paper we prove
a degree sequence version of Pdsa’s conjecture: Given any n > 0, every graph G of sufficiently
large order n contains the square of a Hamilton cycle if its degree sequence d; < --- < d,, satisfies
di > (1/3+n)n+1 for all i < n/3. The degree sequence condition here is asymptotically best
possible. Our approach uses a hybrid of the Regularity-Blow-up method and the Connecting-
Absorbing method.

1. INTRODUCTION

One of the most fundamental results in extremal graph theory is Dirac’s theorem [I8] which
states that every graph G on n > 3 vertices with minimum degree §(G) at least n/2 contains a
Hamilton cycle. It is easy to see that the minimum degree condition here is best possible. The
square of a Hamilton cycle C' is obtained from C' by adding an edge between every pair of vertices
of distance two on C. A famous conjecture of Pésa from 1962 (see [20]) provides an analogue of
Dirac’s theorem for the square of a Hamilton cycle.

Conjecture 1.1 (Pésa [20]). Let G be a graph on n vertices. If 6(G) > 2n/3, then G contains the
square of a Hamilton cycle.

Again, it is easy to see that the minimum degree condition in Pésa’s conjecture cannot be lowered.
The conjecture was intensively studied in the 1990s (see e.g. [21] 22] 23 24} 25]), culminating in its
proof for large graphs G' by Komlds, Sarkozy and Szemerédi [27]. The proof applies Szemerédi’s
Regularity lemma and as such the graphs G considered are extremely large. More recently, the
lower bound on the size of G in this result has been significantly lowered (see [13} [33]).

Although the minimum degree condition is best possible in Dirac’s theorem, this does not nec-
essarily mean that one cannot significantly strengthen this result. Indeed, Ore [34] showed that
a graph G of order n > 3 contains a Hamilton cycle if d(x) + d(y) > n for all non-adjacent
x #y € V(G). The following result of Pésa [35] provides a degree sequence condition that ensures
Hamiltonicity.

Theorem 1.2 (Pésa [35]). Let G be a graph on n > 3 vertices with degree sequence dy < --- < d,,.
Ifdi > i+1 for alli < (n—1)/2 and if additionally djy, /91 > [n/2] when n is odd, then G contains
a Hamilton cycle.

Notice that Theorem [I.2]is significantly stronger than Dirac’s theorem as it allows for almost half
of the vertices of G to have degree less than n/2. A theorem of Chvétal [14] generalises Theorem 1.2]
by characterising all those degree sequences which ensure the existence of a Hamilton cycle in a
graph: Suppose that the degrees of a graph G are d; < --- < dy. If n >3 and d; > ¢+ 1 or
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dp—; > n—ifor all i < n/2 then G is Hamiltonian. Moreover, if d; < --- < d, is a degree sequence
that does not satisfy this condition then there exists a non-Hamiltonian graph G whose degree
sequence dj < --- < dJ, is such that d > d; for all 1 <1i <n.

Recently there has been an interest in generalising Pésa’s conjecture. An ‘Ore-type’ analogue
of Pésa’s conjecture has been proven for large graphs in [I12, I7]. A random version of Pdsa’s
conjecture was proven by Kiithn and Osthus in [31]. In [4], Allen, Béttcher and Hladky determined
the minimum degree threshold that ensures a large graph contains a square cycle of a given length.
The problem of finding the square of a Hamilton cycle in a pseudorandom graph has recently been
studied in [3]. The focus of this paper is to investigate degree sequence conditions that guarantee a
graph contains the square of a Hamilton cycle. This problem was raised in the arXiv version of [6].
The main result of this paper is the following degree sequence version of Pdsa’s conjecture.

Theorem 1.3. Given any n > 0 there exists an ng € N such that the following holds. If G is a
graph on n > ngy vertices whose degree sequence di < --- < d,, satisfies

di >n/3+i+mnn forall i <n/3,
then G contains the square of a Hamilton cycle.

Note that Theorem allows for almost n/3 vertices in G to have degree substantially smaller
than 2n/3. However, it does not quite imply Pésa’s conjecture for large graphs due to the term nn.
A surprising facet of the problem is that the term nn in Theorem [I.3] cannot be omitted completely.
Indeed, an example from the arXiv version of [6] shows that the term nn cannot even be replaced
by o(y/n) for every i < n/3. So in this sense Theorem is close to best possible. (Extremal
examples for Theorem are discussed in more detail in Section ) We suspect though that the
degrees in Theorem n be capped at 2n/3.

Conjecture 1.4. Given any n > 0 there exists an ng € N such that the following holds. If G is a
graph on n > ngy vertices whose degree sequence dy < --- < d,, satisfies

d; > min{n/3 +i+nn,2n/3} for all i,
then G contains the square of a Hamilton cycle.

It would be of considerable interest to establish an analogue of Chvétal’s theorem for the square of
a Hamilton cycle, i.e., to characterise those degree sequences which force the square of a Hamilton
cycle. However, at present we do not have a conjecture for this. In general, we believe that it
would be extremely difficult to strengthen Theorem and it is likely that several further new
ideas would be required.

A well-known result of Aigner and Brandt [2] and Alon and Fischer [5] states that if G is a
graph on n vertices with minimum degree §(G) > (2n — 1)/3 then G contains every graph H on
n vertices with maximum degree A(H) < 2. This resolves a special case of the famous Bollobds—
Eldridge—Catlin Conjecture [7, 1I]. (A conjecture of El-Zahar [19], that was proven for large graphs
by Abbasi [1], implies that for many graphs H with A(H) < 2, the minimum degree condition here
can be substantially lowered.) Since a square path on n vertices contains any such graph H, an
immediate consequence of Theorem is the following degree sequence result.

Corollary 1.5. Given any n > 0 there exists an ng € N such that the following holds. Suppose
that H is a graph on n > ng vertices such that A(H) < 2. If G is a graph on n vertices whose
degree sequence di < --- < d, satisfies

di >n/3+i+nn forall i <n/3,
then G contains H.



The case when H is a triangle factor was proved in [42], and in fact this result is used as a tool
in the proof of Theorem [1.3| (see Section [5)).

A key component of the proof of Theorem [1.3|is a special structural embedding lemma (Lemmal7.2)),
which is likely to be of independent interest. In particular, we believe that it could have applications
to other embedding problems (see Section [L0| for further discussion).

The proof of Theorem makes use of Szemerédi’s Regularity lemma [41] and the Blow-up
lemma [28]. In Section [2| we give a detailed sketch of the proof. We discuss extremal examples for
Theorem in Section 3] After introducing some notation and preliminary results in Section

we prove Theorem [1.3]in Sections

2. OVERVIEW OF THE PROOF

Over the last few decades a number of powerful techniques have been developed for embedding
problems in graphs. The Blow-up lemma [2§], in combination with the Regularity lemma [41],
has been used to resolve a number of long-standing open problems, including Pésa’s conjecture for
large graphs [27]. More recently, the so-called Connecting-Absorbing method developed by Rodl,
Rucinski and Szemerédi [36] has also proven to be highly effective in tackling such embedding
problems.

Typically, both these approaches have been applied to graphs with ‘large’ minimum degree. Our
graph G in Theorem [1.3|may have minimum degree (1/3+o0(1))n. In particular, this is significantly
smaller than the minimum degree threshold that forces the square of a Hamilton cycle in a graph
(namely, 2n/3). As we describe below, having vertices of relatively small degree makes the proof
of Theorem highly involved and rather delicate. Indeed, our proof draws on ideas from both
the Regularity-Blow-up method and the Connecting-Absorbing method. Further, we also develop
a number of new ideas in order to deal with these vertices of small degree.

2.1. An approximate version of Pésa’s conjecture. In order to highlight some of the diffi-
culties in the proof of Theorem [1.3] we first give a sketch of a proof of an approximate version of
Pésa’s conjecture. This is based on the proof of Pésa’s conjecture for large graphs given in [33]
that uses the absorbing method (rather than the regularity-based proof given in [27]).

Let 0 < ¢ < 7 < n. Suppose that G is a sufficiently large graph on n vertices with §(G) >
(2/3 + n)n. We wish to find the square of a Hamilton cycle in G. The proof splits into three main
parts.

e Step 1 (Absorbing square path): Find an ‘absorbing’ square path P4 in G such that
|Pa| < 7n. P4 has the property that given any set A C V(G) \ V(Pa) such that |A| < 2en,
G contains a square path P with vertex set V' (P4)U A, where the first and last two vertices
on P are the same as the first and last two vertices on Pj4.

e Step 2 (Reservoir set): Let G’ := G\ V(P4). Find a ‘reservoir’ set R C V(G’) such that
|R| < en. R has the property that, given arbitrary disjoint ordered edges ab,cd € E(G),
there are ‘many’ short square paths P in G so that: (i) The first two vertices on P are a, b
respectively; (ii) The last two vertices on P are ¢, d respectively; (iii) V(P)\{a, b,c,d} C R.

e Step 3 (Almost tiling with square paths): Let G’ := G’ \ R. Find a collection P of a
bounded number of vertex-disjoint square paths in G” that together cover all but en of the
vertices in G”.

Assuming that 6(G) > (2/3 4+ n)n, the proof of each of these three steps is not too involved. (Note
though that the proof in [33] is more technical since there §(G) > 2n/3.)

After completing Steps 1-3, it is straightforward to find the square of a Hamilton cycle in G.
Indeed, suppose ab is the last edge on a square path P; from P and cd is the first edge on a square
path P from P. Then Step 2 implies that we can ‘go through’ R to join P; and P, into a single
square path in G. Repeating this process we can obtain a square cycle C' in G that contains all the
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square paths from P. Further, we may also incorporate the absorbing square path P4 into C. C
now covers almost all the vertices of G. We then use P4 to absorb all the vertices from V(G)\V (C)
into C' to obtain the square of a Hamilton cycle.

2.2. A degree sequence version of Pésa’s conjecture. Suppose that G is a sufficiently large
graph on n vertices as in the statement of Theorem|[1.3] A result of the second author [42] guarantees
that G contains a collection of [n/3]| vertex-disjoint triangles (see Theorem [5.2]). Further, this
result together with a simple application of the Regularity lemma implies that G in fact contains a
collection P of a bounded number of vertex-disjoint square paths that together cover almost all of
the vertices in G. So we can indeed prove an analogue of Step 3 in this setting. In particular, if we
could find a reservoir set R as above, then certainly we would be able to join together the square
paths in P through R, to obtain an almost spanning square cycle C in G.

Suppose that ab,cd € E(G) and we wish to find a square path P in G between ab and cd. If
da(a),dg(b) < n/2 then it may be the case that a and b have no common neighbours. Then it is
clearly impossible to find such a square path P between ab and cd (since ab does not lie in a single
square path!). The degree sequence condition on G is such that almost n/6 vertices in G may have
degree less than n/2. Therefore we cannot hope to find a reservoir set precisely as in Step 2 above.

We overcome this significant problem as follows. We first show that G contains a reservoir set
R that can only be used to find a square path between pairs of edges ab,cd € E(G) of large degree
(namely, at least (2/34n)n). This turns out to be quite involved (the whole of Section@ is devoted
to constructing R). In order to use R to join together the square paths P € P into an almost
spanning square cycle, we now require that the first and last two vertices on each such P have large
degree.

To find such a collection of square paths P we first find a special collection F of so-called ‘folded
paths’ in a reduced graph R of G. Roughly speaking, folded paths are a generalisation of the notion
of a square path. Each such folded path F' € F will act as a ‘guide’ for embedding one of the paths
P € P into G. More precisely, there is a homomorphism from a square path P into a folded path F.
In particular, the structure of F' will ensure that the first and last two vertices on P are ‘mapped’
to large degree vertices in (. This is achieved in Section

Given our new reservoir set R and collection of square paths P, we again can obtain an almost
spanning square cycle C in G. Further, if we could construct an absorbing square path P4 as in
Step 1, we would be able to absorb the vertices in V(G) \ V(C') to obtain the square of a Hamilton
cycle. However, we were unable to construct such an absorbing square path, and do not believe
there is a ‘simple’ way to construct one. (Though, one could construct such a square path P4 if
one only requires P4 to absorb vertices of large degree.) Instead, our method now turns towards
the Regularity-Blow-up approach.

Using the results from Sections [5] and [6] we can obtain an almost spanning square cycle in the
reduced graph R of G. In fact, we obtain a much richer structure Z, in R called a ‘triangle cycle’
(see Section . Zy is a special 6-regular graph on 3¢ vertices that contains the square of a Hamilton
cycle. In particular, Z, contains a collection of vertex-disjoint triangles Ty that together cover all
the vertices in Z,. Structures similar to Z, have been used previously for embedding other spanning
subgraphs (see e.g. [10]). We then show that G' contains an almost spanning structure C that looks
like the ‘blow-up’ of Zy. More precisely, if V(Z;) = {1,...,3¢} and Vi, ..., V5, are the corresponding
clusters in GG, then

o V(C)=V1U-- UVa;
e C[V;,V;] is e-regular whenever ij € E(Z;);
e If ij is an edge in a triangle T' € T, then C[V;, V}] is e-superregular.
We call C a ‘cycle structure’ (see Section for the formal definition). The initial structure of C
is such that it contains a spanning square cycle. However, since C is not necessarily spanning in
4



G, this does not correspond to the square of a Hamilton cycle in G. We thus need to incorporate
the ‘exceptional vertices’ of G into this cycle structure C in a balanced way so that at the end C
(and hence G) contains the square of a Hamilton cycle. The rich structure of Z, and thus C is vital
for this. Again particular care is needed when incorporating exceptional vertices of small degree
into our cycle structure. This is achieved in Section [8, This part of the proof builds on ideas used
in [9, 10].

3. EXTREMAL EXAMPLES FOR THEOREM [ 3|

In this section we describe examples which show that Theorem [I.3]is asymptotically best possible.

Given a fixed graph H, an H-packing in a graph G is a collection of vertex-disjoint copies of H in
G. We say that an H-packing is perfect if it contains ||G|/|H|] copies of H in G, i.e. the maximum
number. Observe that the square of a Hamilton cycle contains a perfect Ks-packing. The following
proposition is a special case of Proposition 17 in [6]. It implies that one cannot replace nn with —1
in Theorem [1.3]

Proposition 3.1. Suppose that n € 3N, k € N and 1 < k < n/3. Then there exists a graph G on
n vertices whose degree sequence dy < --- < d, satisfies

n/3+k—1 if 1<i<k

g3 if k+1<i<n/3+k
C)n-k—-1  if n/3+k+1<i<n-—k+1
n—1 if n—k+2<i<n,

but such that G does not contain a perfect Ks-packing.

Proof. Construct G as follows. The vertex set of G is the union of disjoint sets Vi, Vo, A, B of sizes
n/3, 2n/3 — 2k + 1, k — 1, k respectively. Add all edges from B UV, U A to Vi. Further, add all
edges with both endpoints in Vo U A. Add all possible edges between A and B.

Consider an arbitrary copy T of K3 in G which contains b € B. Since B is an independent set
in G and there are no edges between B and Vs, we have that V(T') \ {b} C AUV;. But V] is an
independent set in G, so T' contains at most one vertex in V7, and hence at least one vertex in A.
But since |B| > | A| this implies that G does not contain a perfect Ks-packing. Furthermore, it is
easy to check that GG has our desired degree sequence. ([l

Note that Proposition shows that, if true, Conjecture [I.4] is close to best possible in the
following sense: Given any 1 < k < n/3, there is a graph G on n vertices with degree sequence
dy < --- <dp, such that (i) G does not contain the square of a Hamilton cycle and (ii) G satisfies
the degree sequence condition in Conjecture except for the terms di_,p,, . . ., d, which only ‘just’
fail to satisfy the desired condition.

At first sight, one might think that the nn term in Theorem [I.3]is an artifact of our proof, but
in fact it is a feature of the problem: indeed, it cannot be replaced by o(y/n). This is shown by an
example in Proposition 22 in the arXiv version of [6].

4. PRELIMINARIES

4.1. Notation. We write |G| for the order of a graph G and 6(G) and A(G) for its minimum
and maximum degrees respectively. The degree of a vertex z € V(G) is denoted by dg(z) and
its neighbourhood by Ng(z). Given A C V(G), we write Ng(A) := Uyeq Na(a). We will write
N(A), for example, if this is unambiguous. For z € V(G) and A C V(G) we write dg(x, A) for
the number of edges zy in G with y € A. Given (not necessarily disjoint) X,Y C V(G), we write
E(G[X,Y]) for the collection of edges with one endpoint in X and the other endpoint in Y. Define
eq(X,Y) = |E(G[X,Y])|. For each k € N, we let K}, denote the complete graph on k vertices.
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Given a graph G, X C V(G) and an integer k < |X|, we define the k-neighbourhood of X in G
by
x'cx xzeX'’
| X7[=F
that is, the set of all vertices in G adjacent to at least kK members of X. When X = {z1,..., 2},
we will also write N&(z1,...,2¢) := NE(X). Observe that, if X,Y C V(G) are disjoint, then

(4.1) NI x) AN vy = NS (x o).

If H C G we set N5(H) := NE(V(H)). For A C V(G) we define N%(X) := NE(X) N A, and
holds with G replaced by A.

Given a graph G and a subset X C V(G), we write G[X] for the subgraph of G induced by
X. We write G \ X for the subgraph of G induced by V(G) \ X. Given disjoint X,Y C V(G)
we let G[X,Y] denote the graph with vertex set X UY whose edge set consists of all those edges
zy € E(G) withz e X andy €Y.

Given a function f: D — C and D' C D, we write f(D') :={f(d):de€ D'} C C.

Given a graph H, the square of H is obtained from H by adding an edge between every pair
of vertices of distance two in H. In particular, we say that P = vi...v; is a square path if
V(P) ={vi,...,ux} and

E(P):{UivlurlZlSiSk‘—l}U{UZ‘UZ‘+221§i§]{2—2}.

So we always implicitly assume that a square path P is equipped with an ordering. We write
P* = v ...v; for P ‘ordered backwards’; so P # P*. Given vertices z1,...,z, € V(G) such that
V{...ULX]...Tp i8S a square path, we sometimes write Pxi...xp := v1...0:21...20. The square
path x1 ...x, P is defined similarly. Given sets X1,..., X, we write P € X1 x ... x X}, if v; € X;
for all 1 <i<k.

Given a square path P and a positive integer ¢ < |P|, we say that [P]; is an (-segment if it is an
ordered set whose members are ¢ consecutive vertices of P, endowed with the ordering of P. We
usually write a ... a, for the (-segment (a1, ...,a;). We define the final {-segment [P]; of P to be
the ordered set of the final £ vertices in P, whose order is inherited from P. The initial £-segment
[P]; is defined analogously. We write (P);, (P), for the unordered versions. By a slight abuse of
notation, we also write [P], for the square path P[(P),] and similarly for [P]£.

Throughout we will omit floors and ceilings where the argument is unaffected. The constants in
the hierarchies used to state our results are chosen from right to left. For example, if we claim that
a result holds whenever 0 < 1/n < a < b < ¢ < 1 (where n is the order of the graph), then there
are non-decreasing functions f : (0,1] — (0,1], g : (0,1] — (0,1} and A : (0,1] — (0, 1] such that
the result holds for all 0 < a,b,¢ <1 and all n € N with b < f(c), a < g(b) and 1/n < h(a). Note
that a < b implies that we may assume in the proof that e.g. a < b or a < b?>. Given n,n’ € N
with n < n/, we write [n,n’] :={n,...,n'} and [n] := [1,n]. We write aN := {an : n € N}. We also
writea =b+eforac[b—e,b+el

We will need the following simple consequence of the inclusion-exclusion principle.

Proposition 4.1. Let G be a graph on n vertices and let w,z,y € V(G) be distinct. Then

(i) [NE(z,y)| = da(z) + da(y) —n;
(ii) [NG(w,2,9)| + [N&(w, 2,9)| > da(w) + da(2) + da(y) —n.

Proof. We will only prove (ii). Observe that
n > [Ng(w) U Ng(x) U Na(y)| = do(w) + da(x) + da(y) — [N&(w, 2,y)| — [NE(w, z,y)],

as required. I



4.2. The Regularity and Blow-up lemmas. In the proof of Theorem [1.3| we apply Szemerédi’s
Regularity lemma [41]. To state it we need some more definitions. We write dg(A, B) for the

density 6?2[?1’3?) of a bipartite graph G with vertex classes A and B. Given € > 0 we say that G is

e-regular if every X C Aand Y C B with | X| > ¢|A| and |Y| > €| B| satisfy |d(A, B)—d(X,Y)| < e.
Given e,d € (0,1) we say that G is (e, d)-regular if G is e-regular and dg(A, B) > d.

