The generalised Oberwolfach problem

Peter Keevash* Katherine Staden'

February 15, 2021

Abstract

We prove that any quasirandom dense large graph in which all degrees are equal and even can
be decomposed into any given collection of two-factors (2-regular spanning subgraphs). A special
case of this result gives a new solution to the Oberwolfach problem.

1 Introduction

At meals in the Oberwolfach Mathematical Institute, the participants are seated at circular tables.
At an Oberwolfach meeting in 1967, Ringel (see [17]) asked whether there must exist a sequence of
seating plans so that every pair of participants sit next to each other exactly once. We assume, of
course, that there are an odd number of participants, as each participant sits next to two others in
each meal. The tables may have various sizes, which we assume are the same at each meal.

Oberwolfach Problem (Ringel). Let F' be any two-factor (i.e. 2-regular graph) on n vertices,
where n is odd. Can the complete graph K, be decomposed into copies of F'7

We obtain a new solution of this problem for large n, with a theorem that is more general in
three respects: (a) we can decompose any dense quasirandom graph that is regular of even degree
(not just K, for n odd), (b) we can decompose into any prescribed collection of two-factors (not just
copies of some fixed two-factor F'), (c) our theorem applies to directed graphs (digraphs).

We start by stating our result for undirected graphs. We require the following quasirandomness
definition. We say that a graph G on n vertices is (g, t)-typical if every set S of at most ¢ vertices
has ((1 £ ¢)d(G))!*In common neighbours, where d(G) = e(G) (;‘)_1 is the density of G.

Theorem 1.1. For all o > 0 there exist t,e,ng such that any (g,t)-typical graph on n > ngy vertices
that is 2r-regular for some integer v > an can be decomposed into any family of r two-factors.

Theorem 1.1 implies some variant forms of the Oberwolfach problem that have appeared in the
literature, such as the Hamilton—Waterloo Problem (two types of two-factors), or that if n is even
then K, can be decomposed into a perfect matching and any specified collection of n/2 — 1 two-
factors. More generally, with parameters as in Theorem 1.1, it is easy to deduce that any (e, t)-typical
graph on n > ng vertices that is (2r + 1)-regular for some integer r» > an can be decomposed into a
perfect matching and any family of » two-factors.
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We will deduce Theorem 1.1 from the directed version below. First we extend our definitions to
digraphs. We say that a digraph G on n vertices is (e, t)-typical if for every set S = S~ U ST of at
most t vertices there are ((1 4 ¢)d(G))!%In vertices which are both common inneighbours of S~ and
outneighbours of S*, where d(G) = e(G) (;)71 is the density of G. We say that G is r-regular if
d5(v) = dg(v) = r for all v € V(G). A one-factor is a 1-regular digraph; equivalently, it is a union
of vertex-disjoint oriented cycles.

Theorem 1.2. For all o > 0 there exist t,e, ng such that any (g, t)-typical digraph on n > ng vertices
that is r-regular for some integer r > an can be decomposed into any family of r one-factors.

Theorem 1.1 follows from Theorem 1.2 and the observation that for any typical graph that is
regular of even degree there exists an orientation which is a regular typical digraph. To see this,
one can orient edges independently at random and make a few modifications to obtain the required
orientation. (See Lemma 9.1 below for a similar argument.)

While we were preparing this paper, the Oberwolfach problem (for large n) was solved by Glock,
Joos, Kim, Kiithn and Osthus [9]. They also obtained a more general result that covers the other
undirected applications just mentioned, but our result is more general than theirs in the three respects
mentioned above: (a) we can decompose any dense typical regular graph (whereas their result only
applies to almost complete graphs), (b) we can decompose into any collection of two-factors (whereas
they can allow for a collection of two-factors provided that some fixed F' occurs Q(n) times), (c) our
result also applies to digraphs (whereas theirs is for undirected graphs).