Fact 4.2. Given an (e,d)-regular bipartite graph G[A, B] and X C A with |X| > €|A|, there are
less than €|B| vertices in B which have less than (d — €)|X| neighbours in X.

We say that G is (g, d)-superregular if both of the following hold:
e G is (e,d)-regular;
e di(a) > d|B| and dg(b) > d|A| for all a € A, b € B.
We will use the degree form of the Regularity lemma, which can be easily derived from the
standard version [41].

Lemma 4.3. (Degree form of the Regularity lemma) For every e € (0,1) and every M’ € N there
exist M,ng € N such that if G is a graph on n > ng vertices and d € [0, 1] is any real number, then
there is a partition of the vertex set of G into Vy,Vi,...,V and a spanning subgraph G' of G such
that the following holds:
i) M'<L<M;

(ii) Vol <en;
(iii) V| =...=|VL| = m;
(iv) dgr(x) > dg(x) — (d+e)n for all z € V(G);
(v) for all 1 < i < L the graph G'|V;] is empty;
(vi) for all1 <i< j<L,GV;,V;] is e-regular and has density either 0 or at least d.

We call Vi,...,V clusters, V the exceptional set and the vertices in Vj exceptional vertices. We
refer to G’ as the pure graph. The last condition of the lemma says that all pairs of clusters are
e-regular (but possibly with different densities). The reduced graph R of G with parameters e, d
and M’ is the graph whose vertices are 1,..., L and in which ¢j is an edge precisely when G'[V;, V;]
is e-regular and has density at least d.

The following simple observation is well known; we include its proof in the arXiv version of this
paper [40]. All other omitted proofs also appear there.

Proposition 4.4. [40] Suppose that 0 < e <&’ < d <1 and & < d/2,1/6. Let G be a bipartite
graph with vertez classes A and B of size (1+£e)m. Suppose that G’ is obtained from G by removing
at most €'m vertices from each vertex class.

(i) If G is (e,d)-regular then G' is (2¢’,d — €)-regular.

(i) If G is (e, d)-superreqular then G’ is (2¢',d — 2¢")-superregular.

The next proposition appears as Proposition 8 in [9], and is a slight variant of Proposition
Proposition 4.5. Let G be a graph with A, B C V(G) disjoint. Suppose that G[A, B] is (g,d)-
regular and let A'; B C V(QG) be such that |ANA'| < a|A'| and |BAB'| < «|B'| for some 0 < o < 1.
Then G[A, B'] is (¢',d')-regular, with

ei=e+6ya and d :=d-—4o.
If, moreover, G|A, B] is (g, d)-superreqular and each vertex x € A’ has at least d'|B’| neighbours in

B’ and each vertex x € B’ has at least d'|A’| neighbours in A', then G[A', B'] is (&', d')-superregular
with € and d' as above.

The following lemma is well known in several variations. The version here is almost identical to
Proposition 8 in [32].
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Lemma 4.6. [40] Let L € N and suppose that 0 < 1/m < 1/L < ¢ < d,1/A < 1. Let R be a
graph with V(R) = [L]. Let G be a graph with vertex partition Vi, ..., Vi, such that |V;| = (1+te)m
for all1 <i < L, and in which G[V;, V}] is (e, d)-regular whenever ij € E(R). Let H be a subgraph
of R with A(H) < A. Then for each i € V(H), V; contains a subset V' of size (1 — \/e)m such

that for every edge ij of H, the graph G|V}, V] is (4\/€,d/2)-superregular.

The following proposition is an easy consequence of (e, d)-regularity.

Proposition 4.7. [40] Let 0 < 1/m < € < ¢,d < 1. Let G be a graph with vertex partition
X1, X9, X3 where | X;| = (1 £e)m for all 1 <i <3 and such that G[X;, X;] is (e, d)-regular for all
1<i<j<3. Foreachi=1,2, let A;, B; C X;, where |A;|,|B;| > cm. Let W C V(G) be such
that |WNX;| <em/2 for all 1 <i < 3. Then there exists a square path P € Ay x As X X3 X By X Bo
with V(P)NW = .

Given two graphs H, G, we say that a function ¢ : V(H) — V(G) is a graph homomorphism
if, for all edges uwv € E(H), we have that ¢(u)p(v) € E(G). If ¢ is injective, then we call it an
embedding, in which case we write H C G.

We need the following result from [9, Lemma 10] which, given a homomorphism from a graph
H into the reduced graph R, allows us to embed H into GG. Furthermore, under certain conditions
we can guarantee that a small fraction of the vertices of H are mapped into specific sets. A similar
result was first obtained by Chvétal, R6dl, Szemerédi and Trotter [15].

Lemma 4.8. (Partial embedding lemma [9]) Suppose that L € N and 0 < 1/m < 1/L < e € ¢ K
d,1/A < 1. Let R be a graph with V(R) = [L]. Let G be a graph with vertex partition Vi,..., Vg,
such that |V;| = (1 £e)m for all 1 < i < L, and in which G[V;,Vj] is (e,d)-regular whenever
ij € E(R).

Let H be a graph with vertez partition X,Y and let f : V(H) — V(R) be a graph homomorphism
(so f(h)f(h') € E(R) whenever hh' € E(H)).

Then, if |H| < em and A(H) < A, there exists an injective mapping 7 : X — V(G) with
7(z) € V(g for all z € X and there exist sets Cy C Vi) \7(X) for ally € Y, so that the following
hold:

(i) if z,2’" € X and xz2’ € E(H), then 7(x)7(2') € E(G);
(ii) for ally € Y we have that Cy C Ng(7(x)) for all x € Ng(y) N X;
(iii) |Cy| > c[Vyqy| for ally € Y.

In its simplest form, the Blow-up lemma of Komlés, Sarkozy and Szemerédi [28] states that
for the purposes of embedding a spanning bipartite graph of bounded degree, a superregular pair
behaves like a complete bipartite graph.

Theorem 4.9. (Blow-up lemma [28]) For every d,A,c > 0 and k € N there exist constants ey and
a such that the following holds. Let ni,...,ng be positive integers, 0 < € < g¢y, and G be a k-partite
graph with vertex classes Vi,..., Vi where |V;| = n; fori € [k]. Let J be a graph on vertex set [k
such that G[V;, V] is (e, d)-superreqular whenever ij € E(J). Suppose that H is a k-partite graph
with vertex classes Wy, ..., Wy of size at most ny,...,ny respectively with A(H) < A. Suppose
further that there exists a graph homomorphism ¢ : V(H) — V(J) such that |¢p~1(i)| < n; for every
i € [k]. Moreover, suppose that in each class W; there is a set of at most an; special vertices vy,
each of them equipped with a set Sy C V; with |Sy| > cn;. Then there is an embedding of H into G
such that every special vertex y is mapped to a vertex in Sy.

Notice that in Theorem[4.9] € depends on k (that is, e < 1/k). However, in one of our applications
of the Blow-up lemma, we do not have this. The following modified version of the Blow-up lemma
is instead applied; it is a very special case of a Blow-up lemma of Csaba [16, Lemma 5] and also
Béttcher, Kohayakawa, Taraz and Wiirfl [8, Theorem 4].
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Theorem 4.10. (Alternative Blow-up lemma) For every d, A, c > 0 there exists a constant g such
that for all k € N, there exists ng > 0 such that the following holds. Let n > mng be an integer,
0 < e < eg, and G an n-vertex k-partite graph with vertex classes Vi,...,V, where |V;| = n/k for
i € [k]. Let J be a graph on vertex set [k] with A(J) < A such that G[V;,V;] is (e, d)-superregular
whenever ij € E(J). Suppose that H is a k-partite graph with vertexr classes Wy, ..., Wy each
of size at most n/k with A(H) < A. Suppose further that there exists a graph homomorphism
¢ :V(H) — V(J) such that |¢~1(i)| < n/k for every i € [k]. Then there is an embedding of H into
G.

4.3. n-good degree sequences. We will often think of the collection of degrees of the vertices of
a graph G as a function dg : V(G) — {0,1,...,n—1}. The notation dg will always be used in this
way. Later we will define a different notion of degree, a function whose image is not necessarily a
subset of NU {0}.

Definition 4.11. (n-goodness) Given n > 0, n € N, a finite set V, and a function d : V — R, let
v1,...,vy| be an ordering of the elements of V' such that d(v;) < d(v;) whenever 1 <i < j <[V].
We say that d is (n,n)-good if d(v;) > (1/3+n)n+i+1 for all1 <i < |V|/3. If V is the vertex
set of a graph G, and d(v) is the degree of v € V in G, we say that G is (n,n)-good. If |V| =n we
say that G is n-good.

The next simple proposition is very useful. Its proof follows immediately from the definition of
(n,n)-good, so we omit it.

Proposition 4.12. Let n > 0 and n,k € N. Let G be a graph on n vertices and let d : V(G) — R
be an (n,n)-good function. Then the following hold:
(i) for all X C V(G) with |X| > n/3, there exist at least |X| — n/3 vertices v € X with
d(z) = (2/3+n)n;
(i) for all X C V(G) with k < |X| < n/3, there exist at least k vertices x € X with d(z) >
(1/34+n)n+|X|—k+2.

Given a graph G on n vertices and a set X C V(G), we write
Xy ={r e X :dg(x) > (2/3+n)n}.
Observe that, if G is n-good, then
(4.2) V(G)y| > 2n/3.
The following proposition collects together some useful facts about n-good graphs.

Proposition 4.13. Let n,k € N and n > 0 such that 0 < 1/n < 1/k,n < 1. Let G be an n-good
graph on n vertices and let X, Y C V(G). Then the following hold:

) if X =0, then | X| < n/3;

(ii) of | Xy > (1/3 —n/2)n, then there are no isolated vertices in G[X,];

i) if | X| >n/3+k, then eq(X) > k?/2;

) if X, Y #0 and E(G[X,Y]) =0, then | X|+ Y] < (2/3 —n)n.

Proof. First note that (i) and (ii) follow immediately from the definition of X, and n-goodness.
We now prove (iii). By (i), |X,| > k. For each x € X,, we have

dg(z, X) > dg(x) — (n—|X|) > (2/3+n)n— (2n/3 — k) > k.

So e(G[X]) > L3 v da(z, X) > k?/2, as required.
To prove (iv), suppose, without loss of generality, that |X| < |Y|. Note that | X| < n/3 otherwise
(i) implies that X,, # () and then since |Y| > |X| > n/3 we have that eq(X,Y’) > 0, a contradiction.
9



Let zyp € X be such that max,ex{dg(x)} = dg(xo). Proposition ii) applied with k := 1 implies
that

1/3+nn+ X[+ 1 < dg(zo) <n — Y],
and so | X| + Y| < (2/3 —n)n, as desired. O

We now define what it means for a square path to be head- or tail-heavy. We will show in
Section [6] that if P is a tail-heavy square path and @ is a head-heavy square path, then we can
‘connect’ them in an appropriate manner.

Definition 4.14. (n-heaviness) Let n € N and n > 0. Let G be an n-good graph on n vertices
containing a square path P. We say that P is n-tail-heavy if [Pl € V(G), x V(G),. We say that
P is n-head-heavy if [P]; € V(G)y x V(G)y. If P is both n-head- and n-tail-heavy, we say that it
is n-heavy. We omit the prefix n- if it is clear from the context.

Equivalently, P is 7-tail-heavy if dg(z) > (2/3 + n)n for all z € (P)§, and analogously for
head-heavy. Note that P is n-tail-heavy if and only if P* is n-head-heavy.

4.4. Core degree. Suppose that R is the reduced graph (with parameters e,d and M’) of a graph
G. If G is n-good then we will show that R ‘inherits’ this property (see Lemma [4.15]ii)). Note
though that the degree of a vertex i € V(R) does not provide precise information about the degrees
of the vertices x € V; in G. In particular, if d is small it is possible for ¢ to have ‘large’ degree in
R but for every vertex x € V; to have ‘small’ degree in GG. In the proof of Theorem it will be
important to ensure that certain clusters contain a ‘significant’ number of vertices of ‘large’ degree
in G. For this, we introduce the notion of the ‘core degree’ of a cluster in R.

Given 0 < o < 1, a graph G on n vertices and a collection R of disjoint subsets of V(G), we
define the a-core degree d (X) of X € R (with respect to G) as follows. Let di < ... < d|x| be
the vertex degrees in GG of the vertices in X. Then we let

AR o(X) = d|1—a) x| 11| R/

So d% (X) > k|R]| if and only if there are at least a|X| vertices z € X with dg(z) > kn. Note
that whenever o/ < a we have that d%G(X) > dp o(X) for all X € R.

Suppose that R := {Vi,...,Vi}. If R is a graph such that each j € V(R) corresponds to the set
V; € R, we define

d c(j) = dr.c(Vj)-

(Typically R will be a reduced graph and so its vertex set {1,...,k} naturally corresponds to
clusters Vi,...,V; in G.) In this case, we often think of dp g as a function which maps each vertex
of R to some rational less than |R|, and call this function the a-core degree function of R (with
respect to G ).

The next lemma shows that the reduced graph R and the function df ¢ ‘inherit’ the degree
sequence of G.

Lemma 4.15. Let 0 < 1/n < 1/M' < ¢ < dya < n < 1 and let G be a graph of order n which
is n-good. Apply Lemma @ with parameters €,d and M' to obtain a pure graph G' and a reduced
graph R of G. Then

(i) dr(j) = (1 = 6d)d} ¢(5) for all j € V(R);
(ii) d% ¢ and R are both (1/2,|R|)-good.

Proof. Let L := |R| and R := {Vi,...,VL} be the clusters of G such that V; is associated with

j € V(R). Set m:= |Vi| =...=|Vz|. Lemma[4.3]ii) implies that
(4.3) mL <n=mL+ |Vy| <mL +en.
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To prove (i), fix j € V(R) and let D := d% ;(j). Note first that D > 6(G)L/n > (1/3+mn)L since G
is n-good. By the definition of d% ., there is a set X; C V; such that | X;| > am and dg(x) > Dn/L
for all x € X;. So by Lemma (iv), da/(z) > Dn/L — (d 4 €)n. Given any vertex x € Xj, the
number of clusters V; € R containing a neighbour of x in G’ is at least

Dn/L—(d+2)n @ (d+2)n @3
n/Lo(d 20 @ @2 8 o - ).

m m

(In the last inequality we used that D > (1/3 4+ n)L.) Lemma [£.3|vi) implies that j is adjacent to
each of the vertices corresponding to these clusters in R. So dr(j) > D(1 — 6d), proving (i).

To prove (i), fix 1 <4 < L/3 and X C V(R) with |X| = 4. Let X' := J;co V; € V(G). Then
|X'| = im < Lm/3 < n/3 by ([4.3). Since G is n-good, Proposition ii) implies that there is a
subset Y of X’ with |Y| > aim such that mingey{da(y)} > (1/3 +n)n + (1 — a)im + 2. Observe
further that there exists some j € X such that |Y NVj| > am. Thus

(1 —a@)imL
n

L 1
o s L_ (1
rcli) = I;g‘p{dc(y)}n > <3 + n) L+

@ /1 1 2
= <3+n)L+(1—a)(1—e)iz<3+;7>L+z'+1.

Since X was arbitrary, this proves that d . is (21/3, L)-good and hence (1/2, L)-good.
Let 1 <14 < L/3. Now, by (i), the vertex j; of R with ith smallest degree satisfies

1 2 1
dr(i) > (1 —6d) ((=+ 2 )L+i+1) > (=+2)L+i+1.
3 3 3 92
So R is (n/2, L)-good, completing the proof of (ii). 0

The next proposition shows that, given an (1, n)-good function d, after arbitrarily shrinking the
domain of d a little or by slightly reducing each of the values that d takes, the function that remains
is (n/2,n)-good.

Proposition 4.16. Let n € N and n > 0 such that 0 < 1/n < n < 1. Let V be a set of order n
and let d : V — R be (n,n)-good. Let V! CV with |[V'| > (1 —n/4)n and let d' : V' — R be such
that d'(v) > d(v) —nn/4 for allv € V'. Then d' is (n/2,n)-good. In particular, any graph obtained
from an n-good graph G on n vertices by removing at most nqn/4 vertices and nn/4 edges from each
vertex is (n/2,m)-good.

Proof. Let v1,...,v, be an ordering of V' such that d(v;) < d(v;) whenever 1 < i < j < n. Then
d(v;)) > (1/3+nn+i+1forall 1 <i<n/3.

Let 41, ...,4 be the subsequence of 1,...,n corresponding to the vertices in V. So k := |V’/| >
(1 —n/4)n. Let 1 < j < k/3 be arbitrary. Since j < k/3 <n/3 and i; > j we have

& (v1,) > dvi,) — /4 > d(vg) — /4> (13 + )n+ G+ 1) — /4
> (1/34n/2)n -+ +1
This implies that d’ is (/2,n)-good. The final assertion follows by taking d := d-. O

5. AN ALMOST PERFECT PACKING OF HEAVY SQUARE PATHS

The aim of this section is to prove the following lemma, which ensures that every sufficiently
large n-good graph G on n vertices contains an almost perfect packing of square paths, and the
number of these paths is bounded. As mentioned in Section [2| a relatively simple application of
Lemma and Theorems and can achieve this. However, we also require that the first and

last two vertices of each of these paths have degree at least (2/3 4+ n)n in G, for which considerably
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more work is needed. This property is crucial when, in Section [6] we connect these paths to obtain
an almost spanning square cycle.

Lemma 5.1. Let 0 < e, < 1. Then there exist ng, M € N such that the following holds. For
every n-good graph G on n > ng vertices, G contains a collection P of at most M wvertex-disjoint
n-heavy square paths such that ) pep |P| > (1 —¢)n.

To prove Lemma we will use the following result of the second author [42] which guarantees
a perfect triangle packing in a sufficiently large n-good graph.

Theorem 5.2. [42] For everyn > 0, there exists ng € N such that every n-good graph G on n > ng
vertices contains a perfect Ks-packing.

Theorem is a special case of a more general result from [42] on a degree sequence condition
that forces a graph to contain a perfect H-packing for arbitrary H.

To find a bounded number of vertex-disjoint square paths which together cover almost every
vertex of G, we apply Szemerédi’s Regularity lemma to G and then apply Theorem to the
reduced graph R of G to find a perfect triangle packing (7}); in R. Then we use the Blow-up
lemma to find a square path in G for each triangle T; that covers almost all of the vertices in the
clusters of Tj.

However, to guarantee that our paths are n-heavy, more work is needed. We extend each triangle
T; in R into two ‘folded paths’ F}, FJ’ . A folded path is essentially a sequence of triangles such that
the ith triangle shares exactly two vertices with the (i — 1)th triangle. A folded path is therefore
a generalisation of a square path. We choose both F; and F J’ so that their final two clusters each
contain many vertices of degree at least (2/3 4+ n)n. Further, the initial triangle of both F; and
F J’ is Tj. (These folded paths F}, F ]’ are obtained by applying Lemma ) These properties will
allow us to find a square path @; in G so that:

(i) Q; only contains vertices from the clusters in F}; and FJ’ ;
(ii) @; contains most of the vertices from the clusters in T7;
(iii) @; is n-heavy.
To ensure (ii), we wind around the clusters of Tj, using almost all of their vertices, to find the
large central part of @);. To ensure (iii), we extend this square path in both directions, using a
small number of additional vertices in clusters of F; and Fj. Clearly (i) is also satisfied. Note that
for distinct Tj, Tj in R, the folded paths Fj, Fj’ , Fy and F ]’./ may intersect. Thus care is needed
to ensure the square paths @;,Q; constructed are vertex-disjoint: this is possible since only a

small number of vertices in each @); lie outside of the clusters of T;. The @); are constructed in
Lemmas and 5.8

5.1. Folded paths. Here we define a structure — a ‘folded path’ — which will be useful when
embedding square paths. Indeed, if the reduced graph of G contains a short folded path F', we can
embed a short square path into G using only vertices lying in the clusters which form the vertex
set of F.

Definition 5.3. (Folded paths) We say a graph F is a folded path if there exists an ordered
sequence v, . .., v, of distinct vertices and integers ks, ..., k, such that
o V(F)={v1,...,un};
o ks:=1and k; € {i —2,ki_1} ford <i<n;
o E(F) ={viva} U{vjvg,,vivi—1 :3 <i < n}.
12



V16 V17

Figure 1: A folded path F' with |F| = 28, and a square path P with |P| = 38, drawn to show a ho-
momorphism g : [|P|] — [|F|] (so, for example, g({17,20,23}) = {15}), as described in Lemmal5.5]
The final two vertices map to each other: ¢(37) = 28 and ¢(38) = 27. The values k; for F' are
represented by arrows: an arrow is drawn from vy, to v; if and only if k; = k;—; (so if a vertex j
has no incoming arrow, k;j = j — 2).
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We implicitly assume that a folded path is equipped with ordered sequences wvq,...,v, and
ks, ..., k. We will sometimes write F' = v;...v,, and say that ks,...,k, is the ordering of F.
Observe that ks, ..., k, is a non-decreasing sequence and k; < ¢ — 2 for all ¢ > 3.

A folded path F'is a generalisation of a square path. Indeed, the special case when the ordering
of Fis1,...,n—2 (i.e. k; =i—2 for all i > 3) corresponds to the square path on n vertices. When
ki # i — 2, one can think of vy, as a ‘pivot’, at which the triangles that form the structure ‘change
direction’. The top of Figure [I| shows a folded path, with arrows drawn from a pivot v, to v;.

Another way to view a folded path is as a sequence of square paths which are disjoint apart from
initial and final triangles, which are shared by consecutive paths. Figure [l| gives an example of a
homomorphism from a square path to a folded path. One can visualise folding a square path so
that triangles map onto triangles, using the pivots as directions for where to fold. In Lemma [5.5
we show that given any folded path F, there is a homomorphism from some square path P to F
where P ‘stretches along the length’ of F' and where |P| is not significantly greater than |F|.

In the next proposition, we prove that, in a folded path, every edge lies in a triangle.

Proposition 5.4. Let F' := vy...v, be a folded path with ordering ks,...,k,. Then, for all
zy € E(F), we have N2(z,y) # 0.

Proof. Write z =: v; and y =: vy where j < £. Then j € {¢ — 1, k¢}. Recall that k; € {¢ —2,k¢_;}.
For each of the four possible values of (j, k¢), we will exhibit a vertex z € NIQ; (vj,ve). Suppose first
that kp = ¢ — 2. If j = £ — 1, then we set z := vp_o. If j = ky, then we set z := vy_1. Suppose
instead that ky = ky_;. If j = £ — 1, then we set z := vy, . If j = Ky, then we set z := v,_;. O

5.2. Embedding a square path into a folded path. The next lemma guarantees a homomor-
phism from a square path P into a given folded path F', with some special properties. Later (in the
proof of Lemma , we will use this lemma in combination with Lemma to embed a square
path P into a graph G whose reduced graph contains a copy of some folded path F. Since the
proof is straightforward but technical, we defer it to the arXiv version [40]. Figure [1|illustrates the
idea of the proof.

Lemma 5.5. Let n > 3 be an integer and let F' = vy ...v, be a folded path. Then there exists
p € N and a mapping g : [p] = [n] such that n <p <2n+1 and if P :=x1...xy is a square path,
we have that

(1) vg(iyvey) € E(F) whenever z;x; € E(P);
(ii) (1) =1, 9(2) = 2, 9(3) = 3, y({p — 1,p}) = {n — 1,n}.

5.3. Finding a folded path in an n-good graph. Recall that we can use Theorem [5.2] to
find a triangle packing (73); in the reduced graph R of G, and then apply the Blow-up lemma
(Theorem {4.9) so that for each i we find a square path P; in G that almost spans the vertex set of
G corresponding to T;. So (F;); covers almost all the vertices of G. However, to prove Lemma
we require that each P; is both head- and tail-heavy. We will extend each P; both forwards and
backwards by finding square paths R;, R} such that R; PR} is a head- and tail-heavy square path,
and |R;|,|R}| are small. To do so, we will find folded paths F; and F] in R which will form the
‘framework’ for R; and R} respectively.

This is achieved in Lemma [5.6] whose proof is the aim of this subsection. Given a triangle T;, in
order to find two ‘types’ of paths R;, R;, Lemma ‘produces’ two folded paths such that the first
three clusters in both of these folded paths are the clusters from 7;, but the order of these clusters
differs. Further, in both folded paths the last two vertices correspond to clusters containing many
high-degree vertices in G.

We use standard cycle notation for permutations, so, for example, (12) maps 1 to 2 and 2 to 1
(and fixes everything else).
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Lemma 5.6. Let v,n >0 and n € N where 0 < 1/n < v < n < 1. Suppose that G is a graph on
n vertices. Let d, : V(G) — R be an (n,n)-good function such that

(5.1) dg(z) = (1 —7)dg(z)

for all x € V(G). Let T be the vertex set of a triangle in G. Then there exists 8 < t < 5/n
and an ordering vi,vs,v3 of T such that G contains a folded path F = wvivous...vy such that
diz(vi—1), diz(ve) > (2/3 +n)n. Moreover, there exists o € {(12),(23)} and 8 <t' < 5/n such that
G contains a folded path H = v,(1)Vs(2)Ve(3)Vy - - - Uy Such that dg(vy_,),dg(vy) > (2/3 +n)n.

Proof. We split the proof into three steps. In the first step, we find a short folded path F’ whose
final vertex vs has di;(vs) > (2/3 +n)n. In the second step, we extend F” into F” so that the final
vertex v, of F” is a neighbour of vy in F”, and di;(v,) > (2/3 4+ n)n. Finally, in the third step,
we extend F” into F' by appending four additional vertices. Simultaneously we will construct H
(using the same process used to construct F).

Step 1. Obtaining an ordering vy, v, v3 of T such that there exists a folded path F/' = vivovs ... vs
where di(vs) > (2/3 4+ n)n and 3 < s < 4/n. Obtaining o € {(12),(23)} such that there exists a
folded path H' = v,(1)Vy(2)Vs(3)V4 - - - Uy Where 3 < 8" < 4/n and di(v) > (2/3 + n)n for the final
vertex v on H'.

Consider any S C V(G) with |S| = 3 and write S = {x1, z2, 23} where di;(z1) < diz(x2) < di(x3).
We define C(S) := (au, az, a3) where di;(z;) = (1/3+am)n forall1 <i<3. Sol <oy <ap <
a3 < 2/(3n). We also write ¢(S) := a1 + as + as.

Suppose that there exists z € T with di(z) > (2/3 + n)n. Then, writing T := {v1,v2,v3 := 2},
we are done by setting F' := vjvovg and H' := v9vjv3 (so o = (12)).

Therefore we may assume that di,(z) < (2/3 4+ n)n for all z € T. Note that ¢(T") > 3 since d;
is (n,n)-good. Further, the minimum degree of G implies that there are two vertices vy, v3 in T'
with common neighbour vy € N&(T)\ T. Let vy be the vertex in T\ {v2,v3}. Set F| := vivavs
and Fj := vivovsvy. Then FJ is a folded path with {v1,ve,v3} = T; and ks, k4 is the ordering of
Fj where k3 := 1 and k4 := 2. Since di; is (1,n)-good, we have c¢({v2,v3,vs4}) > 3. Note that the
ordering v9, v3 was arbitrary.

To achieve Step 1, we will now concentrate on achieving Step 1'.

Step 1'. Obtaining a folded path F' = vjvous ... vs where di;(vs) > (2/3 +n)n and 4 < s < 4/n.
Suppose that for some 2 < i < 3/7, we have defined a folded path F such that the following hold.
(A;) F] :=wv1...vp, for some 4 < m; <i+2;
(Bi) Ti == {vm;, Vm,—1, Vk,, } is such that c¢(T;) > i/2.
Note that T; = {vy, } U Nps(vp,). We have shown that (Az) and (Bz) hold.
If diy(vm;) > (2/3 + n)n, set s := m; and F' := F]. Otherwise, we will obtain Fj ; from F]
so that Fj  satisfies (4;11) and (Bjy1). Write m := m; and let k3, ..., k;, be the ordering of Fj.
Note that if there exist

(5.2) km+1 € {m — Lkn} and vpi1 € NE(vm,vk,..) \ V(F)),
then vy ...vm41 is a folded path in G with ordering ks, ..., kp1.
Proposition (ii) and (5.1) imply that
(5.3) INE(T)| + ING(T)| > (1=7) ) dg(a) —n = (1 =)e(T)nm - yn.
zeT;
Write
(Bi) .
(5.4) C(T;) =: (a1,a2,3) so a1 +ag+ag > i/2.
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There are two cases to consider, depending on the sizes of NZ(T;) and NZ(T;).

Case 1. |N2(T;)| > (1 —v)aann — yn/2.

Suppose that there is no vertex vim41 € NG(T;) \ V(F!) with d(vm+1) > (2/3 + n)n. Then
(1= yawgn —yn/2 = |F| < [NGT) \ V(F))| <n/3

by Proposition 4.12{(i). So Proposition |4.12{ii) implies that we can choose vy,11 € N&(T;) \ V(F})
with

1
(5:5) toloman) = (3+0)n+ (0= aum = /2 |F

(A) /1 3
> §+(a1+1)n n—2yn — ;4—2

> <;+ (oq+1/2)77> n

Let v;,ve € T be such that di;(v;) = (1/34+aan)n and di:(ve) = (1/3+agn)n. Observe that vy,41 €

Né(’l}j,’(}g). Set Tit1 := {Um41,vj,v¢}. Then, by (5 , we have ¢(Tj+1) > (a1 + 1/2) + as + as.
Thus we have shown

(5.6) c(Tix1) > (a1 +1/2) +as +az  or  dg(vmi1) > (2/3 +n)n.

Case 2. |[NA(T;)| > (1 — ) (a2 + az)nn — fyn/2.

Note that this is indeed the only other case by (5.3) and ( . Then, similarly as above, Proposi-
tion M( ) and (ii) imply that we can choose vy,11 € NG( T;) \ V(F}) with

(5.7) A1) > min { @ + n) n, <; + (s + a3 +1/2) n) n} .

Let vj, v, be two neighbours of vy,41 in T;, where di;(v;) < diz(ve). So diz(vj) > (1/3 4+ a1n)n and
diz(ve) > (1/3 4+ agn)n. In this case we set Tjy1 := {vpm41,v5,v¢}. Then

(5.8) c(Tiv1) > a1 +ag + (g +az +1/2) or dg(vme1) > (2/3 +n)n.

We now consider both Cases 1 and 2 together. In both cases, V41 ¢ V(F)) and {j, ¢} C {km,m —
L,m}. If {j, £} = {km,m — 1} then we obtain Fj , from Fj by replacing v,, with vy, 41 (and ki,
unchanged). Then Fj,  is certainly a folded path in G. Otherw1se one of j,Z equals m, and we
choose kp, 41 so that {m, kpn 1} = {j,£}. Note that kpy1 € {km,m —1}. So Fj | :=v1... 0nVny1
is a folded path in G by . In both cases, Fy, is a folded path with

4<m<|F|<m+1<i+3.

Moreover, since m = m; > 4, the first three vertices of F 1 are vy, vg,v3, as required. So (A1)
holds.

If diy(Vimg1) > (2/341)n then we set F' := Fj, | and Step 1’ is complete. Otherwise, (5.4)), ,
and (B;) imply that ¢(Tj+1) > (i+1)/2. So (Biy1) holds. We have thus defined Fj | so that
Ai+1) and (Bjt1) both hold.

Therefore after repeating this process at most S := 3/n times either we obtain a folded path F”
as desired in Step 1’ or we obtain a folded path F¢ = v;...vs (where s := mg) that satisfies (Ag)
and (Bg) and so ¢(Ts) > 3/(2n). In the latter case, we may assume that di;(v;) < (2/3 4+ n)n for
all 4 < j <s—1 (otherwise Setting Fli=uv... v; yields our desired folded path). Note that

, (Bs) 1
= Z dp, (1+c(Ts)mn > (1+3/2)n=5n/6> (2/3+n)n
:EETS
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and so
(5.9) de(vs) > (2/3 +n)n.
Observe that

(As)
(5.10) s < S+2<3/n+2<4/n.

Set F' := F¢. This completes the proof of Step 1’. Since the choice of the ordering vs,v3 was
arbitrary, we can argue precisely as in Step 1/, now with F% replaced with H) := vjvzvavs to obtain
a folded path H' as desired in Step 1 (so o = (23)). This completes Step 1. From now on we only
extend F’ to F since the process of extending H’' to H is identical.

Step 2. Obtaining a folded path F” := vjvgvs...v, where 4 < s +1 < r <49/(107), where k. = s
and dg(vs), di (vr) > (2/3 + n)n.

Let Fy := F' = vy...vs. Suppose that for some 0 < i < 1/3n, we have defined folded paths
Fo, ..., Fjsuch that F; := vy ...vey; where for all 1 < j < i we have veqj € Np,(vs) and di; (veyi) >
(1/34in)n. So ksyj =sforall 2 <j <i.

By choosing an arbitrary vsy; € Né(vs,l, vs) \ V(F’') we can find our desired folded path F} =
V] ... 0sUs11. (Such a vertex vgy1 exists by and and since di; is (1, n)-good.) Thus, we
may assume that ¢ > 1.

If there exists 1 < j < i with di;(vsy;) > (2/3 + n)n, we are done by setting r := s+ j > 1 and
F" := F}. Otherwise, Proposition [4.1](i) implies that

N2 (e var ) \V(E) 2 (dg(os) + de(vess)) — 1 — (47 +4)
(1= 7)(dis(vs) + di(vays)) — 1 — 5/

(L= + Dnn—n —5/n > inn.
Since i < 1/3n, Proposition [4.12(ii) implies that N2 (vs,vs+i) \ V(F;) contains a vertex vs ;41 with
Ay (Vstir1) = (1/3 + (i + Dn)n.

Therefore (5.2)) implies that F; 1 := vy ...vs4i41 is a folded path with ksi ;41 = s.
After r — s < 1/3n+ 1 steps we obtain F” := F,_g = vy ...v,, where v, € Npn(vs) and

(5.11) d(or) > (1/3+ (1739 + Dn)n = (2/3 + ).
Now (|5.10)) implies that 4 <r <4/n+1/3n+1 < 49/(10n). This completes the proof of Step 2.
Step 3. Obtaining F'.
Let a,b € V(G), /2 be arbitrary. By Proposition (i), we have that
1 4 1 1 7
Ng(a,b > (= =+ =+1)>(s+2
N2 \ V= () n- (4 gan) 2 (34 2)n

Proposition i) implies that there exists a set K (a,b) C NZ(a,b)\V(F") with |K (a,b)| > nn/2,
such that for each z € K(a,b) we have di(z) > (2/3 + n)n. Furthermore, implies that
K(a,b) € V(G),/2- Observe that {vs,v.} € V(G),/2. So, for each 1 < j < 4, we can find a distinct
vertex v,4; so that v.11 € K(vs,v,), and v,qj € K(Vp4j—2,0p4j-1) for all 2 < j < 4. Let ky, ..., k,
be the ordering of F”. Then F := vy ...v,14 is a folded path with ordering k1, ..., ky+4, where

>
>

kri1:=s, kpppi=r, kpyzi=r+1, kg i=1r+2.

To see this, observe that k; € {it —2,k;_1} forall 7 +1 <4 <r+4 since k, = s <.
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Let t :== r 4+ 4. Then Step 2 implies that 8 < ¢ < 49/(10n) + 4 < 5/n, as required. Finally,
di(ve-1), d’ w(ve) > (2/3 4 n)n, as required. O

Note that in Step 3 of the proof of Lemma we add 4 vertices only to ensure that the folded
path F has length at least 8 (this property will be useful later on). In particular, we could have
guaranteed that the last two vertices of F' have ‘large’ degree by only adding a single vertex in this
final step.

5.4. The proof of Lemma The next lemma shows that, given a suitable framework in the
reduced graph R of G, we can find a tail-heavy square path P such that, in two (or three) given
clusters, there are many pairs (or triples) of vertices that can be added to the start of P to extend
the square path. The necessary framework is a folded path whose first three vertices correspond to
these given clusters, and whose final two vertices have large core degree. (Recall that the a-core
degree df, ; is deﬁned in Section ) The proof is essentially just an application of Lemmas .
and [5.5} its length is due to technlcal issues.

Lemma 5.7. Let n,L € N and suppose that 0 < 1/n < 1/L < e K c < d < n < 1. Let R be
a graph with V(R) = [L]. Let G be a graph on n vertices with vertex partition Vo, Vi, ...,V such
that |Vo| < en and so that there exists m € N with |V;| = (1 £e)m for all 1 < i < L. Further,
suppose that G[V;, Vj] is (e,d)-regular whenever ij € E(R). Let F' =iy ...4; be a folded path in R
with 8 <t <5/n such that dRG(Zt 1), dRG(Zt) (2/3+mn)L. Then

(1) G contains an n-tail-heavy square path Q with |Q| < 11/n, and sets A, C Vi, \ V(Q) for
k =1,2 with |Ax| > em, such that for any z € A where z129 € E(G), we have that z120Q
i a square path;

(2) G contains an n-tail-heavy square path P with |P| < 11/n, and sets By C V;, \ V(P) for
k =1,2,3 with |Bg| > e¢m, such that for any zx € By where z1z923 is a triangle in G, we
have that z1z923 P is a square path. Further, for any zo € Ba, z3 € B3 such that z323 € E(G)
we have that z92z3P is a square path.

Moreover, neither P nor QQ contain any vertices from Vj.

Proof. We will only prove (2) since the proof of (1) is very similar. Apply Lemmawith t playing
the role of n to obtain a square path P’ := x; ...z, where p satisfies

(5.12) B<t<p<2t+1<10/n+1
and a mapping g : [p] — [t] such that iy igw) € E(F) whenever zjx;, € E(P'); and g(1) =

9(2) =2, 9(3) =3 and g({p— 1,p}) = {t — 1,t}. Let f: V(P') — V(F) be such that f(z;)
for all 1 <j <p. So f(z)f(y) € E(F) whenever zy € E(P’). Moreover,

(’)

(5.13)  fla) =i f(m) =ia flas) =iz and  f({zpr,ap}) = (i itk
Let
(5.14) Y = (P'); U(P)S ={x1,29,23,7p-1,7,} andlet X :=V(P)\Y.

Observe that X # 0 by (5.12)). Then Lemma with G\ Vo, R, P', X, Y, 2¢, f playing the roles of
G,R,H,X,Y,c, f implies that there exists an injective mapping 7 : X — V(G) with 7(z;) € Vi
for all 4 < j < p — 2, such that there exist sets
(5.15) Cr € Vi \7(X) forall ke{1,2,3,p—1,p}
such that

(i) if 2,2’ € X and za’ € E(P’) then 7(z)7(2') € E(G);

(ii) for all k € {1,2,3,p — 1, p} we have that Cx, C Ng(7(z)) for all x € Np/(xg) N X;

(iii) |Ckx| > 2¢(1 —e)m for all k € {1,2,3,p — 1,p}.
18
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Property (i) implies that 7(X) spans a square path P, := 7(z4) ... 7(2p—2) in G (which contains at
least three vertices by ) We would like to use P; to find an n-tail-heavy path. To do this, we
will find a short square path whose first two vertices lie in C),_1, C}, respectively, and whose last two
vertices both lie in V(G),. Since d%{G(it)7d%§G(it_1) > (2/3 + n)L, there exist sets BI"* C V;,_,
and B* C V;, such that |B7!|,|B| > 2¢(1 —¢&)m and B~ UB! C V(QG),. Let C*~! := B!\ 7(X)
and define C? similarly. Then

E)

I, |1CY > 2¢(1 —e)m — |7(X)| > 2¢(1 —e)m —p+5 = 2¢(1 —e)m —10/n+4 > cm.
Recall that i;_1i; € E(F) by the definition of a folded path. Proposition implies that there
exists is € N2 (it—_1,4t), i.e. isiz_1i¢ is a triangle in F.

We will assume that f(z,—1) = 4,1 and so f(z,) = i by (the other case, when f(zp_1) = i
and f(xp) = it-1, is almost identical). Then (5.15)) implies that Cp—1 C Vi, )\ 7(X) = Vi, \
7(X). Similarly C, C V;,\7(X). Proposition4.7|applied with V;, ,, Vi, Vi,, Cp—1, Cp, Ct7 1, Ct 7(X)
playing the roles of X1, Xo, X3, A1, A2, By, Bo, W implies that G contains a square path P, € Cp,_ X
Cp x Vi, x Ct71 x Ct. Write Py := y1y2y3y1ys. Observe that, by construction, V(P) N7(X) = 0,
and P, is n-tail-heavy. We claim that

P:= P Py=1(z4)...7(Tp—2)Y1Y2Y3Y4Y5

is an n-tail-heavy square path. Since P; and P, are vertex-disjoint square paths each containing at
least two vertices (by ), it suffices to show that the necessary edges between P; and P are
present, i.e. that the necessary edges between 7(z,_3), 7(xp—2) and yi, y are present. Observe that
Np(zp—1) N X = {zp_3,2p—2}. Then (ii) implies that y; € Cp—1 C Ng(7(zp—3)) N Na((T(zp—2)),
as required. Similarly yo € Cp € Ng((7(zp—2)), as required. So P is a square path. Further, by
construction, P is disjoint from Vj.