There is a large literature on the Oberwolfach Problem, of which we mention just a few highlights
(a more detailed history is given in [9]). The problem was solved for infinitely many n by Bryant and
Scharaschkin [6], in the case when F' consists of two cycles by Traetta [20], and for cycles of equal
length by Alspach, Schellenberg, Stinson and Wagner [3]. A related conjecture of Alspach that K,
can be decomposed into any collection of cycles each of length < n and total size (g) was solved by
Bryant, Horsley and Pettersson [5].

There are several recent general results on approximate decompositions that imply an approxi-
mate solution to the generalised Oberwolfach Problem, i.e. that any given collection of two-factors
can be embedded in a quasirandom graph provided that a small fraction of the edges can be left
uncovered: we refer to the papers of Allen, Bottcher, Hladky and Piguet [1], Ferber, Lee and Mousset
[8] and Kim, Kiihn, Osthus and Tyomkyn [15].

Notation.

Given a graph G = (V| E), when the underlying vertex set V is clear, we will also write G for
the set of edges. So |G| is the number of edges of G. Usually |V| = n. The edge density d(G) of
G is |G]/(3). We write Ng(z) for the neighbourhood of a vertex x in G. The degree of z in G is
da(z) = |[Ng(z)|. For A C V(G), we write Ng(A) := [\,c4 Na(x); note that this is the common
neighbourhood of all vertices in A, not the neighbourhood of A.

In a directed graph J with € V(J), we write N (z) for the set of out-neighbours of z in G
and N (z) for the set of in-neighbours. We let d5(A) := |[NZ(A)|. We define common out/in-
neighbourhoods N}(A) =Nyca N;[(A).

We say G is (e,t)-typical if dg(S) = ((1 +&)d(G))!®In for all S C V(G) with |S| < t.

We say that an event E holds with high probability (whp) if P(E) > 1 —exp(—n¢) for some ¢ > 0
and n > no(c). We note that by a union bound for any fixed collection £ of such events with |E] of
polynomial growth whp all £ € £ hold simultaneously.

We omit floor and ceiling signs for clarity of exposition.



We write a < btomean Vb >03dayg >0V 0<a<ag.

We write a £ b for an unspecified number in [a — b, a + b)].

Throughout the vertex set V' will come with a cyclic order, which we usually identify with the
natural cyclic order on [n] = {1,...,n}. For any x € V we write T for the successor of z, so if
x € [n] then xt is z + 1 if x # n or 1 if x = n. We define the predecessor z~ similarly. Given z,y in
[n] we write d(x,y) for their cyclic distance, i.e. d(x,y) = min{|z — y|,n — |z — y|}.

2 Overview of the proof

We will illustrate the ideas of our proof by starting with a special case and becoming gradually more
general. Suppose first that we wish to decompose a typical dense (undirected) 2r-regular graph G on
n vertices into r triangle-factors (i.e. two-factors in which each cycle is a triangle — we require 3 | n
for this question to make sense). The existence of such a decomposition (also known as a resolvable
triangle-decomposition of G) follows from a recent result of the first author [12] generalising the
existence of designs (see [11]) to many other ‘design-like’ problems. The proof in [12] goes via the
following auxiliary decomposition problem, which also plays an important role in this paper.

Let J be an auxiliary graph with V(.J) partitioned as VUW, where V = V(G) and |W| = r. Let
JV] =G, JV,IW] =V x W and J[W] = . Note that a decomposition of G into triangle-factors
is equivalent to a decomposition of J into copies of K, each having 3 vertices in V' and 1 vertex
in W. Indeed, given such a decomposition of J, for each w € W we define a triangle-factor of G
by removing w from all copies of K4 containing w in the decomposition; clearly every edge of G
appears in exactly one of these triangle-factors. Conversely, any decomposition of G into triangle-
factors can be converted into a suitable K4-decomposition of J by adding each w € W to one of the
triangle-factors (according to an arbitrary matching).