Note further that
|P|=|Pi|+ [P =p < 11/n.

Let By := Cy \ V(%) for k =1,2,3. Then ([5.15) implies that

Bi € Vi \ (r(X) UV () B2 v\ v (P).

Moreover, (iii) implies that, for k = 1,2, 3, we have |Bg| > 2¢(1 —e)m—|P2| = 2¢(1 —e)m—5 > cm.
Let zp € By for k = 1,2,3 such that z12923 is a triangle in G. We must show that z;2923P is a
square path. That is, we need to show that zo € Ng(7(z4)) and 23 € Ng(7(z4)) N Ng(7(z5)). But,
since z;, € Cy, for all k = 1,2, 3, this is implied by (ii). Similarly, given any zo € B, 23 € B3 such
that 2923 € E(G), (ii) implies that 2223 P is a square path. O

In the next lemma, given a small collection of folded paths, we obtain a small collection of short
square paths, with certain useful properties. We find a pair of square paths in G corresponding to
each of the ¢ triangles T; = (i,1)(¢,2)(7,3) in the reduced graph R of G. The first, P;, is tail-heavy,
and there are many pairs of vertices in (i,1) x (4,2) which can precede P;. The second, Py;, is
head-heavy, and there are many pairs of vertices in (7,3) x (¢, 1) which can succeed Pyi;. The proof
is by repeated application of Lemma

In the proof of Lemma [5.1} we will find a square path ); containing most of the vertices in T;
which will be sandwiched between Ppy; and P;. In order to connect Q; with P; and Pp,; we need
many pairs of possible start- and endpoints.

Lemma 5.8. Suppose that 0 < 1/n < 1/l K e K c < d <K n <K 1. Let R be a graph with V(R) =

(0] x [3]. Suppose that G is a graph on n vertices with vertex partition {Vo} U{V;; : (i,7) € [€] x [3]}

such that |Vo| < en and |V; ;| =:m for all (i,j) € [£]x[3], and G[V; j, Vi j1] is (e, d)-regular whenever
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(i,5)(,5') € E(R). Define V := {(i,j) : dz5o(Vij) > (2/3+n)3}. Let F1,...,Fy, Fi,..., F] be a
collection of folded paths in R such that, for all 1 <1i < £ we have
(F1) F,:=v;1...viy, and F := ;1 ... u;s, where 8 < s;,t; <5/n;
(F2) {’Uiati_17 Ui,ti7 ui,si—ly ui,si} g V;.
(F3) for all 1 < j <3 we have v;; = (i,7) and there exists o; € {(12),(23)} such that u; 5 (1) =
Vi1, uwi(g) = V2 and Ui,ai(fﬁ) = V;3-
Then G contains a collection P := {Py,..., Py} of vertex-disjoint square paths such that, for all
1 < s < ¥, the following hold.
(Pl) |Ps|a |P€+s| < 11/77;
(P2) Py is n-tail-heavy and Py s is n-head-heavy;
(P3) for k = 1,2, there are sets A} C Vi such that |Aj| > cm/2, with the following property:
for any x), € Af where x1x9 € E(G) we have that x122Ps is a square path;
(P4) for j = 3,1, there are sets B C V;j such that |Bj| > cm/2, with the following property:
for any y; € Bj where yzy1 € E(G) we have that Ppysysy1 is a square path.

Proof. Suppose, for some 1 < r < 2/, we have obtained a collection P’ = {Py,..., P._1} of vertex-
disjoint square paths, such that each P; with 1 < ¢ < r — 1 satisfies the required properties. We
will find a suitable embedding of P, into G.

Observe that

(5.16) 3ml <n=3ml+ |Vo| <3ml+en < 4ml.
For (i,7) € [€] x [3], let V/; := V; j \ Upep V(P). Then
11 22 22%n 88 em
5.17 Vi \V | <—@Fr-1)<=t<—- < —m< —
(5.17) WAV s - 2 ZER RS B, o
Proposition (1) implies that G[V/;, V;; ;] is (2e, d/2)-regular whenever (i,5)(7', j') € E(R).

Define Vj so that {Vg}U{V/; : (i,7) € [f] x [3]} is a partition of V(G). Thus, (5.17) implies that
Vol < en+eml < 2en. We can view the vertices (7, j) in R as corresponding to the clusters V.
In particular, if d%%C,G(ViJ) > (2/3 4 n)3¢ then (5.17) implies that df (V/;) > (2/3 4 n)3L.

We will consider three cases depending on the properties required of P,.

Case 1. 1 <r </.

Apply Lemma to G with Vjy, V/;, 2¢,¢/2,d/2,n, I, playing the roles of Vo, V;, e, ¢,d,n, F'. Thus
Lemma [5.7(1) implies that G contains an n-tail-heavy square path P, with |P,| < 11/n and sets
As C V! \V(P;) for k = 1,2 with |A]| > em/2 such that for any zj, € A} where 2122 € E(G), we
have that x1x9 P, is a square path. Note that P, shares no vertex with any square path we have

previously embedded (since it is disjoint from Vj). Therefore P, has the required properties.
Case 2. /+1<r <20 and o,_y = (23).

Let s := r—/{. The first three vertices in F are (s, 1), (s, 3), (s,2) in that order. Apply Lemmal5.7|to
G with Vj, ifj, 2e,¢/2,d/2,n, F! playing the roles of Vp, V;, ¢, ¢,d,n, F. Thus Lemma 1) implies
that G contains an n-tail-heavy square path Qs with |Qs| < 11/n and sets B: CV, V(Qs) for
j = 1,3 with |Bf| > ¢m/2 such that for any y; € B; where y1ys € E(G), we have that y1y3Qs is
a square path. Note that Qs shares no vertex with any square path we have previously embedded

(since it is disjoint from Vj). Finally, observe that P, := Q% is precisely the required square path.
Case 3. /+1<r <20 and o,_y = (12).

Let s := r—/{. The first three vertices of F are (s,2), (s, 1), (s,3) in that order. Apply Lemmal5.7|to
G with Vj, ifj, 2e,¢/2,d/2,n, F! playing the roles of Vj, V;, ¢, ¢,d,n, F. Thus Lemma 2) implies
20



that G contains an 7-tail-heavy square path @, with [Qs] < 11/ and sets Bj C V; ; \ V(Qs) for
J = 1,3 such that for any y; € B} where y1y3 € E(G), we have that y;y3Q5 is a square path. Note
that Qs shares no vertex with any square path we have previously embedded. Finally, observe that
P, := Q} is precisely the required square path (and Bf, B3 the required sets). O

The final step in this section is to combine Theorem and Lemmas and to prove
Lemma [B.11

Proof of Lemma[5.1. Without loss of generality, we may suppose that 0 < ¢ < 7 < 1 since proving
the lemma for & < e implies the lemma for €. Choose further constants d,a with e < d < a < 7.
Apply Theorem to obtain Ly € N such that every (n/2)-good graph on L > Lj vertices
contains a perfect Ks-packing. Without loss of generality, we may assume that 1/Ly < ¢, and
that the conclusion of Lemma holds with Lo/2,7d,n/4 playing the roles of n,7,n. Apply
Lemma with parameters ¢’ := £°, Lo to obtain M, ng. Without loss of generality, assume that
1/ng < 1/M < 1/Ly. We therefore have the hierarchy

0<l/mp<l/M<l/[ij<e<d<a<gn<l.

Let G be a graph of order n > ng such that G is n-good. Apply the Regularity lemma (Lemma
to G with parameters ', d, Ly to obtain clusters Vi, ..., V], of size m, an exceptional set Vj, a pure
graph G’ and a reduced graph R. So |R| = L and Ly < L < M and |Vy| < ¢'n; and G'[V}, Vj/]
is (¢’,d)-regular whenever jj’ € EF(R). By Lemma (ii), d% ¢ and R are both (n/2, L)-good.
Moreover, Lemma [4.15](i) implies that, for all j € V(R),

(5.18) dr(j) = (1 = 6d)df ¢(j)-
Theorem implies that R contains a perfect K3-packing 7. So there exists an integer £ with
(5.19) 0<L-30<2

so that T := {Ty,...,T;} contains exactly ¢ triangles. Let R’ := R[V(T)]. Then T is a 2-regular
spanning subgraph of R/. We have that

ED
(5.20) n=mL+|Vo| <mL+en < mB+2)+en andso n <4ml.

Relabel the vertices in R’ so that the ith triangle of 7 has vertex set T; := {(i, 1), (¢, 2), (i,3)}. So
V(R') = [¢] x [3]. Relabel those clusters of G which correspond to vertices of R’ by writing X ; for
the cluster corresponding to (4, j). Choose X so that {Xo}U{X;; : (i,7) € [¢] x [3]} is a partition
of V(G). Note that | Xo| < [Vo| + 2m < 2¢'n.

Notice that since G’ is the pure graph of G, the definition of core degree implies that for all
X = (i,j) e V(R)),
(521) daR/7G(X) Z da/’G/(X) Z da/7G(X) — (d + €)|R/|
and (dg (X))/|R'| = (d% ¢(X))/|R|. Thus, Proposition implies that df, o, and R’ are both
(n/4, L)-good. Then (j5.18)) implies that, for all X € V(R'), we have

(6-18) (5.21)
dr/(X) > dp(X) -2 > (1-6d)dg(X)—22>(1-7d)dp o(X) = (1-7d)dg o (X).
Let
(5.22) X :={(i,4) € V(R) : djp o ((i,5)) = (2/3 + n/4)L}.
Foreach 1 < i </, apply Lemmawith R',30,T;,n/4,7d, d% ¢ laying the roles of G, n, T, 7,7, dy,
to show that R’ contains a folded path F; := v} ...v{ where 8 <t; < 20/n and {v},vh,v}} = T;;
and {vii_l, U%Z} C X. Without loss of generality, we may assume that
vy = (i,4) for (i,j) €[] x [3].
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Moreover, for each 1 < i < ¢, R’ contains a folded path F] := u}...u’ where 8 < s; < 20/n,
{ul, ub,uy} = Tj; and {u _,ul } C X. Further, there exists o; € {(12),(23)} such that

uj = (i,04(j)) for (i,j) € [f] x [3].
Therefore the properties (F1)—(F3) as stated in Lemma |5.8] - 8 hold with n/4 playing the role of 7.
Therefore Lemma |5 E applied with R',G’, Xo, X, j,¢',/2,d,n/4, X, F;, F] playing the roles of
R,G, Vo, Vij,e,c,d,n,V, F;, F/, implies that G' contains a collection P := {Pi,..., Py} of vertex-
disjoint square paths Which satisfy (P1)—(P4) with n/4, /2 playing the roles of 7, ¢ respectively.
In particular, (P1) implies that |P| < 44/n for all P € P.
For each 1 < i < ¢, write [Pi]3 =: wjv; and [Ppy]; =: viu}. So (P2) implies that

{wi, vi, uj, vi} CV(G)yys S V(G)yya
Now Lemma implies that

14
(5.23) S ip < ﬁ < @
PeP
Let a,b € V(G),/4 be arbitrary. By Propositions (1) and |4.13((i),

1 7 n nn 623
N2l 2 (5+0)n-5 =5 5 S i+
Pep

So we can find a collection {w;,x;, w},x} : i € [{]} of distinct vertices disjoint from P such that
1o,

wiv;w;x; is an n-tail-heavy square path in G, and zjw/vju is an n-head-heavy square path in
G. Therefore, for 1 < i </, setting Q; := Pyw;z; and Quy; = wiz,Ppy;, we have that Q :=
{Q1,...,Qa} is a collection of vertex-disjoint square paths in G such that |Q| < 44/n+4 < 45/n
for all @ € Q; for all 1 <4 < £ we have that (); is n-tail-heavy and Q4; is n-head-heavy; and Q
satisfies (P3) and (P4) with «/2 playing the role of c¢. Foreach 1 <¢ < /fand k = 1,2, let A} C X;},
be thg sets ‘guaranteed by (P3), and for each j = 3,1, let B; C X; ; be the sets guaranteed by (P4).
So |AL],|Bj| = am/4.
For (i,7) € [f] x [3], let X[, := X, \ Ugeo V(Q)- So
(I-eym<(1-€/2)m -4t < |X; ;] <m.

Lemma ( ) implies that, whenever (i,7)(i,j') € E(R), G’[XZ'],X’, .| is (2¢',d/2)-regular.
Recall that E(T) = {(i,5),7) : 1 <i <41 < j<j < 3} Apply Lemmawith
R,G' X ;,30,T,2,2¢',d/2 playing the roles of R,G,V}, L, H,A,¢,d to obtain a collection {Y; :
(i,5) € [f] x [3]} of disjoint subsets of V(G) so that, for all (i,5) € [[] x [3], Y;; C X[, (so
YijiNUgeo VI(Q) =0); G'[Yi;, Y ] is (e''/3,d/4)-superregular for all 1 < i < fand 1 < j < j/ < 3;

and
(5.24) Vi = m' > 1 —Y3)m forall (i,5) €[l x[3].
Lemma [5.8(P3) implies that, for k € {1,2},
|AL N Y| > (a/d — Y3)ym > am'/5,
and similarly (P4) implies that, for j € {3,1}, |B} NY; ;| > am'/5.
Write P32m, = 21 ...23,, for the square path on 3m’ vertices. Let ¢; : V(szm,) — T; be defined
as follows. For all integers 0 < j < m/, we set ¢;(2354+1) = (2,3), ¢i(23542) = (i,1), and ¢;(23543) =

(7,2). It is easy to check that, for all 1 < i < ¢, ¢; is a graph homomorphism; and \¢Z_1(ac)\ =m/
for all z € T;.
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For each 1 < i < ¢ we will (independently) do the following. Apply Theorem to the subgraph
of G spanned by Y;; UY;2 UY]3, with P32m, playing the role of H (so A := 4) and ¢; playing
the role of ¢. (So the remaining parameters are given by d/4, a/5,&"V/3 playing the roles of d, ¢, ¢.)
Identify special vertices 21, 22, 23m/—1, 23m/ to the corresponding special sets B§NY; 3, BiNY; 1, A1 N
Yi1,A5N Y.

Thus obtain a square path

S; = xi;;a:il’lxigxé,g . .xin/,Sxin/7la:iI/72
in G’ with V(S;) =Y;1 UY; 2 UY 3 such that
xi?, € Bé NY;3; xi,l € Bi NYi1; xfn/l € A’i NY;1 and xfnlg € Ag NYo.
Lemma (P3) implies that 2!, ;z , ,Q; is a square path and (P4) implies that Q”ixigxil is a
square path.
Let P’ := {Qu4:SiQ; : 1 < i < £}. Observe that P’ is a collection of vertex-disjoint square

paths. We saw earlier that Q; is n-tail-heavy and Qg ; is n-head-heavy. Therefore each path in P’
is n-heavy. Finally,

(5-20)
Sl o> Y sii=smt = 301 -YPymt S (1-e)n.
pPep’ 1<i<e
This completes the proof of Lemma [5.1 0

6. CONNECTING HEAVY SQUARE PATHS INTO AN ALMOST SPANNING SQUARE CYCLE

Lemma implies that we can obtain a collection (P;); of vertex-disjoint n-heavy square paths,
which together cover almost all of the vertices of our 7-good graph G. The next stage — the goal of
this section — is to connect these paths together into a square cycle, which necessarily covers almost
all of the vertices of G. Roughly speaking, we will show that one can connect square paths P and
@ into a new square path whose initial segment is P and whose final segment is @), provided that
P is np-tail-heavy and @ is n-head-heavy. This new square path will only contain a small number
of vertices which do not lie in P or ). Then, provided that the additional vertices lie outside of
(P;)i, we can repeat this process to obtain an almost spanning square cycle.

Given a graph G with ab,cd € E(G), we define an (ab, cd)-path to be a square path P in G
such that [P]; = ab and [P]] = cd. Note that an (ab, cd)-path is not, for example, a (ba, cd)-path.
Given a set of vertices W, we say that a square path P avoids W if V(P)NW = (.

Definition 6.1. (n-flexibility) Given n > 0, we say that a square path P in a graph G is n-head-
flexible if P is n-head-heavy and G[(P); ] = K4. We say that P is n-tail-flexible if P is n-tail-heavy
and G[(P)f] = Ky. If P is both n-head- and n-tail-flezible, we say that it is n-flexible. We drop
the prefiz n- if it is clear from the context.

This concept is useful for the following reason. Suppose that P =z ...xy is a tail-heavy square
path and ¢ > 4. If P is tail-flexible, then P’ := x1...xy_sxyxy_1 is also a tail-heavy square path.
So we have more flexibility (in the literal sense) in connecting P (or rather a square path containing
the vertices of P) to another square path.

Our first aim will be to extend a tail-heavy square path to a tail-flexible square path.

6.1. Finding flexible square paths. Our aim in this subsection is to prove the following lemma,
which implies that, given a tail-heavy square path P and a head-heavy square path P’, either P
and P’ can be ‘connected’ or P and P’ can be extended to tail- and head-flexible square paths
respectively. Recall that in an 7-good graph G on n vertices, V(G), is the set of all vertices
x € V(G) with dg(x) > (2/3 + n)n.
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Lemma 6.2. Let n € N and n > 0 such that 0 < 1/n < n < 1. Suppose that G is an n-good
graph on n wvertices. Let a,b, c,d be distinct vertices in V(G),, and suppose that ab,cd € E(G). Let
W C V(G)\ {a,b,c,d} with |[W| < nn/8. Suppose that G contains no (ab,cd)-path P such that
|P| <17 and P avoids W. Then there exist square paths S, S’ such that all of the following hold.
(i) [S]; = ab, [S"]F = cd and S, S’ avoid W ;
(ii) [S],]S8] <10 and V(S) NV (S') = 0;
(iii) S is n-tail-flexible and S’ is n-head-flexible.

Proof. Throughout the proof, we will write tail-flexible (head-flexible) for n-tail-flexible (n-head-
flexible) and will similarly write tail-heavy and head-heavy. We say that a square path S is ab-good
if |S| < 10; [S]; = ab; S avoids W U {¢,d}; and S is tail-flexible. Analogously, we say that a path
S’ is ed-good if |S'| < 10; [S']3 = cd; S” avoids W U {a,b}; and S’ is head-flexible. Suppose that
G contains no pair S, S’ of vertex-disjoint square paths such that S is ab-good and S’ is cd-good.
We must show that this implies that G contains an (ab, cd)-path which has at most 17 vertices and
avoids W.

Suppose that there is a square path S in G that is ab-good. By our assumption any cd-good
square path S” in G is such that V(S) NV (S’) # 0. By adding the vertices in V(5) \ {a,b} to W
we now have that |[W| < nn/7 and there is no cd-good square path S’ in G. Otherwise, we have
that there is no square path S in G that is ab-good (and |W| < nn/8). Without loss of generality,
assume that |W| < nn/7 and there is no cd-good square path S in G. (The proof in the other case
is essentially identical.)

At every step of the proof, we will have two vertex-disjoint square paths P, P’ such that [P]; = ab
and [P']5 = cd, and |P|,|P'| < 8; and a set U := V(G) \ (W UV (P) U V(P')) which we call the
surround of P, P’. Initially, we take P := ab and P’ := cd. In each step, we modify P, P’ so
that any new additional vertices were taken from U, and P, P’ still satisfy the specified properties.
Then we update the surround U of the new P, P’. Note that P’ is not head-flexible at any stage
(otherwise it is cd-good). Further, in every step we have |U| > (1—7/4)n. Proposition [4.16] implies
that the graph with vertex set V(G) containing every edge of G with at least one endpoint in U is
(n/2,n)-good. Moreover, for all x € V(G),

(6.1) da(z,U) > dg(z) — nn/4.

Assume, for a contradiction, that there is no (ab, cd)-path in G which has at most 17 vertices and
avoids W.

Claim 1. Suppose that P, P' are vertex-disjoint square paths that avoid W with |P|,|P’| <8 and
[Ply; = ab,[P']3 =cd. Let U be the surround of P, P'. Then the following hold:
(A) for any 4-segment x1x2y1y2 of P' with x1,z9 € V(G),, we have lej(xl, xg)ﬂN?](yl, y2) = 0;
(B) for any 2-segment x1x2 of P’ we have that N§(z1,x2), is an independent set in G;
(C) for any 2-segments x1x2,y2y1 of P, P’ respectively, where xoys € E(G), we have that
Ng(l‘l, .292) N lej(yl, yz) =0.

We now prove Claim 1. If (A) does not hold, there is some u € NZ(x1,22) N NZ(y1,y2) and then
G contains a cd-good path @ (with |Q] < [P'|+1 <9 and [Q]; = z1x2uy1y2), a contradiction. If
(B) does not hold, there is an edge uv € E(G[NZ (21, 22),]) and then G contains a cd-good path @
(with |Q] < |P'|+2 <10 and [Q]; = uwvz122), a contradiction. If (C) does not hold, there is some
z € NE(z1,22) N NE(y1,y2) and then G contains an (ab, cd)-path @ with |Q| < |P|+ |P/|+1 < 17
which avoids W, a contradiction. This completes the proof of the claim.

Observe that, by Propositions [4.1[i) and [£.13[i), for all distinct u,v € V(G),,

(6.2) \N(Qj(u,vﬂ > 2(2/3+3n/4)n—n>(1/34+n)n and |N5(u, V)| > nn.
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Claim 2. There exist vertez-disjoint square paths T, T’ in G such that |T|,|T’| < 5; T is tail-heavy
and T’ is head-heavy; [Ty = ab, [T']3 = cd; T,T" avoid W; and the final vertex of T is adjacent
to the initial vertex of T".

We now prove Claim 2. Let U be the surround of ab,cd. By || there exist d’' € N[%(c, d)y
and ¢ € NZ(d',c), (which are necessarily distinct). Then ab and ¢/d’cd are vertex-disjoint square
paths avoiding . Remove ¢, d’ from U. So U is the surround of ab, c'd'cd. Since ¢, d" € V(G),,
Claim 1(A) applied to ¢/d’cd implies that N7 (¢, d’) N NZ(c,d) = 0. Let

N := N§(a,b) and N’ := NZ(c,d)U NE(c,d).

Then
16-2)
IN'| = ING(,d) + [N (e, d)| = (2/3 + 2m)n.
Proposition [4.13(i) implies that
!
(6.3) [Ny > (1/3 + 2n)n.

Let y € N, be arbitrary (N, # 0 by (6.2)). Then

E
[\)

da(y, Ny) > de(y) —n+ N[ = (2/3+m)n — (2/3 — 2n)n = 3nn.
So there is some z € N; N Ng(y). Set T := aby and take T := zcd if z € N (¢, d), or T := zcd'cd
if z € NZ(¢,d’). This completes the proof of Claim 2.

Let T and T’ be as in Claim 2. Write [T]3 := wz and [T']; = 2'w’, where 22’ € E(G) (see
Figure. Let t :=|T| <5 and ¢’ := |T’| < 5. Let U be the surround of T, 7" and let Y := N (w, z)
and Y’ := NZ(2/,w'). Claim 1(C) applied with T, 7", wz, z'w’ playing the roles of P, P',z1z2, Y211
implies that Y NY’ = (. Therefore, by Proposition [4.13]1),

(Y UY')| > YUY |=n/3=Y|+|Y'|—-n/3 = (1/3+2n)n.

Now G[(Y UY’),] contains no isolated vertices by Proposition |4.13(ii). Observe that Y, # () by
(6.2). Moreover, Claim 1(B) implies that Y,  is an independent set in G. Therefore every vertex of
Y, has a neighbour in ;. Choose 3’ € Y}l and y € Y, with y'y € E(G).

We have obtained vertex-disjoint square paths

(6.4) Ty =T, qwzy and y'T =y'2’w'[T']} , suchthat z2’,yy’ € E(G),

and Ty is tail-heavy and 3’7" is head-heavy. Remove y, 3y’ from U. So U is the surround of Ty, 3y/T".
Let Z := N (z,y) and Z' := NZ(y',2'). Claim 1(C) applied with Ty, y'T", xy, y'z’ playing the roles
of P, P', z1x9,yoy1 implies that

(6.5) Znz =0.

Let A™ := ZN N} (y', ') be the set of vertices in U adjacent to both z,y and at least one of ¢/, z’.
Define AY* := 7' N N{(z,y) similarly. So certainly

(6.6) AV C 7
Claim 3. E(G[A;", Z;]) # 0.

Now (/6.5) and (4.1)) imply that

(6.7) 0= Ni(z,y,y,2') = AWNAY" = Z/NA™ = ZnAY".
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Figure 2: The structure obtained at . At least one of the dashed edges is present after .

Let A := N (z,y,y',2"). Observe that A = A™ U AV and U N {z,y,y',2'} = 0. Then

ve{z,y,y’ '} uelU
and hence |A| > (2/3 + 3n)n. By Proposition [4.13(i),
(6.5) Ay = (1/3 + 3n)n.

(6.2) implies that |Z;| > nn. Claim 1(B) applied with Ty, y'T",y'z" playing the roles of P, P, z129
implies that Z,’7 is an independent set in G. Suppose that E(G[A7Y, Z;]]) = (). Then no vertex in
Z, has a neighbour in A3”. Therefore, for all z € Z;, Ny(z) N ((A* U Z'),) = 0. So

@7 . - . ()
gl & a1y S Lz 12, (4 0 20, < U No(Z))] < 0 - maxda(z,U)
n
(6.1)
= (1/3-3/4n,

a contradiction to . This proves Claim 3.

By Claim 3, we may choose z € A3” and 2’ € Z} such that 22’ € E(G). We have shown that G
contains vertex-disjoint W-avoiding square paths

(6.9) Tyz = [T],_ywzyz and 2'y'T =2'y2'w' [T} ,;

such that z2’,yy, 22’ € E(G) and one of zy/, za’ € E(G); where {w,z,y, 2,2,y , 2, w'} C V(G),
(see Figure[2). Claim 2 implies that |Tyz|,|2'y/T’| < 7. Remove z, 2’ from U. So U is the surround
of Tyz, 2/y'T'.

We consider two cases, depending on whether z2' € E(G) or 2y’ € E(G).
Case 1. z2/ € E(G).

We will apply Claim 1(A) and (C) with T'yz, 2'y'T’ playing the roles of P, P’. Claim 1(A) applied
with 2’y/2'w’ playing the role of x1xoy1ys implies that NZ(2',y') N NZ(a/,w’) = 0. Claim 1(C)
applied with yz, 2’y playing the roles of x1 22, yoy; implies that NZ(y, 2)NNZ(2',y') = 0. Claim 1(C)
applied with yz, 2/’ playing the roles of 2122, y2y1 implies that N (y, 2)NNE(2/,w') = 0. Therefore
NZ(y,2), NE(2',y'), NE(2',w') are pairwise vertex-disjoint subsets of U. But implies that each
set has size at least (1/3 + n)n, a contradiction. So we are done in Case 1.

Case 2. zy € E(G).

This case is similar to Case 1. Observe that now Ty, 22'y'T" are vertex-disjoint square paths each

containing at most eight vertices, and U is the surround of Ty, z2'y/T’. We will apply Claim 1(A)

and (C) with Ty, zz'y'T’ playing the roles of P, P’. Claim 1(A) applied with zz'y’2’ playing the role

of x122y1y2 implies that NZ(z, 2/)NNZ(y',2') = 0. Claim 1(C) applied with zy, zz’ playing the roles

of x172,y2y1 implies that NZ(z,y) N NZ(z,2’) = 0. Claim 1(C) applied with zy,y'2’ playing the
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roles of x1x2, yoy1 implies that N7 (z,y) N NE(y',2') = 0. Therefore NZ(z,y), N (z,2'), NG (Y, ')
are pairwise vertex-disjoint subsets of U. But (/6.2) implies that each set has size at least (1/34n)n,
a contradiction. So we are done in Case 2.

In both cases we obtain a contradiction to our assumption that there is no (ab, cd)-path in G which
has at most 17 vertices and avoids W. This completes the proof of the lemma. ]

6.2. Connecting flexible square paths. The proof of the next result is similar to that of
Lemma 21 in [I3] (although there the graph G has minimum degree not much less than 2n/3
and is ‘non-extremal’).

Lemma 6.3 (Connecting lemma). Let n € N and §,7 > 0 such that 0 < 1/n € § < n < 1.
Suppose that G is an n-good graph on n vertices. Let a/,b',c,d’" be distinct vertices in V(G), where
adtl,dd € E(G). Let W CV(G)\{d,V,c,d'} with |W| < dn. Then G contains an (a'b',dd")-path

on at most 22 vertices which avoids W'.

Proof. Suppose that G contains no (a't/,¢’d’)-path on at most 17 vertices which avoids W. Ap-
ply Lemma to obtain vertex-disjoint square paths @, Q" such that (i)—(iii) hold. (Where
atl,dd,Q,Q play the roles of ab,cd, S, S’ respectively.) Let ¢ := |Q| < 10 and ¢ := |Q'| < 10.
Write [Q]3 =: ab and [Q']; =: ed and set X := {a,b,c,d} C V(G),. Let U :=V(G)\ (WUV(Q)U
V(Q')). Observe that X NU = (), and |U| > (1 — 2§)n. Proposition implies that G[U] is
(n/2,n)-good. Moreover, for all x € V(G),

(6.10) dg(x,U) > dg(x) —nn/2.

Claim. It suffices to find a path P with (P); = {a,b}, (P)y = {c,d}; V(P)\ X CU and |P| < 6.
To prove the claim, suppose we have such a path P. Note that

[Q]q:Qabv [Q]q:Qbaa Cd[Q/E/—za dC[Q/];’—z
are square paths by Lemma [6.2(iii). Then P’ := [Q], ,P[Q’ ];_2 is an (a'b’, ¢'d’)-path which avoids
W by Lemma [6.2{i). Finally, Lemma [6.2]ii) implies that [P'| < |Q| + |Q'| 4+ |P| — 4 < 22. This
completes the proof of the claim.
Forall 1 <i<4, letS;:={veU:dg(v,X)=1i}. Then

(6.10))
®/3+2n < Y da(x,U) =Y da(u, X) = > i|Si| < 4| + 3|Ss| + 2(n — |Ss| — [S4]),
zeX uelU 1<i<4

and therefore

(6.11) |Ss| + 2|S4| > (2/3 + n)n.

Suppose that there is some zy € E(G[S4,S3 U S4]). Then G contains a square path P with
V(P) = {a,b, z,y,c,d} which satisfies the claim. (Indeed, if for example a ¢ Ng(y), then we can
take P := abxycd or P := abxydc; or if ¢ ¢ Ng(zx), then we can take P := abxydc or P := baxydc.
The other cases are similar.) Therefore we may assume that

(6.12) E(G[S4,S5U Sy4]) = 0.

Suppose that Sy # 0. Proposition :4.13(iv) applied with G[U],n/2, 54, S3 US4 playing the roles of
G,n, X,Y implies that |Sy4| + (|S3| + [S4|) < (2/3 — n/2)n, a contradiction to (6.11). Therefore
(6.11]) implies that

(6.13) Sy=0 and |S3| > (2/3+n)n.

Let

Ty = Ni(a,b) N Ss and T.q:= Ni(c,d) N Ss.
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b d

Figure 3: A tail-flexible path Q and head-flexible path @’ with [Q]3 = ab and [Q'], = cd and
adjacent vertices x € N3(a,b,¢) C Ty, and y € N3(a,c,d) C T.q. The thick line represents the
ordering of a square path with vertex set V(Q) UV(Q') U {x,y}.

Suppose that there exists © € Ty, and y € T,q such that zy € E(G). Then G contains a square
path P with V(P) = {a,b, z,y, c,d} which satisfies the claim. (For example, if z € N{(a,b,c) and
Yy € N[?}(a, ¢,d) then we can take P := bazxycd, as in Figure Observe that in this case and the
other three cases, there is exactly one such P.) So we may assume that

(614) Tab N Tcd = @ ) Tab U Tcd = S3 and E(G[TabaTC ]) = @

(The first two assertions follow from and the definitions.) Now we will always obtain a
contradiction. Proposition [4.13(iv) applied with G[U],7/2, Ty, T.q playing the roles of G,n, X,Y
implies that, if Ty, Teq are both non-empty, then |T,p| + [Toq] < (2/3 — 1n/2)n, a contradiction to
and . Without loss of generality, we may assume that T, = (). Therefore |T,4| > (2/3+
n)n. Now, by Proposition(i) and (6.10)), we have that |[NZ(a,b)| > 2(2/3+n/2)n—n > (1/3+n)n.
But together with , this implies that Ty, # 0, a contradiction. O

6.3. An almost spanning square cycle. The aim of this section is to prove Lemma which
states that every sufficiently large n-good graph GG on n vertices contains a square cycle that covers
almost every vertex in G. The idea is to first apply Lemmal[5.1]to G to find a collection P of heavy
square paths that cover most of G. Then we repeatedly apply Lemma to connect together these
square paths into a single almost spanning square cycle in GG. If we just apply Lemma to G,
then when connecting two square paths together we may be forced to use some vertices from other
square paths from P. To avoid this problem we in fact connect the square paths from P together
using only vertices from a small set R C V(G) that is disjoint from P. We refer to R as a reservoir.
R will be constructed in Lemma [6.5] so that G[R] ‘inherits’ the degree sequence of G (that is G[R]
is (n/2,|R|)-good). This will allow us to apply Lemma [6.3| to G[R] rather that G itself. The idea
of connecting paths through a reservoir has been used, for example, in [13], 17, 33, 37].

The hypergeometric random variable X with parameters (n,m, k) is defined as follows. We let
N be a set of size n, fix S C N of size |S| = m, pick a uniformly random 7" C N of size |T'| = k,
then define X = |T'N S|. Note that EX = km/n. To prove Lemma we will use the following
standard Chernoff-type bound (see e.g. Theorem 2.10 in [260]).

Proposition 6.4. Suppose X has hypergeometric distribution and 0 < a < 3/2. Then
a2
P(|X —EX| > aEX) < 2~ 52X,

Lemma 6.5. (Reservoir lemma) Let n € N and let §,n > 0 such that 0 < 1/n € 0 < n < 1.
Suppose that G is an n-good graph on n vertices. Then there exists R C V(G) such that |R| = on
and
e for allv € V(G) we have dg(v, R) > (dg(v)/n —n/8)|R|;
e G[R] is (n/2,dn)-good.
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Proof. Choose R C V(G) uniformly at random from all () subsets of V(G) with size én. We first
show that the probability that, for all v € V(G), we have

(6.15) de(v, R) > (1 _ g) 3dc(v)
is more than 1/2. Indeed, for each v € V(G), we have
E(dg(v, R)) = dg(v)|R|/n = ddg(v).
Proposition [6.4] implies that
P (d(;(v, R) < (1 — g) 5dg('u)> < 2e7 3G (0)/192  9p=n?n/5T6 < o=V

(For the penultimate inequality, we used the fact that G is n-good and so 6(G) > n/3.) So taking a
union bound over all v € V(G), we see that the probability that some vertex fails to satisfy
is at most ne V" < 1 /2, as required.

Given j,A > 0and H C H' C G, let

Tya(H, HY) i= {w € V(H) : dipo(2) > (1/3 -+ N)|H| + + 1.
Note that for all k € R, whenever j > k|H'| and A + k > 0, we have
(6.16) Ty\(H, H') = Tj_ i pen (H, H').
Observe that H is A-good if and only if, for all integers 1 < j < |H|/3 we have |T;\(H, H)| >
|H| — j + 1. So, since G is n-good, for all integers 1 < j < n/3 we have |Tj,(G,G)| > n—j+ 1.
Observe that

E(|Tjn(G[R], G)]) = 0|Tjn(G, G)| = 6(n — ).

Proposition implies that, for fixed 1 < j < n/3,

P (IT0(GIRL.G)| < (1= 3) (n— j)) < 277 0N/192 < g n/288 < (=,

So the probability that |T},(G[R],G)| < (1 —n/8)d(n — j) for some integer 1 < j < n/3 is at most
ne~vVm/3 < 1/2.
Thus there is some choice of R such that, for all v € V(G), we have

(6.17) de(v, R) > (1 - g) Sde(w) = L= "/SBJRWG(”) > (dGTE“) - g) IR|,
and for all integers 1 < j < n/3 we have
(6.18) T30(GIRLG)| > (1= 1) 3(n - j).

To complete the proof, it remains to show that G[R] is (1/2, én)-good. By an earlier observation,
it suffices to show that

(6.19) |T;,/2(GIR], G[R])| > 0n —i+1 for all integers 1 <14 < dn/3.
Let € R be arbitrary. Then (6.17)) and the fact that G is n-good imply that
1 7y Y
d RI>(-+—|on>(-+—]0 1.
a(z, )_(3+8)n_<3+6> n+

A simple rearrangement implies that [Ty, /3 ,/2(G[R], G[R])| = |R| = dn. So, for all 1 <1i < dnn/3
we have that |T; ,»(G[R], G[R])| = én > on —i + 1. Thus, to show (6.18)), we may assume that

dnn/3 < i < dn/3 for the remainder of the proof.
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By definition, for all x € T;/59,/3(G[R], G), we have that dg(z) > (1/3 + 2n/3)n +i/d + 1.
Therefore (6.17]) implies that for such z,

1 2 1
de(z, R) > <1187)5<(3+377)n+i/5+1> > <3+’27> Sn+i+ 1.

T; n/2(GIR], GR]) 2 Tj/s52,/3(G[R], G).
Therefore for all onn/3 < i < dn/3,

Thus

(6-10)
T2 (GIRLGIR) > [Tysnss(GIRLG) 2 Ty, (GIR),G))

6.13) ; onn 1
n i . n n )
> —_ = —_ = — | = — —— (5 — — > — .
> (1 8>5<n 6+3> on—1i-+ 24(5 n) 8_571 1+ 1

So (6.19) holds, as required. d
We will now combine Lemmas and to prove the main result of this section.

Lemma 6.6. Let n € N and 0 < 1/n < ¢ < n < 1. Then every n-good graph G on n vertices
contains a square cycle C with |C| > (1 — e)n.

Proof. Apply Lemma with 7/2,¢/2 playing the roles of n,e to obtain ng, M € N such that
every (n/2)-good graph H on at least ng vertices contains a collection of at most M vertex-disjoint
(n/2)-heavy square paths which together cover at least (1 — &/2)|H| vertices. Note that we may
assume that 1/n < 1/ny < 1/M < e. Further, choose ¢ so that 1/M < § < e.

Apply Lemma [6.5/to G to obtain a set R such that |R| = dn; for all v € V(G) we have

(6.20) dg(v, R) > <dGTEU) - g) |R|;

and G[R] is (n/2,0n)-good.

Note that |G\ R| = (1 —d)n > (1 — n/4)n. Proposition implies that G \ R is (1/2, n)-good.
Lemma and the choice of M above implies that G \ R contains a collection P of m < M
vertex-disjoint (7/2)-heavy square paths such that

(6.21) Y IPI=(1—¢/2)(1—6)n > (1—e)n.
peP

Write P := {Py,...,Pn}. Let Py = Qo := 0 and P,,+1 := P;. For each 0 < i < m, we will find
a square path @; in G[R] such that P;Q;P;y1 is an (n/2)-heavy square path in G. Suppose, for
some 0 < i < m — 1, we have obtained vertex-disjoint square paths Qo,...,Q; in G[R] such that,
for all 0 < j < i we have that P;Q;Pj1; is an (n/2)-heavy square path in G, and |Q;| < 19. Let
[Pis1]y = a't/ and [Piia]y = d.

Set G .= G[RU{d,V/,,d'}] and n' := |G'| = on + 4. We claim that G’ is (n/4,n’)-good. First
note that, for all v € V(G),, /2, implies that

(v, V(G) > d(v, R) > <2 + 3’7> R > (2 4 ”) .y
3 8 3 4

So, since Piy1 and Piyp are (1/2)-heavy square paths in G, we have {da’,V/,c,d'} € V(G'), 4. Fix
1 <i<n/3and let X; C V(G’) be such that |X;| = i. We need to show that max,ex, dg/(x) >
(1/3+n/4)n" +i+ 1. So we may assume that {a’,V/,¢,d'} N X; =0, i.e. X; C R (otherwise we are
done). Since G[R] is (n/2)-good, we have that

1 1
legédgl(a:) Zfé%éda(x’R) > <3+727> m+i+1> <3+Z> n +i+1,
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as required. So G’ is (n/4,n’)-good.

Let W = Uy<j<; V(Q;). Then [W| < 19M < dn'. So we can apply Lemmawith G',n',6,n/4
playing the roles of G, n, 4,7 to find in G’ an (a/'t/, ¢'d’)-path P’ on at most 22 vertices which avoids
W. We take Q;+1 to be the square path such that P’ = a’b/Q;11d’. So Q;+1 C G|R]. Then Q;41
is vertex-disjoint from Q, ..., Q;; |Qi+1] < 19 and P;41Qi+1Pi+2 is an (n/2)-heavy square path in
G.