The auxiliary construction described above is quite flexible, so a similar argument covers many
other cases of our problem. For example, decomposing G into Cy-factors (two-factors in which each
cycle has length ¢) is equivalent to decomposing J into ‘wheels’ W, with ‘rim’ in V' and ‘hub’ in W.
(We obtain Wy from Cy, which is called the rim, by adding a new vertex, called the hub, joined to
every other vertex, by edges that we call spokes.) Such a decomposition exists by [12].

We can encode our generalised Oberwolfach Problem in full generality by introducing colours on
the edges. For each possible cycle length ¢ we introduce a colour, which we also call ¢. For each
w € W, we denote its corresponding factor by F,, and suppose that it has nj’ cycles of length ¢
(where ), ¢ny = n). We colour J so that each w € W is incident to exactly nj’ edges of colour
£, and all other edges are uncoloured. We colour each W, so that exactly one spoke has colour /¢
and all other edges are uncoloured. Then a decomposition of G into {F,, : w € W} is equivalent
to a decomposition of J into wheels with this colouring with rim in V' and hub in W. Note that
this equivalence does not depend on which edges of J we colour, but to apply [12] we will require
the colouring to be suitably quasirandom. Another important constraint in applying [12] is that the
number of colours and the size of the wheels should be bounded by an absolute constant. Thus our
generalised Oberwolfach Problem can only be solved by direct reduction to [12] in the case that all
factors have all cycle lengths bounded by some absolute constant.

This now brings us to the crucial issue for this paper: how can we encode two-factors with cycles
of arbitrary length by an auxiliary construction to which [12] applies? Before describing this, we
pass to an auxiliary problem of decomposing a subgraph G’ of G into graphs (G, : w € W), where
each G, is a vertex-disjoint union of paths with prescribed endpoints, lengths and vertex set. More



J path length £ G

precisely, for each w € W we are given specified lengths (¢} : i € I,,,), vertex-pairs ((z}’,y{") : i € Iy),
a forbidden set Z,,, and we want each G, to be a union of vertex-disjoint z}’y;"-paths of length ¢}’
for each i € I, with V(Gy) = V(G) \ Zw. We will arrive at this problem having embedded some
subgraphs F! C F, of each w € W, so the prescribed endpoints will be endpoints of paths in F),
that need to be connected up to form cycles, and Z,, will consist of all vertices of degree 2 in F,.
We assume that all lengths ¢} are divisible by 8 (which is easy to ensure for long cycles).

We will translate the above path factor problem into an equivalent problem of decomposing a
certain auxiliary two-coloured directed graph J, with V(J) = V UW as in the previous construction.
We call the two colours ‘0’ (which means ‘uncoloured’) and ‘K’ (which means ‘special’). Again,
J[W] = 0. For now we defer discussion of J[V, W] and describe the arcs of J[V], which are in
bijection with the edges of G. For colour 0 this bijection simply corresponds to a choice of orientation
for edges, but for colour K we employ the following ‘twisting’ construction. We fix throughout a
cyclic order of V| and require that each arc :ﬁ/ of colour K in J comes from an edge zy™ of G, where
y+ denotes the successor of ¥ in the cyclic order.

Consider any directed 8-cycle C' in J with vertex sequence x7...xg, such that all arcs have
colour 0 except that z7z4 has colour K. The edges in G corresponding to C form a path with vertex
sequence rgri .. .:E7:B§. Now suppose we have a family of such cycles C = (C* : i € I) where each
C' has vertex sequence ¢ ...x%. Call C compatible if (i) its cycles are mutually vertex-disjoint,
and (ii) if any ()" is used by a cycle in C then it is some x}. Suppose C is compatible and let
([xj,yj] : j € J) denote the family of maximal cyclic intervals contained in {z% : i € I}. Then
the edges of G corresponding to the cycles of C form a family of vertex-disjoint paths (P; : j € J),
where each P; is an :rjyf—path whose vertex sequence is the concatenation of vertex sequences of the
8-paths as described above for each cycle of C using a vertex of [z}, y;].

The above construction allows us to pass from the path factor problem to finding certain edge-
disjoint compatible cycle families in J. In order for our path factor problem to obey the constraints
of this encoding we require the prescribed vertex-pairs for each w to define disjoint cyclic intervals
([, (y")7] = i € I,) of lengths ¢} /8 (and also that no successor y;" is contained in any of the other
intervals for w, where a successor of an interval is the successor of its largest member). We are thus
introducing extra constraints into the path factor problem that may affect up to n/8 vertices for
each w, but the flexibility on the remaining vertices will be sufficient.

Now we can complete the description of the auxiliary graph J and the decomposition problem
that encodes the compatible cycle family problem. We define J[V] as above, and J[V, W] so that all
arcs are directed towards W, each in-neighbourhood N (w) is obtained from V(G) \ Z,, by deleting

the interval successors {y% : i € I,,}, all arcs 7t with 2 in an interval [z, (y*)~] are coloured K, and



all other arcs of J[V, W] are coloured 0. Finally, the compatible cycle family problem is equivalent to
decomposing J into coloured directed wheels W obtained from Wy by directing the rim cyclically,
directing all spokes towards the hub w, giving colour K to one rim edge ﬁ,{ and one spoke gﬁ, and
colouring the other edges by 0. The deduction from [12] of the existence of wheel decompositions is
given in section 3.

We now describe the strategy for the proof of Theorem 1.2. The goal is to embed some parts of
our two-factors so that the remaining problem is of one of two special types that has an encoding
suitable for applying [12], either a path factor problem encoded as WgK -decomposition or a Cp-factor
problem encoded as Wj-decomposition (obtained from the coloured wheel W, discussed above for
Cy-factors by introducing directions as in W/SK , which are not necessary but convenient for giving a
unified analysis). We call a factor ‘long’ if it has at least n/2 vertices in cycles of length at least K
(as well as denoting the special colour, K is also used as a large constant length threshold, above
which we treat cycles using the special twisting encoding as above). We call the other factors ‘short’.

We start by reducing to the case that all factors are long or all factors are short. To do so, suppose
first that there are Q(n) long factors and Q(n) short factors. Then we can randomly partition G
into typical graphs G* and G, each of which is regular of the correct degree (twice the number of
long factors for G* and twice the number of short factors for G¥). If there are o(n) factors of either
type then these can be embedded one-by-one (by the blow-up lemma [16]), and then the remaining
problem still satisfies the conditions of Theorem 1.2 (with slightly weaker typicality). The short
factor problem can be further reduced to the case that there is some length ¢* such that each factor
has Q(n) cycles of length ¢*. Indeed, we can divide the factors into a constant number of groups
according to some choice of cycle length that appears {2(n) times in each factor of the group. Any
group of o(n) factors can be embedded greedily, so after taking a suitable random partition, it suffices
to show that the remaining groups can each be embedded in a graph that is typical and regular of
the correct degree.

Thus we can assume that we are in one of the following cases. Case K: all factors are long, our
goal is to reduce to I?/gK -decomposition. Case ¢*: all factors have (n) cycles of length ¢*, our goal is
to reduce to W/g*—decomposition. In any case, the reduction is achieved by applying an approximate
decomposition result in a suitable random subgraph, in which we embed a subgraph of each of our
factors. At this step, in Case £* we embed all cycles of length # ¢*, and in Case K we embed all
short cycles and some parts of the long cycles as needed to reduce to a suitable path factor problem.

This approximate decomposition result is superficially similar to the maximum degree 2 case of
the blow-up lemma for approximate decompositions due to Kim, Kiithn, Osthus and Tyomkyn [15].
However, it does not suffice to use their result, as we require a decomposition that is compatible with
the conditions of our final decomposition problem (into WSK or Wy+), so the sets of vertices of the
partial factors embedded in this step must be suitably quasirandom and avoid the intervals needed
for Case K. Furthermore, we obtain the required approximate decomposition by similar arguments
to those for the exact decomposition, which does not add much extra work.