Follow this procedure until we have obtained Qo, ..., Q. in G[R] with the required properties.
It is easy to see that C' := PiQ1Ps ... PpQyn is a square cycle in G. Finally, implies that
12 S pep|PI 2 (1-2)n. 0

7. AN ALMOST SPANNING TRIANGLE CYCLE

In order to find the square of a Hamilton cycle in G, we will first show that the reduced graph R
of G contains an almost spanning subgraph Z, which itself contains a spanning square cycle, but
with some specific additional edges. We call this structure Z, an ‘/-triangle cycle’. The structure
Zyin R will act as a ‘framework’ for embedding the square of a Hamilton cycle in G. Given ¢ € N,
write C? for the square cycle on ¢ vertices. So V(C?) = {x1,...,2.}, and z;x; € E(C?) whenever
li — 7] € {1,2} modulo c. We will often write C2? =: z ... z..

Definition 7.1. (¢-triangle cycle Z;) Write Zy for the graph with vertex set [¢] x [3] such that for
all 1 < i < ¥ and distinct 1 < j,57" < 3, we have (i,5)(i,5") € E(Zy), and (i,7)(i + 1,5") € E(Zy),
where addition is modulo ¢. We call Zy an f-triangle cycle.

Let Ty be the spanning subgraph of Z; such that for all1 < i < ¢ <l and1 < j < j < 3,
(i,7)(i',j") € E(Ty) whenever i =1i'. So Ty is a collection of £ vertex-disjoint triangles.

So Z; consists of a cyclically ordered collection of ¢ vertex-disjoint triangles T, and between any
pair of consecutive triangles, there is a complete bipartite graph minus a perfect matching. We
observe the following properties of Z:

o |Zy| =30 and Z; is 6-regular;

o 7yD Cgé, i.e. Z; contains the square of a Hamilton cycle;

e 7, is a 3-partite graph (where the vertex (i, j) belongs to the jth colour class);
e 7, is invariant under permutation of the second index j.

This final property will be crucial when using a copy of Zy in R to embed the square of a Hamilton
cycle in G. We explain this further in Section [8]

The following lemma states that a large n-good graph G contains a copy of Z, which covers
almost every vertex of GG. Its proof is a consequence of Theorem |4.9| and Lemma

Lemma 7.2. Letn € N and 0 < 1/n < e < n < 1. Then, for every n-good graph G on n vertices,
there exists an integer £ with (1 —e)n < 3¢ < n such that G D Z,.

A structure very similar to Z, was used in [10] as a framework for embedding spanning subgraphs
of small bandwidth and bounded maximum degree. As such, we believe that Lemma [7.2] could also
be applied to embed such subgraphs into graphs satisfying the hypothesis of Theorem [1.3| (see

Section .

Proof of Lemma (7.2, Let M € N and let d be a constant such that 1/n < 1/M < ¢ < d < 1.
Apply Lemma he Regularity lemma) to G with parameters e*, d, M to obtain a reduced graph
R with |R| =: L and pure graph G’. So G has a partition into L clusters Vi, ...,V each of size m,
and an exceptional set Vj of size at most e*n. We may assume that n is sufficiently large so that
1/n < 1/L < 1/M. Therefore we have the hierarchy

0<l/n<l/L<e<gd<n<l.
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Moreover,
(1—ehn

(7.1) L> -

Lemma M(u) implies that R is (n/2, L)-good. Lemma applied with 7/2,e*, L playing the
roles of 17,&,n implies that R contains a square cycle C? with

(7.2) |C?|=c¢>(1-€YL.

So each edge ij € E(C?) corresponds to an (g4, d)-regular pair G'[V;, V] in G'. Lemma applied
with C2,4,¢%,d playing the roles of H, A, ¢, d implies that each V; contains a set V/ with |V/| =
(1 — £2)m such that for every edge ij of C?, the graph G'[V/, V] is (4e%,d/2)-superregular. Now
vertices in R correspond naturally to the clusters V. Choose ¢ € 3¢N + 1 such that

(7.3) <;—§>n<€<<§—;>n.

(This is possible since 3¢ < 3L < en/6.)

Note that it suffices to find a graph homomorphism ¢ : V(Z;) — V(C?) such that at most
(1 — e)m vertices of Z; are mapped to the same vertex of C?, i.e. that [¢~!(w)| < (1 — &?)m for
all w € V(C?). Then Theorem (the alternative Blow-up lemma) with Zy, V/, (1 — £2)m, C?
playing the roles of H,V;,n/k,J implies that G contains a copy of Z,.

We will find ¢ in two stages. We define graph homomorphisms ¢; : V(C3.) — V(C?) and
$2: V(Zy) = V(C3.). Then ¢ := ¢y 0 ¢ : V(Zy) — V(C?) is a graph homomorphism.

Write C2 := w; ... w. and 0320 := 1 ...x3.. Given integers k, N, write [k]y for the unique integer
in [N] such that k = [k]y mod N. Let ¢1 : V(C2,) — V(C?) be defined by setting ¢;(z;) = wg),
for all 1 <7 < 3c. Then ¢4 is a graph homomorphism, and

(7.4) o7 (w)| =3 for all w € V(C?).

For each 1 < j < 3c, relabel the vertex x; of C3. by the ordered pair ([j/3],[j]3). (So the new
vertex set is [c] x [3].) For each 1 < j < 3¢, let T} be the triangle in C%, spanned by x;, ;1,42
(where x3c.41 := x1 and 3042 := x2). SO

V) = (ot = { ([2].00) ([252] 4 1) ([E22] b 2m) }-

So for any j, T and T)j 41 have exactly two vertices in common. Observe that {[j]3, [j+1]3, [j+2]3} =
3]. Let ¢ : V(Zy) — V(C3,) be the map that takes a vertex (4,j) to the unique vertex in Tj;,,
whose second index is j. This is illustrated in Figure 4.

To see why ¢ is a graph homomorphism, consider an edge uv € E(Zy). Let S; be the triangle
in Zy spanned by (i,1),(¢,2), (,3). So ¢2 maps each of the vertices of S; to a distinct vertex in
T; [i]5c- Suppose first that there exists 1 < ¢ < £ such that u and v both lie in S;. Then ¢9 maps
both of u and v to different vertices of the same triangle Ty, in C3.. So ¢a(u)d2(v) € E(C5,).
Suppose instead that u and v do not lie in the same triangle S;. Then, since uwv € E(Z;), u and
v lie in consecutive triangles. More precisely, there exist 1 < ¢ < £ and distinct 1 < j, 5/ < 3 such
that u = (i,7) and v = (i + 1, ") (where (£ +1,75") := (1,7)).

Suppose first that ¢ < £— 1. Then by definition ¢o maps u and v to consecutive triangles T and
Ty11 respectively. It is not hard to see that every pair of the four vertices in Ty U Ty is joined
by an edge whenever their second index is different. But the second indices of ¢2(u) and ¢a(v) are
indeed different since j # j'. So ¢o(u)g2(v) € E(C3,).

Suppose instead that i = ¢ (observe that we cannot have i > ). So u = (¢, j) and v = (1,5') for
some distinet 1 < j, 5/ < 3. Since £ € 3¢N+ 1, we have [{]3. = 1 = [1]3.. So, by the definition of ¢2,

32



7‘_1307 Z+13C,

YAVAY

Figure 4: The homomorphism ¢o maps triangles S; in Z; (drawn in black) to triangles in C3,
(drawn in grey).

u is mapped to the unique vertex in 77 with second index j and v is mapped to the unique vertex
in Ty with second index j’. Since j # j/, we have ¢a(u)p2(v) = (1,5)(1,5") € E(C3,).

Therefore ¢2, and hence ¢, is a graph homomorphism. It remains to check that the preimage of
each vertex of C2 under ¢ is not too large. First note that
(7.5) 10/c] <|p5t(x)| < [€/c] forall x € V(CE,).

Thus, for each 1 < j < ¢ we have that

3¢
-1 1 —
w; < max x max w cl<—+3
o7l < | e 63| mex, 0 -

@2).(73) (1 —3¢/2 T (1 -

B3 (1-3¢/9n O OQ—m _ | o

(1—eYL (1 —e%)2

as required. O

8. THE SQUARE OF A HAMILTON CYCLE

The final step in the proof of Theorem|[I1.3]is to use the almost spanning triangle cycle guaranteed
by Lemma to obtain the square of a Hamilton cycle.

Let G be a large n-good graph on n vertices. Since the reduced graph R almost inherits the
degree sequence of G, we can find an almost spanning (-triangle cycle Z, in R (whose vertices
correspond to clusters and edges to (e, d)-regular pairs). By removing a small number of vertices,
we can ensure that the edges in the triangle packing T, C Z; C R are superregular, and each of the
3¢ clusters has the same size. We say that the collection of clusters now induces a cycle structure
C in G. We colour the clusters and vertices in clusters of C according to the 3-colouring of Z,
(which is unique up to isomorphism), so that both V; ; and = € V; ; have colour j. It is now a fairly
simple consequence of the Blow-up lemma that GG contains a square cycle whose vertex set contains
precisely the vertices in the clusters of C. In fact, this would still be true as long as the clusters in
each triangle in Ty each had the same size (in which case we say that C is 0-balanced).
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However, there is a small set Vj of vertices in G which lie outside any of the clusters of C. We
need to incorporate these into the clusters in an appropriate way, and also preserve the structure
C (perhaps with slightly worse parameters). So after any changes to the clusters we require that

(i) regular pairs remain regular;
(ii) superregular pairs remain superregular;

(iii) C is 0-balanced.

(i) is satisfied as long as no cluster gains or loses too many vertices. For (ii), we need to ensure
that, if we insert a vertex v into a cluster V', then v has many neighbours in the two other clusters
which lie in the same triangle as V' in T;. (In this case we say that v — V is valid.) It turns out
that since §(G) > (1/3 + n)n, for each vertex v there are at least n|R| clusters V such that v — V'
is valid. This appears promising, but recall that a necessary condition for (iii) is that the colour
classes in C are all the same size. However, we may not be able to assign the vertices of v € Vj so
that this is even almost true. For example, every v € Vi might only have valid clusters in the first
colour class.

Given any v € V(G), we can guarantee more valid clusters V' if dg(v) is larger. In fact, if
v € V(G)y, there are n|R| triangles 7" € Tp such that v — V is valid for every V € T (see
Proposition [8.6). So, if it were true that Vo C V(G),, then we could assign each v € Vj to a
triangle in 7T, so that no triangle receives too many vertices, and then split the vertices in each
triangle among its clusters as equally as possible. Then C is very close to being 0-balanced (the
sizes of clusters in a triangle in 7} differ by at most one).

In order to achieve that Vo C V(G), (see Lemma [8.7)), we do the following. Whenever there is
v € Vo \V(G),, we find many clusters V such that v — V is valid, and V contains many vertices v’
with dg(v') > dg(v) + nn/4. Then we swap v and v without destroying the cycle structure. This
process is repeated until no longer possible, in such a way that no cluster X is the location of too
many swaps.

Now we have achieved (i) and (ii), and C is almost 0-balanced. Note that a necessary condition
for (iii) is that 3|n, so assume that this is true. At this stage we appeal to those pairs in C which
correspond to edges in Z; (not just those in Ty). This is also the stage where having Z, C R (and
not only C%e C R) is useful. Consider a cluster V;;. Then the fact that Z, C R ensures that
almost every vertex v € V;; is such that v — V;_1; and v — V11 ; are both valid. Applying this
repeatedly allows us to make a small number of arbitrary reallocations within a colour class j (see
Lemma .

However, unless the colour classes have equal size (that is, size n/3), this procedure can never
ensure that C is O-balanced. We currently have that the colour classes have close to equal size.
Suppose, for example, that colour class 3 is larger than colour class 1, and colour class 2 has
exactly the right size. We identify a ‘feeder cluster’ X3 in C, whose vertices are all coloured 3, and
which has large core degree. Then X3 contains many vertices of degree at least (2/3 + n)n. For
each of these vertices v, there are many colour 1 clusters V such that v — V is valid. So we can
move a small number of these vertices v to colour 1 clusters so that all the colour classes have the

same size (see Lemma [8.9)).

8.1. Cycle structures. We begin by formally defining a cycle structure.

Definition 8.1. (Cycle structure) Given an ¢ x 3 integer matriz M, integers n, ¢, a graph G onn
vertices, and constants £,d, we say that G has an (R, ¢, M, e,d)-cycle structure C if the following
hold:

(C1) G has vertex partition {Vo} U{V;; : (i,7) € [{] x [3]} where the (i,7)th entry of M is |V ;|
and |Vo| < en. The sets V; j are called the clusters of C, Vj is called the exceptional set of

C, and M is called the size matrix of C;
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(C2) R has vertex set [{)x[3] and R 2 Zy and G|V, j, Vi 7] is (€, d)-regular whenever (i, ) (7', j') €
E(R);
(C3) G[Vij, Vij] is (e,d)-superregular whenever 1 <i < £ and 1< j < j <3.
We say that {V;; : (i,7) € [€] x [3]} induces C. If Vo = 0 we say that C is spanning.

Let C' be the cycle structure obtained from C by relabelling V; ; by V; ,(;) for all (i, j) € [{] x [3]
and some permutation o of [3]. Since Z; is invariant under permutation of the second index (as
observed immediately after Deﬁnition, C'isan (R, ¢, M’ e,d)-cycle structure where the (7, j)th
entry of M is |V, ;|-

Often we will consider two different cycle structures, say an (R, ¢, M, e, d)-cycle structure C and
an (R, ¢, M’ &' d)-cycle structure C’. Since the vertex set of R corresponds to both the clusters of
C and (', it is ambiguous in this case to talk about the core degree df - Indeed, even though the
graph R is the same for both cycle structures C and C’, the clusters of C and C’ may be different.
We therefore say that d ; is (1, 3¢)-good with respect to C to mean that df o is (1, 3¢)-good when
considering the vertices of R as corresponding to the clusters of C.

Definition 8.2. (Size matrices) Given an ni x ng integer matriz M, we write M = (m; ;) if the
(i, j)th entry of M is m;j for all (i,7) € [n1] X [na].

Given integers ki < ko, we say that M is (ki,ka)-bounded if ki1 < m;; < ko for all (i,j) €
[nl] X [TLQ]

For a non-negative integer k, whenever |m;; —m; j| <k for all1 <i<mnj and1 < j < j < ng,
we say that M is k-balanced.

If 3 cicny Mij = D 1<icp, Miy for all 1 < 7,7 < no, we say that M has equal columns.

So if C is an (R, ¢, M, e, d)-cycle stucture in which M is (k1, k2)-bounded, then
(8.1) (1 —e)n <3lky and 3lk; <n.

Observe that, if C is spanning and M has equal columns, then 3|n. The columns of M correspond
to the colour classes of Z,.

The purpose of this section is to prove the following lemma, which states that any large n-good
graph contains a spanning 0-balanced cycle structure.

Lemma 8.3. Let n € 3N, Lo,L’ € N, and let 0 < 1/n < 1/ < 1/ < e € d < n < 1.
Suppose that G is an n-good graph on n wvertices. Then there ewists a spanning subgraph G' C G
and £ € N with L' < ¢ < Ly such that G’ has a spanning (R, ¢, M,e,d)-cycle structure where M is
((1 —e)m, (1 + &)m)-bounded and 0-balanced.

The next proposition will be used several times to show that cycle structures are robust in the
following sense. If a small number of vertices in a cycle structure are reallocated, so that each of
them has many neighbours in appropriate clusters, we still have a cycle structure (with slightly
worse parameters). Its proof is a consequence of Proposition

Proposition 8.4. Let n,¢,m,r € N and 0 < 1/n < 1/l < ¢ < v < d < 1. Suppose that G is
a graph on n vertices with an (R,{, M, ¢e,d)-cycle structure, where M = (m; ;) is (m, (1 + e)m)-
bounded. Let {V;; : (i,7) € [£] x [3]} be the set of clusters of C, where m; ; := |V; ;|. Suppose that
there exists a collection X := {X;; : (4,7) € [f] x [3]} of vertex-disjoint subsets of V(G) such that
for all (i, ) € [(] x [3],

L] ’Xi,jA‘/i,j| < ’ym/2,

e for all x € X;; \ Vi; we have that dg(z,V; ;7)) > (d —e)m for all j' € [3]\ {j}.
Let N := (n;;) where n;; = |X;;|. Then, for any e’ > ¢ + 6,/7, we have that X induces an
(R,¢,N,e' d/2)-cycle structure C'.
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Proof. Tt is clear that, for all (i,7) € [¢] x [3],
(8.2) (1—7y)m <|X; ;| < (14 2y)m.

We need to check that C’ satisfies (C1)—(C3). For (C1), it suffices to check that the exceptional
set Xo := V(G) \ Uxex X of ' is such that [Xo| < e'n. Let Vj be the exceptional set of C. Then
[ Xol < Vol + X5 jyepx ) | Vig O Xigl < en+3lym < e'n by . So (C1) holds.

Note that, since M is (m, (1 + €)m)-bounded, |X; ;AV; ;| < v|X; ;|. For (C2), let (i,7)(i,j") €
E(R). Then Proposition [4.5] implies that G[X; j, Xy j7] is (¢/,d/2)-regular, as required.

For (C3),let 1 <i < fand 1 < j < j' < 3. Then, since (i,5)(i,5') € E(R), Proposition [4.5]
implies that it suffices to show that, for all x € X ;, we have dg(x, X; ;) > d|X; j/|/2, and for all
y € X; jr, we have dg(y, X; ;) > d|X;;|/2. Let x € X; ;. Suppose first that = € V; ;. Then, since
G[Vij, Vij] is (e,d)-superregular by (C3) for C, we have that dg(x,V; ;) > d|V; j#| > dm. Suppose
instead that x € X;; \ Vi ;. Then, by hypothesis, dg(z,V; /) > (d — e)m. So for all z € X;; we
have dg(x,V; j/) > (d — e)m. Therefore

d| X; i
da(z, Xi ) 2 da(z, Vig) = [Xiy AVig| = (d—e)m —ym = |2]‘

as required. The second assertion follows similarly. This proves (C3). t

Our initial goal is to incorporate each vertex in the exceptional set into a suitable cluster.
However, we are only able to do this successfully for vertices with large degree. The following
proposition will be used to swap an exceptional vertex with a vertex in a cluster that has larger
degree. The cycle structure which remains has the same size matrix M and the exceptional set has
the same size. The proposition will be applied repeatedly until every exceptional vertex has degree
at least (2/3 4+ n)n (see Lemma[8.7).

Proposition 8.5. Letn,{,meNand 0 < I/n< Il < e < c<d<n<1<a<1/3n+3/4.
Let G be an n-good graph on n vertices with an (R,¢, M, e,d)-cycle structure where M is (m,m)-
bounded. Let {Vi; : (i,j) € [{] x [3]} be the set of clusters of C. Suppose further that d% o is
(n/2,30)-good with respect to C. Let v € V(GQ) with dg(v) > (1/3 + an)n. Then there exists
I CV(R) with |I| > nt/10 such that, for all (i,j) € I, the following hold:

(i) for all j' # j, we have dg(v,V; ;) > (d —e)m;

(ii) there are at least cm wvertices x in V; ; such that dg(xz) > (1/3 + (o + 1/4)n)n.

Proof. We begin by proving the following claim.
Claim. LetI' :={(i,j) € V(R) : da(v, Vi ;o) > (d—e)m for all j' # j}. Then|I'| > (3a—1/10)nt.
To prove the claim, define dg(v) := n — dg(v). For integers 0 < p < 3, let
K, ={1<i</l:dg(v,Vi;) > (d—e)m for exactly p values j € [3]}
and k, := |Kp|. Observe that K, N K,; = ) whenever p # p'. So
(8.3) ko + k1 + ko + ks = L.

For each i € Ky there is exactly one 1 < j < 3 such that (i,5) € I’, and for each i € K3 we have
(i,7) € I' for all 1 < j < 3. Therefore it suffices to show that ks + 3k3 > (3a — 1/10)nl. We have
that

dav) > > > Y (m—dav,Vij) = Y. Y B-p(l—d—em
0<p<3ick, 1<j<3 0<p<3ick,
= (3k0+2k1+k2)(1—d—€)m2 (3k0+2k1 +k‘2) (1 —2d)m

> (3( — (k‘l + k‘g) — (k‘Q + 31@‘3)) (1 — 2d) m > (25 — (kQ + Skg)) (1 — 2d) m.
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Suppose that kg + 3k3 < (3w — 1/10)n¢. Then

dg(v) > (1 —2d) (2—30477+%)m£2 (2—30074—1771)77% (1—¢) (;—om#—;;)n
> (2/3 — am)n,
a contradiction. This completes the proof of the claim.
Recall that df o is (1/2,3()-good. Proposition (ii) with R, d% o, 1',n¢/10 playing the roles of
G,dg;, X, k implies that there exists I C I’ with [I| > 7¢/10 such that for every (i, j) € I, we have

.. 1 9 nl 1 1
dg >3-4+ =<)¢ Y L ‘
R,G((lai))—3(3+2) +3anl — +2_3<3+(a+4)77>£

The claim together with the fact that I C I’ imply that I satisfies (i). By the definition of core
degree, for all (i,j) € I, there are at least c|Vj ;| = cm vertices & € V; ; such that

dg(x)>ch’G(?EZ’j))n> (;—i—(a—l—i)n)n,

so I also satisfies (ii). O

The previous proposition will be used to modify our cycle structure slightly so that every ex-
ceptional vertex has large degree. The next proposition will be used for incorporating these large
degree exceptional vertices into the cycle structure C. It shows that, for each such vertex v, there
are many triangles T € Ty such that v can be added to any of the three clusters in 7.