The technical heart of the paper is a randomised algorithm (presented in section 4), which gives
a unified treatment of the cases described above. It simultaneously (a) partitions almost all of G into
two graphs G1 and Ga, and (b) sets up auxiliary digraphs J; and Jo such that (i) an approximate
wheel decomposition of J5 gives an approximate decomposition of G4 into the partial factors described
above, and (ii) the graph G} of edges that are unused by the approximate decomposition has an
auxiliary digraph that is a sufficiently small perturbation of J; that it can still be used for the
exact decomposition step. The analysis of the algorithm falls naturally into two parts: the choice



of intervals (section 5), then regularity properties of an auxiliary hypergraph defined by wheels
(section 6). The results of this analysis are applied to show the existence of the various partial factor
decompositions discussed above: the approximate step is in section 7 and the exact step in section
8. Section 9 combines all the ingredients prepared in the previous sections to produce the proof of
our main theorem. The final section contains some concluding remarks.

f‘

Case K

7 F,
| |

F! C F2 into G F! C F2 into G

Step 1. approximate embedding

Lemma 7.1

+ o+

R, into Gy R, into Gy

Step 2.

£*-cycles into G|

Step 3. exact embedding (0]0)

Theorem 3.2

Figure 1: An overview of the proof.



3 Wheel decompositions

In this section we describe the results we need on wheel decompositions and how they follow from
[12]. We start by recalling the coloured wheels described in section 2.

For any ¢ > 3, the uncoloured c-wheel consists of a directed c-cycle (called the rim), another
V_e>rtex (called the hub), and an arc from each rim vertex to the hub. We obtain the coloured c-wheel
W, by giving all arcs colour 0 except that one of the spokes has colour ¢. We obtain the special
c-wheel WX by giving all arcs colour 0 except that one rim edge ﬂ/ and one spoke y_@ have colour
K. As discussed in section 2, we will only use WX with ¢ = 8, but here we will consider the general
conﬁgura‘cion so that the decomposition problems are quite similar. We start by stating the result
for We.

Wi W, Wy

Theorem 3.1. Let n™! < § < w < ¢! and h = 250¢°, Let J = JOU J be a digraph with
arcs coloured 0 or ¢, with V(J) partitioned as (V,W) where wn < |V|,|W| < n. Then J has a
We-decomposition such that every hub lies in W if the following hold:

Divisibility: all arcs in J[V] have colour 0, all arcs in J[V,W] point towards W, d;(v,V) =
dl (v, V) =d¥(v,W) for allv eV, and d; (w) = cd;.(w) for allw € W.

_>
Regularity: each copy of W, in J has a weight in [wn'=¢ w™tn'=¢] such that for any arc € there

1s total weight 1 £9 on wheels containing e.
Extendability: for all disjoint A, B CV and C C W each of size < h we have |[N },(A)NN.(B)N
W| > wn and [N}, (A) NN (B) N N7 (C)| = wn for both d €{0,c}.

ﬁ
Before stating our result on WSK -decompositions, we recall that V' has a cyclic order, which we
can identify with the natural cyclic order on [n], and define the following separation properties.

Definition 3.2. For 1 < x < y < n the cyclic distance is d(z,y) = min{y — z,n +  — y}. We say
that S C [n] is d-separated if d(a,a’) > d for all distinct a,a’ in S. For disjoint S, 5" C [n] we say
(S,57) is d-separated if d(a,a’) > d for all a € S, o’ € S’. For a (di)graph H whose vertex set is a
subset of [n] we say H is d-separated if V(H) is.

Now we state our result on I?/gK -decompositions. We note that it only concerns digraphs J such
that d(z,y) > d for all zjj € J[V], as this is implied by the regularity assumption. Our proof
of Theorem 1.2 will require us to only consider such J, so that we can satisfy the extendability
assumption.

Theorem 3.3. Letn™' < § < w < ¢!, Let h =2 qnd d < n. Let J = JOU JK be a digraph
with arcs coloured 0 or K, with V(J) partitioned as (V,W) where wn < |V|,|W| < n, such that all



arcs in J[V, W] point towards W and J[W] = 0. Then J has a I?/cK-decomposition such that every
hub lies in W if the following hold:

Divisibility: d; (w) = cdx (w) for allw € W, and for all v € V we have d; (v,V) = di(v,V) =
dj(v, W) and d . (v,V) = de(v, w).

Regularity: each 3d-separated copy of WCK in J has a weight in [wn'=¢ w7 such that for
any arc @ there is total weight 1 +£ 6 on wheels containing e,

Extendability: for all disjoint A,B C'V and L C W each of size < h, for any a,b,l € {0, K} we
have |NT.(A) N N (B) NN, (L)| = wn, and furthermore, if (A, B) is 3d-separated then INF(A)N
NjK(B) NW| > wn.

For the remainder of this section we will explain how Theorem 3.3 follows from [12] (we omit the
similar and simpler details for Theorem 3.1). We follow the exposition in [13], which deduces from
[12] a general result on coloured directed designs that we will apply here.

3.1 The functional encoding

We encode any digraph J, H by a set of functions J, $), where for each arc aj € J we include in J the
function (1 — a,2 ~— b), i.e. the function f : [2] — V(J) with f(1) = a and f(2) = b (and similarly
for H,$). We will identify J with its characteristic vector, i.e. Jy = 1¢3; if we want to emphasise
the vector interpretation we write J. If J has coloured arcs, and ¢ is a colour, we write J¢ for the
digraph in colour ¢, which is encoded by J°.

We will consider decompositions by a coloured digraph H defined as follows. We start with I?/CK
on the vertex set [c+ 1], where we label the rim cycle by [c] cyclically (so ¢+ 1 is the hub) so that,
writing c. = c¢—1 and ¢y = ¢+ 1, c_t and cEr) have colour K and all other arcs have colour 0.
We let P be the partition ([c], {c+}) of [c+ 1]. We introduce new colours 0/ and K’, and change the
colours of ¢cf to K’ and of the other spokes to (/. We do this so that H is ‘(P,id)-canonical’ in
the sense of [13, Definition 7.1]; specialised to our setting, the relevant properties are that H is an
oriented graph (with no multiple edges or 2-cycles) and that for each colour all of its arcs have one
fixed pattern with respect to P (specifically, for colours 0 and K all arcs are contained in [c], and for
colours 0" and K’ all arcs are directed from [c] to {c4}).

Now we translate the H-decomposition problem for a digraph J into its functional encoding. We
will have a partition @ = (V, W) of V(J), and wish to decompose J by copies ¢(H) of H such that
¢([c]) CV and ¢(cy) € W (i.e. wheels with hub in W), and ¢([c]) is 3d-separated (in which case we
will say that the graph ¢(H) is 3d-separated). We think of the functional encoding J as living inside
a ‘labelled complex’ ® of all possible partial embeddings of H: we define & = (®p : B C [c + 1]),
where each ®p consists of all injections ¢ : B — V(J) such that ¢(BN[c]) CV, ¢(BN{cy}) CW
and Im(¢) is 3d-separated. The set of functional encodings of possible embeddings of H (if present
in J) is then

H(®):={¢$H:¢ € Peyqy}, where 9§ :={po0:0 € H}.

The H-decomposition problem for .J is equivalent to finding H C H(®) with > {$': ' € H} =3,
or equivalently | JH = J (where if J has multiple edges we consider a multiset union). We call such
‘H an H-decomposition in ®.



3.2 Regularity

Now we will describe the hypotheses of the theorem that will give us an H-decomposition in .
We start with regularity, which is simply the functional encoding of the regularity assumption in
Theorem 3.3. Specifically, we say J is (H, 6, w)-regular in ® if there are weights ys € [wn!=¢,w™In=¢
for each ¢ € ®[.4y) with ¢ C J such that Z¢ Ys0$H = (1£9)3J.