Proposition 8.6. Let n,{,m € N and 0 < 1/n < 1/l € ¢ < d < n < 1. Suppose that G is a
graph on n vertices with an (R, €, M, e,d)-cycle structure C, where M is (m, (14 ¢)m)-bounded. Let
{Vij:(i,5) € [€] x [3]} be the set of clusters of C. Let v € V(G) with dg(v) > (2/3+n/2)n. Then
there exists I C [€] with |I| > nl such that, for alli € I and all j € [3] we have dg(v,V; ;) > (d—e)m.

Proof. Let
K :={1<i</{: there exists j € [3] such that dg(v,V; ;) < (d — e)m}.
It suffices to show that |K[ < (1 —n)f. For all 1 <i </, let U; :={J;<;<3 Vij. Then

da(v) = da(v,Us) + Y da(v,Ui) + da(v, Vo) < |K|(2+ & + dym + 3(¢ — | K|)(1 + €)m + en
ieK igK

=3m — (1 —d+2¢)|K|m+3elm +en < 3lm— (1 —n/3)|K|m + 2¢en.
Suppose, for a contradiction, that |K| > (1 —n)¢. Then

de(v) < (3— (1—%) (1—n)>€m—|—2sn:3<§+4917(1—Z>)Em+25n &2 <§—I—;’>n

a contradiction.
O

The following lemma is used to turn a cycle structure C which has a constant size matrix and non-
empty exceptional set into a spanning 1-balanced cycle structure C’. To prove it, we repeatedly
apply Proposition to swap vertices in and out of the exceptional set until every exceptional
vertex has large degree. We then apply Proposition to allocate each of these vertices v to a
suitable triangle in Ty, such that v can be placed in any of the three clusters in this triangle. For
each triangle, the allocated vertices are then split equally among the clusters so that they have size
as equal as possible.
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Lemma 8.7. Let n,{,m € Nand 0 < 1/n € 1/l € ¢ € ¢ < d € n < 1. Suppose that
G is an n-good graph on n wvertices with an (R,{, M, e,d)-cycle structure C, where M is (m,m)-
bounded. Suppose further that dp s (n/2,3¢)-good with respect to C. Then G has a spanning
(R, £, N,e'/3 d/2)-cycle structure C', where N is (m, (14 /)m)-bounded and 1-balanced. Further,

d%QG is (n/2,3¢)-good with respect to C'.

Proof. Write V; ; for the cluster corresponding to (i, 7)
(i,4) € [€] x [3], we say that v — V} ; is valid if dg(v,V;;
initial step, we will prove the following claim.

Claim. There exist subsets Xo, X;; of V(G) (for (i,7) € [¢] x [3]) so that the following hold:
() {Xo}U{X,;:(4,75) € [€] x [3]} is a partition of V(G);
ii) [Xo| = |Vo| and |X; ;| = m for all (i,7) € [£] x [3];
(iii) [VijAXi5] < 8lem/n?;
(iv) for allv € X;;\ Vi ; we have that v — V; j is valid;
V) X() - V(G)ﬂ/2

€ V(R). Given a vertex v € V(G) and
> (d—e)m for all j/ € [3]\ {j}. As an

!

To prove the claim, let K := 4en/3n. Suppose that, for some 0 < k < K, we have obtained vertex
sets V¥ ,Vk for (i,7) € [£] x [3] such that the following properties hold:

(o) {VFYU{VE 1 (4,7) € [€] x [3]} is a partition of V(G);

(Be) Vil = Vol and [Vi5| = m for all (i, j) € [(] [3];

(V) ]V,]AVI" | < 8lem/n? and Z (i.))EV(R) Vi AV | < 2k;

(0f) for all v € ij \ Vi; we have that v — V ; is Vahd,

(eg) Sk := ZUGVO;C de:(v)/IVo] = (1/3 + n)n + kn/4e, where di,(v) := min{da(v), (2/3 + n)n}.
Observe that setting V' := Vp and V;?j =V for all (i,7) € [¢] x [3] satisfies (ag)—(g0). Indeed,
properties (a)—(dg) are clear; (g9) follows from the fact that G is n-good and therefore §(G) >
(1/3+n)n. So Sp > (1/3 +n)n.

We will show that there is some k < K for which we can set Xy := Vok and X;; := VlkJ for all
(i,7) € [€] x [3]. Observe that (aj)—(ex) imply that we can do this as long as Vi’ € V(G), /2.

So suppose that V¥ ¢ V(G)y/2- In particular, Vi # 0. Let v € Vi be such that minyevok{dg(v)} =
da(vg). Then dg(vg) < (2/3 +1/2)n, so there is some 1 < a < 1/3n + 1/2 such that dg(vg) =

a(vo) a(vo) < (2/3+n/2)n, /3n+1/ a(vo)
(1/3+4 an)n. Proposition [8.5implies that there exists I C V(R) with |I| > 1n¢/10 such that, for all
(i,7) € I, the following hold:
e vy — V;; is valid;
e there are at least cm vertices x in V; ; such that dg(x) > (1/3 + (a + 1/4)n)n.
We claim that ming; ;) e[{]V,]AVk |} < 8lem/n? — 2. Suppose not. Then

81 &1 81 8
S VigAVE > 11| Em—ﬁf S (1—e)2 60> 2 — 9K > ok,
’ 307 3n

a contradiction to (7). Therefore we can choose (i, j') € I with
(8.4) Vi AViF 5| < 8lem/n” — 2.
Let U be the collection of vertices in Vj ;» with degree at least (1/3 4+ (a4 1/4)n)n in G. Then

1» ]1
UNVE | > U] = |VE AV <c c
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so we can choose v1 € U N ij,. For each (i,7) € [¢] x [3], set

VE Ul \{ui} i (4,5) = (7, 5)
k+1 . i,j 0 1 ’ ’
(8.5) Vig { Vzk] otherwise;

and

(8.6) Vot i= Vo U {1} \ {wo}-

We need to check that (agi1)—(ex+1) hold. First note that (ag41) and (Br11) follow immediately
from (ay) and (Sx) respectively. Property (yx+1) follows easily from (vx), and (B.5).
see (0k+1), implies that it suffices to show that vg — Vi ;s is valid. But thls follows since
@ 5) €l

It remains to prove that (ex+1) holds. Recall that the choice of vy implies that dg(ve) =
(1/3+amn)n < (2/3+n/2)n. In particular, di;(vo) = da(vo). Suppose first that di,(v1) = (2/3+n)n.
Then di,(v1) — di;(vo) > nn/2. Suppose instead that di;(v1) = dg(v1). Then

d(v1) — d(vg) > <; + (a—l— i) n) n— (; +a17> n=

So this latter bound holds in both cases. Therefore

&3 ) |, de(v) —dg(vo) n @) (1 0
= UL T2 k1)
Sk+1 EZV: |O| + ) S+4W|_Sk+4 > \g+n)n+ @+

as required.

So, for each 0 < k < K, either the procedure has terminated, or we are able to proceed to step
k 4+ 1. Observe that, for all k, we have Sy < (2/3 + n)n. Moreover, S = (2/3 + n)n if and only if
Vo € V(G)y € V(G)y/2- Suppose that this iteration does not terminate in at most K steps. Then
(ex) implies that

1 2

Sk > (3+n) n+ Kn/de = (3+n) n
as required. So the iteration terminates at some p < 4en/3n. Let X := Vop and X; ; := Vng for all
(i,7) € [€] x [3]. This completes the proof of the claim.
Now we will use the claim to prove the lemma. For each = € X, let
(8.7) Sy ={1<i<l:2—V;; isvalid for all 1<j <3}
Property (v) of the claim together with Proposition imply that |Sy| > nf. Therefore, for each
x € X we can choose iy € Sz, such that for each ¢ € [¢], there are at most | Xy|/n¢ vertices = € Xo

such that i = i,. For the collection of z € X with i, = i, choose j, as evenly as possible from [3].
More precisely, for each z € Xy, choose j, € [3] so that

(8.8) {r € Xo:i=is,j=Jutl —{z € Xo:i=1is,7 =Ju}|| <1 for 1<y,5 <3.
Define a partition {U; ; : (7,j) € [¢] x [3]} of V(G) by setting
(8.9) U@j = X@j U {.7} € Xp: (Zx,jm) = (’L,j)}

Then for all (z,7) € [¢] x [3], part (ii) of the claim implies that
@1
<Xl € sem _dem o,
nt (I—en = n
Therefore the [¢] x [3] matrix N = (nU) with n; ; := |U; ;| is (m, (1 4 y/e)m)-bounded. Moreover,

i) 81em |V 8le  4e 82¢ (BI0) 82¢
Ui j AVij| < |UijAXi 5]+ [Xi j AV < 2 ‘O| S ( +77>m§772m = W 4l

(8.10) 0 < ’Ui’j‘ —m

77€
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Observe that , and part (ii) of the claim imply that N is 1-balanced. Then Proposition
(with 164e/n? playing the role of ) implies that G contains an (R, ¢, N, gl/3, d/2)-cycle structure
C’, which is spanning.

Now the vertices in R correspond to the clusters U, j. Since |U; jAV; ;| < 82em/n? and £ < ¢, n,
d%,QG is (n/2, 3¢)-good with respect to C'. O

The following easy fact is a consequence of the triangle inequality.

Fact 8.8. Let ay,...,a, € R. Then for all1 <i<mn,

1 n—1
a; — — g aj| < max |a; — ag).
, n  1<j<k<n
1<j<n

In the next lemma, we make some small changes to ensure that the sizes of the colour classes in
our cycle structure C are equal, i.e. the size matrix has equal columns. Note that this is a necessary
condition for C to be 0-balanced. The proof is as follows. We assume that M is 1-balanced. So the
sum of entries in each column is almost equal (to within +¢). We show that for each of the three
colours (columns) j = 1,2,3, we can find a ‘feeder cluster’ X; of this colour which has large core
degree. Each feeder cluster has the property that it contains many vertices x such that, for each
J,J', there are many clusters Y} of colour j" for which & — Y} is valid. So if the (j')th column has
sum which is too small, and the jth column has sum which is too large, we remove some vertices
of large degree which lie in X; and add them to a cluster of colour j'.

Lemma 8.9. Letn € 3N and {,m e Nand 0 < I/n < 1/l < e < c < d<n<1. Suppose that G
is a graph on n vertices with a spanning (R, ¢, M, e,d)-cycle structure C, where M is (m,(1+¢)m)-
bounded and 1-balanced. Suppose further that d% ~ is (1/2,3()-good with respect to C. Then G
contains a spanning (R, €, N,e'/3,d/2)-cycle structure C', where N is 20-balanced, is ((1—¢)m, (1+
2e)m)-bounded, and has equal columns.

Proof. Write V;; for the cluster of C corresponding to (i,j) € V(R), and M := (m;;), where
mi; = |Vi;|. As before, given a vertex v € V(G) and (4, j) € [¢] x [3], we say that v — Vj ; is valid
if dg(v,V; ;) > (d —e)m for all j' € [3]\ {5}

For 1 <j <3, let Mj:=),.,-,mi; be the sum of the entries in the jth column of M. Since C
is spanning, o
(811) M1—|—M2—|—M3:n.
Since M is 1-balanced, for all 1 < j < 5/ < 3 we have

M — My | < Y mij—myj| < L.
1<i<t

Therefore Fact applied with 3, M; playing the roles of n, a; together with (8.11)) imply that
20
(8.12) ‘Mj—g‘gg for 1<j<3.

Since df, o is (n/2,|R])-good, Proposition (1) applied with R, d% o, V(R) playing the roles of
G,dg, X implies that there exists X C V(R) with |X| = 2|R|/3 and d ;(X) > (2/3 + n/2)|R)|
for all X € X. Proposition (ii) applied with R, df, ;, V(R) \ X,n|R|/4 playing the roles of
G,dy, X, k implies that there exists Y C V(R) \ X with || > n|R|/4 such that every Y € ) has
dmc(Y) > (2/3 +n/4)|R| + 2. Therefore there are at least (2/3 + n/4)|R| vertices U € V(R) with
dz c(U) = (2/3 +n/4)|R|. Then, for each 1 < j < 3, there is some i; € [{] and a feeder cluster
X; = Vi, ; such that dg ((i5,7)) > (2/3 +n/4)|R|. Let I' := {i1,i2,43}. By definition of core
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degree, there exists C; C X such that |C}| > ¢|X;| > em and dg(x) > (2/3+n/4)n for all z € C;.
Propositionapplied with 7)/2 playing the role of n) implies that for z € C}, there exists I,(j) C [/]
with |I(j)| > n¢/2 such that, for all ' € I,(j) and j' € [3], we have dg(z, Vi j) > (d — e)m.

M has equal columns if M; = My = M3 = n/3. By the observation immediately after Defini-
tion we may suppose without loss of generality that M; < My < Ms. So My < My, n/3 < Ms.
In fact we will assume that

(8.13) M < My < 5 < M.

(The other case is similar.) We wish to move some suitable vertices from the feeder cluster X3 into
clusters of colours 1 and 2 so that the new column sums are equal. Choose B3 o C C3 with

2£

(8.14) |Bsa| = — M2 - < 1Csl.

For each x € B39, we can choose an arbltrary iy € I1:(3 ) \ I’ so that z — Vj_ o is valid. We have

(NN (8-13)
M3 — ‘3372 = Ml.
Choose Bz 1 C C3\ B3 with
E 20 -
(8.15) !B31|—*—M1 s 3 < |C3 \ Bs2al.

For each x € B3, we can choose an arbitrary i, € I(3) \ I' so that © — V, .1 1s valid.

For j = 1,2, let X;; :==V;jU{x € B3; : i, = i} and let X;3 := V3 \ (Bg}l U Bs ). For all
(1,7) € [€] x [3], let n; j :=|X; ;| and let N := (n;;). Now {X;; : (1,7) € [£] x [3]} is a partition of
V(G). We claim that it induces a spanning cycle structure C'.

Observe that

(8.16) = M + |Bsz| = M3 — — [Bsz| = 3
So, for j = 1,2 we have

n

Z N5 = Z mij +|Bs| = M; + ’B37J| §

1<<¢ 1<i<4

and similarly 21<1<£ n;3 =n/3. So N has equal columns. Note that X;, 1 = Vj, 1 and X, 20 = Vi, 2
and X13, = Zs 3 \ (Bg 1 U B3 2) So

EDED 4

My j — Nig 57| < [Miyj — Mg | + | Bs.1| + | Bs 2 < 1+ 5 < 2¢.
Suppose that i # i3. Then X;3 = V; 3 and
20
Inij —nijr| < |mij —my | +max{|Bs1|,[Bsz|} <1+ 3 S

So N is 2¢-balanced. Similar calculations show that, for all (i, 7) € [¢] x [3],

g AVigl <
Thus,

(I—em<m-20<|X;;| <(1+e)m+20<(1+2)m
So N is ((1 — ¢)m, (1 4+ 2¢)m)-bounded. For all v € X;; \ V;; we have ¢ € I,(3) C C3, so
da(v,V;jr) > (d —e)m for all j' € [3]. Then Proposition implies that the partition into Xj ;s
induces a spanning (R, ¢, N,e'/?,d/2)-cycle structure C’. O
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The next proposition shows that Z, C R implies that one can slightly change the size of clusters
in the same colour class in our cycle structure. That is, given V; ; and V}, ;, we can increase |V}, ;|
by b and decrease |V; ;| by b, so long as b is not too large. We achieve this by successively moving
vertices from V;; to Viy1j, then Vi1 ; to Viyo;, and so on, until we reach Vj ;. In terms of size
matrices, this means we can redistribute the weight within a column.

Proposition 8.10. Let n,¢,m € N and 0 < 1/n < 1/l < e < d < n < 1. Suppose that G is
a graph on n vertices with a spanning (R,{, M, e,d)-cycle structure C, where M is ((1 —e)m, (1 +
2e)m)-bounded. Let (i,7) € [{] x [3]. Then there ezist at least (1 — 8)m vertices v € V; ; such that
da(v, Viz1,jr) = (d—2e)m for all j’ € [3]\ {j} (and addition is modulo ().

Proof. Recall that, since Z, C R by (C2), we have that (i,7)(i £ 1,5) € E(R) for all j’ € [3]\ {j}.
Then Fact implies that there exist four sets X;,E C V;,; with \X]i,] > (1—¢)|V; ;] > (1—2¢)m such
that every = € X;? has dg(x, Vit1,5/) > (d — €)|Vix1,5/| > (d — 2e)m. Observe that the intersection
of these sets has size at least (1 — 8¢)m, and every vertex within has the required properties. [

Suppose that, instead of Z;, C R, we could only guarantee that ng C R. Then the conclusion of
the previous proposition may fail to hold. For example, neither (i,2)(i—1,1) nor (i,2)(i+1,3) may
be edges of R. Then it could be that every vertex x € V2 has dg(z,Vi—11) = dg(z, Vig13) = 0.
So in this case no vertex in V; o can be moved to V;_1 2 or V41 .

Now, given a cycle structure that has a 2/-balanced size matrix with equal columns, we repeatedly
apply Proposition to obtain a 0-balanced cycle structure.

Lemma 8.11. Letn € 3N and¢,m € Nand 0 < 1/n < 1/l < e < d < n < 1. Suppose that G is a
graph on n vertices with a spanning (R, {, M, e, d)-cycle structure C, where M is ((1—e)m, (1+¢)m)-
bounded, 2(-balanced, and has equal columns. Then G has a spanning (R, !, N, el/3, d/2)-cycle
structure C' such that N is ((1 — 2e)m, (1 + 2e)m)-bounded and 0-balanced.

Proof. Write {V;; : (4,7) € [£] x [3]} for the collection of clusters in C, and write M =: (m;;),
where m; j := |V, j|. Given a vertex v € V(G) and (i, ) € [{] x [3], we say that v — V; ; is valid if
da(v,Vi ;) > (d —2¢)m for all j' € [3]\ {5}

We claim that, for each 1 <7 < /¢, there exists n; € N so that

(8.17) |ni —m; ;| <2¢ forall j=1,2,3, and Z n; =

To see this, let m; := (m;,1 +m;2+m;3)/3. As an initial try, take n; := [m;] for all ¢. Then, since

C is spanning,
(i,7)€[0]x 3] 1<i<¢ 1<i<t

and so 0 <> ,,ni —n/3 < {—1. Since this value is less than the number of n;s, we can reduce
exactly Y <,<,n; —n/3 of them by one. So, for each i we have n; € {[m;], [m;] — 1}. Therefore
|n; — ;]| <1 forall 1 <i</{. Recall that M is 2¢-balanced. Fact applied for 1 < j < 3 with
3, m; j playing the roles of n,a; implies that |m; ; — m;| < 4¢/3. But then, for each 1 < i < £ we
have

Ini —mgj| < |ng — G| + [ —my | < 1+46/3 < 20,
proving the claim.

In the remainder of the proof, we will adjust C until it has size matrix N = (n; ;) where n; j :=n;
for all (i,7) € [{] x [3]. Let K := 3¢2. Suppose, for some 0 < k < K, we have found for each
(i,7) € V(R) subsets Vlkj C V(G) such that the following hold:

(o) {Vlkj : (4,7) € [¢] x [3]} is a partition of V(G);
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(B) for all v e Vk \ Vi; we have that v — V; ; is valid,
(k) for all (z,7) € [¢] x [3] we have |ijAV7 | < 2k;
(6) for all 1 <j < 3 we have ), ., H/;k]\ =n/3, and 3 ; e[ HVij\ —n;| <602 — 2k.