3.3 Extendability

Next we consider extendability, which we discuss in a simplified setting that suffices for our purposes,
following [13, Definition 7.3]. The idea is that for any vertex x of H there should be many ways to
extend certain sets of partial embeddings of H — = to embeddings of H. Specifically, we say (@, J)
is (w, h, H)-vertex-extendable if for any x € [c+ 1] and disjoint A; C VUW for i € [c+ 1]\ {z} each
of size < h such that (i — v; : ¢ € [c+ 1] \ {z}) € ® whenever each v; € A;, there are at least wn
vertices v such that

i. (i v;:1€[c+1]) € ® whenever v, = v and v; € A; for each i # x, and

ii. each J° with £ € {0, K,0', K’} contains all (1 + v,2 + v3) where for some 0 € $* we have

(v1 = v & vg € Agay) or (v2 = v & v1 € Ag(y)).

Note that by definition of ® this only concerns maps ¢ such that I'm(¢) is 3d-separated. To interpret
(ii) we consider 4 cases according to the position of = in the wheel.

x = c+ 1. For any pairwise 3d-separated A; C V', i € [¢] of sizes < h there are at least wn vertices
v such that 0,0 € JX for all v. € A, and ;0 € JY for all v; € A;, 1 # c. Equivalently, for any
disjoint A, B C V with |A| < h and |B| < (¢ — 1)h such that (A, B) is 3d-separated we have

IN o (A) NN (B)] > wn.

x = c. For any pairwise 3d-separated A4; C V, i € [c— 1] and A.y; C W of sizes < h there are at
least wn vertices v such that m e JE for all Vo1 € Aeq1, vo_10 € JK for all v._; € Ac 1,
and voi € JO for all vy € A. Equivalently, for any disjoint A, B C V and C C W of sizes < h
such that (A, B) is 3d-separated we have \NjK (A)N N, (B)NN ., (C)] > wn.

JK’

x = ¢ — 1. For any pairwise 3d-separated A; CV, i€ [c]\ {¢ — 1} and A.11 C W of sizes < h there
are at least wn vertices v such that m e JY for all Ver1 € Acy1, s € JE for all v, € Ae,
and v,_20 € JO for all v._s € A._s. Equivalently, for any disjoint A, B C V and C C W of
sizes < h such that (A4, B) is 3d-separated we have | N (A) N Njo (B)N Ny (C)| > wn.

x € [c —2]. For any pairwise 3d-separated 4; C V, i € [¢] \ {z} and A.11 C W of sizes < h
there are at least wn vertices v such that m c JY for all Ver1 € Acy1, m e JO for
all vy41 € Agq1, and Uo_10 € JO for all v,y € Az_1, where Ay := A.. Equivalently, for
any disjoint A,B C V and C C W of sizes < h such that (A, B) is 3d-separated we have

IN7o(A) NN (B) NN, (C)] > wn.

All of these conditions follow from the extendability assumption in Theorem 3.3 (after renaming
colours 0 and K in J[V,W] as 0’ and K’, and replacing h with (¢ — 1)h).

3.4 Divisibility

It remains to consider divisibility; we follow [13, Definition 7.2]. For integers s < ¢ we write I} for
the set of injections from [s] to [f]. We identify V' UW with [n'] for some n’. For 0 <i <2, ¢ € I',,



el é _1, we define index vectors in N? describing types with respect to the partitions P or Q: we
write ip(0) = ([Im(0) N [c]|, [Im(0) N {cy}]) and ig(y) = (|[Im(y) N V], [Im(¢) "W). For example,
for 0 = (1 = c_,2+ c) € H we have ip(§) = (2,0). We define degree vectors $(#)* and J(¢/)* in
NCXI% by

H(0)ix = 1907 1) and  J(@)7, = 3 (@r ),

where e.g. $/(7~1) denotes the set of ¢ € H* having 7! as a restriction. Letting (-) denote the
integer span of a set of vectors, we say J is H-divisible in & if

J@W) € (9(0)" :ip(0) =io(yh)) for all o € P.