Notice that we can set V;?j =V, for all (i,7) € [f] x [3]. Indeed, since C is spanning, (ag) holds.
Properties (fo) and (7o) are vacuous. To see (dp), note that, for all 1 < j < 3, >3,y ]VZOJ| =
Zlgige m; j = n/3 since M has equal columns. Furthermore,

(8.17)

YooV —nil = > g —nl < 6%

(6,5) €l x[3] (6.7) €l x[3]

If |VZ’“]| = n; for all (i,7) € [¢] x [3], then we stop. Otherwise, we will obtain sets Vikfl from
VZ@ Since Y~ ; e[ |Vzkj\ = 3> 1<i<ni =n by (o) and , and n; € N, there exists some
(1%, Jo) € [€] x [3] such that |Vk ,| = ni++1. Now, since Zl<z<é‘ ”0| n/3 =73 1<icemi by (0k),
there exists 1 < i~ < £ such that \Vk J<n-—1

Proposition applied repeatedly implies that, for all integers r > 0, there exist (1 — 8)m
vertices v € V++m0 such that v — Vj44,41 j, is valid (where, here and for the rest of the proof,
addition is modulo £). Let rg be the least non-negative integer such that i™ + 79+ 1 =4~ mod /.
So0<r</¢—1. Now (1-— 86) — 2K = (1 —8&)m — 602 > m/2 so () implies that for each
0 <r <rg, wecan find x, € V++T] such that x, — Vi1 j, is valid.

For each (i,7) € [£] x [3], set

\ {xO} if (7’7.7) = (i+7j0)

k1. _ U{Cl% P\ {zi} it +1<i <" +rgand j = jo
w 1] U {1'1_1} if (Zvj) = (Z.7>j0)
ij otherwise.

The definition of ry implies that (ag41) holds. The choice of x, implies that (8;11) holds. We
have

k)
VA AV| < [VERAVE + VAV, £ 200+ 1),

proving (yx+1). Finally, observe that HV’“r1 | —ng| = [|[VE ol —miz[ —1and \Vlk’]“| = |V}5| for all
other (i, 7). Therefore
k+1 k S
Yoo VE T —nml= Y IV -l -2 < 67 -2k + 1),
(65)€le]x[3] (4.5) €% [3]

proving (1),

So, for each 0 < k < K, either the procedure has terminated, or we are able to proceed to step
k + 1. Therefore there is some p < K = 3(% such that >3 »cinxz [V — nil = 0. So [V = n;
for all (i,7) € [] x [3]. Set X ; := V], for all (4, 5) € [{] x [3].

We claim that the partition into X; ;s induces a spanning cycle structure C’. Let N := (n; ;)
where n; ; := n; for all (4,7) € [¢] x [3]. Then N is the size matrix of C' and is 0-balanced by
definition. Note that, by (), for all (4, j) € [¢] x [3] we have

(I-2e)m<(1—e)m—2K < |X;;| < (1 +e)m+2K < (14 2e)m

So N is ((1—2¢)m, (142¢)m)-bounded. Finally, Propositionimplies that C’ isan (R, £, N,'/3,d/2)-
cycle structure C’. O]
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We are now able to prove the main result of this section, Lemma

Proof of Lemmal8.3. Suppose that G is a sufficiently large graph on n vertices as in the statement of
the lemma. Apply Lemma (the Regularity lemma) with parameters %9, 4L/ to obtain L* € N.
Since L* depends only on ¢ and L', which appear to the right of Ly in the hierarchy, we may
assume that 1/Lo < 1/L*. Apply Lemma to G with parameters €'%°, 16d, 4L’ to obtain clusters
Vi,...,Vy of size m, an exceptional set Vj, a pure graph G’ and a reduced graph R'. So |R'| = L
where 4L’ < L < L* and |Vp| < €'%%; and G'[V;, V;] is (1%, 16d)-regular whenever ij € E(R').
Lemma [4.3{iv) states that de(z) > dg(z) — (d + €)n for all 2 € V(G). Then Proposition [1.16]
implies that G’ is (n/2,n)-good. Choose « such that ¢ < a < d. By Lemma (ii), Ay o and R/
are (n/2, L)-good. Further, Lemmalél_._lg7 applied to G’ implies that d%, 5 is (1/4, L)-good.
Apply Lemma with L,n/2, R',e'% playing the roles of n,n,G, ¢ to obtain £ € N with (1 —
el9)L < 3¢ < L such that R’ O Z, (where Z, is the (-triangle cycle). Observe that L' < L/4 <
¢ < L/3<L* < Lo, as required. Let R := R'[V(Z,)]. Let also Vi’ := Vo UU,cv (v (r) Vi- Then

(8.18) VY| < e'%% 4 £'0Dm < 2610,

Relabel the vertices of Z; (and hence R) in the canonical way given in Definition So V(R) =
[f] x [3], and for all 1 < ¢ < ¢ and distinct 1 < 7,57/ < 3 we have (i,5)(i,j") € E(Z;) and
(i,7)(i + 1,5") € E(Z;), where addition is modulo ¢. Then R 2 Z; O T;, where T; consists of
the triangles (¢,1)(7,2)(4,3) for 1 < ¢ < ¢. Given a vertex (i,7) in R write V; ; for the cluster in G
corresponding to (i, 7).

Apply Lemma with R, 30,190 16d, G', T;, 2 playing the roles of R, L,e,d, G, H, A to obtain
for each (i,7) € V(Ty) = V(R) a subset V/; CVij of size
(8.19) m' = (1 —-e")m

such that for all 1 < ¢ < fand 1 < j < j < 3, the graph G’[VJ,VZ’j ] is (4550,8d)—superregular.
Let (i,7)(¢,j") € E(R) be arbitrary. Then Proposition () with €% 16d, °° playing the roles
of e, d, e’ implies that G'[V/;, V) ,/] is (2e°0, 8d)-regular and hence (4, 8d) regular. Let Vj be the
set of all those vertices of G not contalned in any Vf Then

'l
|V0’ | 7 4 3¢50m < (26190 4 %0 < 2650,

Let Ny be the ¢ x 3 matrix in which every entry is m/. It is now clear that G’ has an
(R, £, Ny, 40, 8d)-cycle structure Cy where the VZ’ ; are the clusters of Cp and Vj is the excep-
tional set. In particular, now we view the vertices in R as corresponding to the clusters V;” ;- Recall
that dp, o is (n/4 L) good when we view the vertices in R’ as corresponding to the clusters V; ;.
Thus, Proposmon 16[implies that d% R 18 (n/8, L)-good when we view the vertices in R as corre-

sponding to the clusters V; ;. So by definition of core degree, d%/ é, is (n/8,3¢)-good when we view

the vertices in R as corresponding to the clusters Vl’] (i.e. d%{é/ is (n/8,3¢)-good with respect to
Co).

We may therefore apply Lemmal(8.7|with n,n/4, G’, m’, 4¢°, 8d, a/2 playing the roles of n,n, G, m,
e,d,c to show that G’ has a spanning (R, ¢, N1, 4d)-cycle structure Ci, where Ny is (m/, (1 +
2e25)m’)-bounded and 1-balanced. Moreover, d%{é, is (n/8,3¢)-good with respect to C;.

Apply Lemma with G’,Cy,a/4 playing the roles of G,C, ¢ to show that G’ has a spanning
(R, !, Ny, &3, 2d)-cycle structure Co, where Ny is 2¢-balanced, ((1—¢&”)m/, (142¢%)m’)-bounded, and
has equal columns.
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Finally, apply Lemma with G’,Cs playing the roles of G,C to show that G’ has a spanning
(R, ¢, M,e,d)-cycle structure C where M is O-balanced and ((1 —2¢3)m/, (1 + 2¢3)m/)-bounded, and
hence ((1 — €)m, (1 + £)m)-bounded by (8.19). O

8.2. Embedding the square of a Hamilton cycle. Given ¢t € N, recall that C3, denotes the
square cycle on 3t vertices. In this section we will always assume implicitly that C’gt has vertex
set [t] x [3] such that for all 1 < i < ¢ and distinct 1 < 7,5/ < 3, we have (i,5)(4,5") € E(C3)
and (4,2)(i +1,1), (4,3)(i +1,1), (i, 3)(i + 1,2) € E(C3,), where addition is modulo t. Observe that
T, C G,

Figure 5: The square path y; P;x;y;1+1FPi+12;11 which forms part of the square cycle C’TQZ; and the
desired embedding into the clusters of G. The edges in C2[X] are dashed and the remaining edges
in J; are thick.

The following is essentially a special case of an argument in [9, from page 10] and is a standard
application of the Blow-up lemma, but we prove it here for completeness.

Lemma 8.12. Let 0 < 1/n < 1/l < ¢ < d < 1. Suppose that G is a graph on n vertices
with a spanning (R, 4, M, e, d)-cycle structure C such that M is ((1 — e)m, (1 + e)m)-bounded and
0-balanced. Then G contains the square of a Hamilton cycle.

Proof. By (C2), we have that Z, C R. Then C%, C R. This is all we require in the proof. Write
{Vij : (i,7) € [f] x [3]} for the collection of clusters of C, where V; ; corresponds to (i,j) € V(R).
So this is a partition of V(G). Since M is 0-balanced, for each 1 < i < ¢ there exists m; € N such
that

(8.20) Vijl=mi=(1=xe)m forall 1<j<3.

Let pg := 0 and p; := Zlgrgz‘ m, for all 1 < ¢ < ¢. Note that 3p; = n, and, in particular, n is

divisible by 3. To prove the lemma, we will find an embedding h : V(C2) — V(G), where we write
C2% = (1,1)(1,2)(1,3)(2,1) ... (pe, 1) (pe, 2) (e, 3).

The embedding will map the first 3p; vertices of Cg to distinct vertices in V11 UV;2UV; 3, and the

(3p1 + 1)th to (3p2)th vertices of C? to distinct vertices in Vo3 U Voo U Va s, and so on. For each
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1 <i < ¢, define
(8.21) zi = (p;,3) and y;:= (pi—1+1,1).
Define also

X = {-rz'a yi+1} and Y;:= {(pia D), (pi,2), (pi +1,2), (pi + 1, 3)} = NC%(Xl) \ X
(8.22) P = (pi-1+1,2)(pi-1+ 1,3) ... (pi, 1)(ps, 2),

where P; is a square path. Let X = J;o;<, Xi and Y 1= (J;.;«,Yi = Ne2(X) \ X. Note further
that (Pl)ér U (Pi+1); = Yi. We have that C? = y Piw1ys Poxoy3 Ps . .. Pyxy. (Figure [5| shows the
square path y; Pixiyit1 Pit12iv1-)

Our strategy is as follows: first embed the vertices in X UY using the partial embedding lemma
(Lemma , so that there are many choices for the embedding of each y € Y. Then, for each
1 <4 < ¢, apply the Blow-up lemma (Theorem to embed P; into V; 1 UV, 2 UV, 3 in such a way
that the two embeddings align.

Define f: V(C2) = V(C%,) by f((k,j)) = (g(k), ), where g(k) € [{] is such that

P(k)—1 < K < Dg(k)-

It is not hard to check that f is a graph homomorphism, i.e. f(z)f(y) € E(C%,) whenever zy €
E(C?). By a slight abuse of notation, we will write Vi) for Vyy,;- We will find an embedding
h:V(C2) = V(G) such that h(z) € V) for all z € C;.

For all 1 < i < /4, since X; UY; is a collection of 6 consecutive vertices on C’,QL, we have that
Jy = C2[X UY] is a collection of ¢ vertex-disjoint square paths of order 6. So |Jy| = 6/ < em
and A(Jy) = 4. Choose ¢ such that ¢ < ¢ < d < 1. Apply Lemma with C’%e,G,{V?;J :
(i,7) € [€] x [3]}, Je, ¢ playing the roles of R,G,{V; : 1 < i < L}, H,c. Thus obtain an injective
mapping 7 : X — V(G) with 7(x) € Vi, for all z € X, such that for all y € Y there exist sets
Cy C Vi \ 7(X) such that the following hold:

(i) for all 1 <4 </ (where addition is modulo /), we have that 7(z;)7(yi+1) € E(G);
1) tor all y € ¥ we have that C Ng(7(x)) tor all x € N2 (y) N X;
ii) for all Y we h hat C;, C N for all Nez X

(iii) |Cy| > |V} for all y € Y.

Note that for each 1 <17 </, as displayed in Figure
ViinT(X) ={yi}, VieN7(X)=0 and V;zN7(X)={z}.

For all (i,7) € [¢] x [3], let V/; := V;; \ 7(X). So |[V/;| = m; — 1 for j = 1,3; and |[V/,| = m;.
Proposition (ii) implies that G[V/;,V/ ;] is (2¢,d/2)-superregular for all 1 <i < fand 1 < j <
j <3

Note that for each 1 < i < ¢, P; is a 3-partite graph with A(P;) = 4 and with vertex classes
Wi, Wi Wi of sizes m; — 1, m;, m; — 1 respectively, where (k, j) € Wj’ for all (k,j) € V(F;). Observe
that V(P;)NY = (P;); U(P;)3 . So, by (iii), for each y € ((P;)3 U(P;)3 )NW/, there is a set Gy C V/;
with |Cy| > em; that satisfies (ii). Let 7; be the triangle in R spanned by (i, 1), (¢,2), (¢,3). Let
fi denote the restriction of f on P;. So f; : V(P) — V(T;) where fi((k,j5)) = (i,7) for all
(k,j) € V(P).

For each 1 < ¢ < ¢, apply Theorem with 3,m; — 1, m;,m; — 1, 2¢, Vi”j,ﬂ,d/Q,B,W;A, fi
playing the roles of k,ny,n2,n3,¢,V;, J,d, H,W;, A, ¢ with special vertices y € (P;); U (P;)5 and
associated sets Cy playing the role of S,. Thus obtain an embedding of P; into G[V;; UV U V/3]
such that every y € (P;); U (P;)7F is mapped to a vertex in C,. Note that, for 1 <i < i’ </, every
pair z; € V(P;) and zy € V(Py) are mapped to different vertices of G. By considering the union of
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these embeddings, we obtain a bijective mapping o : U, <;<, V() — V(G) \ 7(X) such that

(8.23) o(z)o(z') € E(G) whenever x2’ € U E(P) B22) E(C?\ X).

1<i<e
In particular, we have that

(8.24) o(y) e Cy forall yev.
Let h: V(C?%) — V(G) be defined by

(8.25) h(z) = { 7(x) ifreX

o(x) if z € V(C?)\ X.

It remains to show that h is an embedding of C2 in G. Let zy € E(C?). We consider three cases.
Suppose first that z,y € X. Then, without loss of generality, there is some 1 < ¢ < £ such that
x=xz; and ¥y = yi+1. S0 h(x)h(y) = 7(x:)7(yi+1) € E(G) by (i). Suppose secondly that z € X and
y € V(C?)\ X. Then y € Nez(z) \ X CY, and so

h) 2 o) B2 ¢, € No(r@)) B No(h(a)),

i.e. h(z)h(y) € E(G). Suppose finally that z,y € V(C2) \ X. Then h(z)h(y) = o(z)o(y) € E(G)
by . O

9. PROOF OF THEOREM [1.3]
We will first prove Theorem for graphs whose order is divisible by three.

Theorem 9.1. Let n € 3N and let 0 < 1/n < n < 1. Suppose that G is an n-good graph on n
vertices. Then G contains the square of a Hamilton cycle.

Proof. Choose Ly, L' € N and positive constants €,d so that 0 < 1/n < 1/L) < 1/l < e € d <
n < 1. Apply Lemma to show that there exists a spanning subgraph G’ C G, and ¢ € N with
L' < < Ly, such that G’ has a spanning (R, ¢, M, e, d)-cycle structure such that M is 0-balanced
and ((1—¢e)m, (1+¢e)m)-bounded. Now apply Lemma to show that G’, and hence G, contains
the square of a Hamilton cycle. O

The proof of Theorem [I.3]is now a short step away.

Proof of Theorem[1.5 Let n > 0. Without loss of generality, we may assume that 7 < 1. Choose
no € N so that 0 < 1/ng < n and the conclusion of Theorem holds whenever n > ng — 2 and
n/2 plays the role of . Let G be a graph on n > ng vertices, whose degree sequence d; < ... <d,
satisfies
di >n/3+i+nn forall i<mn/3.

Note firstly that G is (217/3)-good. Then with 27/3 playing the role of n implies that we can
find vertex-disjoint edges x1y1, r2y2 € E(G) such that x1,y1,72,y2 € V(G)ay/3.

Let k be the least non-negative integer such that n =k mod 3. So k € {0,1,2}. Let G’ be the
graph obtained as follows. If k = 0, set G’ := G. Otherwise, we let z; be a new vertex for each
1 <5<k, and set

VIE) = V(G) Ul 1< 5 <KW\ {ayy; 1< 5 < k)
and
E(G") = E(G\{zj,y;:1<j<k})U{vz;:1<j<k and ve Né(xj,yj)}.
Note that, for all 1 < j < k we have

der(z;) = |N&(xj,y)| = (1/3 +n)n
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by Proposition [£.1[i). It is easy to see that G’ is an (1/2)-good graph and |G'| =n—k =0 mod 3.
Furthermore, |G'| > n — 2 > ng — 2. Then Theorem implies that G’ contains the square of a
Hamilton cycle C’. Since every neighbour of z; in G’ is a neighbour of both z; and y; in G, the
cycle C obtained from C’ by replacing each z; with the edge z;y; (in any order) gives the square
of a Hamilton cycle in G. O

10. CONCLUDING REMARKS

Recall that in Lemma we showed that a graph G as in Theorem contains an almost
spanning copy of a so-called triangle cycle Z,. We then used this framework to embed the square
of a Hamilton cycle. (Roughly speaking, by framework we mean a structure in the reduced graph
which enables us to embed a subgraph into G.) Frameworks similar to Z, have been used previously
for embedding other spanning structures.

In [32], Kiithn, Osthus and Taraz showed that any graph G on n vertices and with §(G) >
(2/3 + o(1))n contains a spanning triangulation, i.e. a maximal planar graph. To embed the
triangulation, the framework they used was the square of a Hamilton path. (The error term o(n)
here was subsequently removed in [30], yielding an exact result.)

We say a graph H on n vertices has bandwidth b if there exists an ordering of the vertices 1,...,n
so that |i — j| < b whenever ij is an edge of H. In [9], Bottcher, Schacht and Taraz considered the
more general problem of embedding (possibly spanning) graphs H with small bandwidth. They
showed that any graph G on n vertices with 6(G) > (2/3 + o(1))n contains every 3-chromatic
graph H on at most n vertices and of bounded maximum degree and bandwidth o(n). Again, the
framework used here was the square of a Hamilton path. In later work [I0] they generalised this
to r-chromatic graphs H and used an analogue of Z, for their framework.

We believe that a graph as in Theorem contains a spanning triangulation.

Conjecture 10.1. Given any n > 0 there exists an ng € N such that the following holds. If G is
a graph on n > ngy vertices whose degree sequence di < --- < d,, satisfies

di >n/3+i+nn forall i<n/3,
then G contains a spanning triangulation.

If true, Conjecture [10.1] implies the aforementioned result of Kiithn, Osthus and Taraz. One
approach to prove Conjecture could be to use Z; as a framework for embedding (i.e. apply
Lemma. This approach could also be fruitful in attacking the following more general conjecture.

Conjecture 10.2. Given any n > 0 and A € N, there exists a § > 0 and an ng € N such that the
following holds. Suppose that H is a 3-chromatic graph on n > ng with A(H) < A and bandwidth
at most Bn. If G is a graph on n vertices whose degree sequence di < --- < d,, satisfies

di >n/3+i+nn forall i<n/3,
then G contains H.

We conclude the paper by discussing degree sequence conditions that force the kth power of a
Hamilton cycle in a graph. (The kth power of a Hamilton cycle C' is obtained from C' by adding an
edge between every pair of vertices of distance at most k on C.) A conjecture of Seymour [38] states
that every graph G on n vertices with 6(G) > kn/(k + 1) contains the kth power of a Hamilton
cycle. Thus, Seymour’s conjecture is a generalisation of Conjecture Komlés, Sarkézy and
Szemerédi [29] proved Seymour’s conjecture for sufficiently large graphs G. In light of Theorem
we believe the following degree sequence version of Seymour’s conjecture is true.
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Conjecture 10.3. Given anyn > 0 and k > 2 there exists an ng € N such that the following holds.
If G is a graph on n > ngy vertices whose degree sequence d; < --- < d, satisfies

kE—1
( )n+i+17n for all igkil,

di > ——
- k+1

then G contains the kth power of a Hamilton cycle.

If true, Conjecture[10.3|would be essentially best possible. Indeed, the example in Proposition 17
in [6] shows that one cannot replace the term nn in the degree sequence condition here with —1.
Note that a necessary condition for a graph G to contain the kth power of a Hamilton cycle is that
G contains a perfect Ky q1-packing: In [42] it was shown that the hypothesis of Conjecture m
indeed ensures that G contains a perfect Ky 1-packing.

We believe that most of the proof of Theorem [I.3|naturally generalises to kth powers of Hamilton
cycles. The main difficulty in proving Conjecture [10.3| appears to be in proving a ‘connecting
lemma’ (i.e. an analogue of Lemma . In particular, the methods we use to prove Lemma
seem somewhat tailored to the case of the square of a Hamilton cycle.
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