We refer to the divisibility conditions for index vectors (i1,i2) with i1 + io = j as j-divisibility
conditions, where we assume 0 < j < 2, as otherwise they are vacuous. We describe these conditions
concretely as follows.

2-divisibility. These conditions simply say that the arcs of J have the same types with respect
to Q as those of H do with respect to P, i.e. all arcs of J[V] have colour 0 or K, all arcs of J[V, W]
have colour 0’ or K, and J[W] = (). To see this, consider any degree vector $(0)* with 6 € I2 ;. We
write id = (1 — 1,2 — 2) and (12) = (1 — 2,2~ 1). For any £ € C, w € {id, (12)} we have $(0);,
equal to 1 if (¢,7) is the pair such that o 7= € $° (there is at most one such pair) or equal to 0
otherwise. For example, if = (1 — ¢,2 +— c_) then $(0);, is 1 if (¢,7) = (K, (12)), otherwise 0.
Thus $H((i1,12)) := (H(0)* : ip(0) = (i1,42)) consists of all integer vectors supported in coordinates
with colours in {0, K} if (i1,42) = (2,0) or {0/, K"} if (i1,42) = (1, 1), whereas $((0,2)) only contains
the all-0 vector. Therefore, the 2-divisibility conditions say that J(¢))* can be non-zero only at
coordinates with colours in {0, K} if ig(y)) = (2,0) or {0/, K'} if ig(¢p) = (1,1), and J(¢)* = 0 if
io(y) = (0,2), i.e. J has the same arc types with respect to Q as H with respect to P.

O-divisibility. Writing § for the function with empty domain, all ()}, = |9°| = |H’|, and
similarly for J, so the O-divisibility condition is that for some integer m all |J¢| = m|H?|. For our
specific H, this is equivalent to [J[V]| = |J[V, W]| = c¢|J¢[V]| = ¢|J°[V, W]].

1-divisibility. Given = (1 a) € I,; and £ € C = {0, K,0’, K'}, the two coordinates of £(6)*
corresponding to colour £ are the in/outdegrees of a in H®: we have $(0)5y = |9(1 — a)| = d;z (a)
and .6(9);?(12) = |9(2 = a)| = dy,(a). Similarly, for v = (1 — v) € I!, the coordinates of J(¢)*
corresponding to colour £ are di (v). We compute:

H(1—=a)* dio(a) dgela) d; (a) dyx(a) d;}o,(a) dy(a) d;K,(a) d ()

0 K
a=cy 0 0 0 0 0 c—1 0 1
a=c 1 0 0 1 0 0 1 0
a=c_ 0 1 1 0 1 0 0 0
a € [c—2] 1 1 0 0 1 0 0 0

so (Al cp))={veZ’ vy =vy=v3=v4=05=0v7=0,06=(c— 1)vg}, and

Hla) :acd)={veZd:vy=uvs, vy =v7,01 4 V3 =194 14,06 = vg = 0}

For w € W the 1-divisibility condition is J(1 = w)* € ((1 = c4)*), Le. d , (w) = (¢ = 1)d o (w),
or equivalently d;(w) = cd’ ., (w). For v € V the 1-divisibility condition is J(1 — v)* € (H(1 —
a)* : a € [c]), which is equivalent to d , (v) = d}rK, (v) and df (v, V) = d; (v, V) = dF (v, W).

All of these divisibility conditions follow from the divisibility assumption in Theorem 3.3 (after
renaming colours 0 and K in J[V,W] as 0’ and K’). By the above discussion, Theorem 3.3 follows
from the following special case of [13, Theorem 7.4].
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Theorem 3.4. Let ™! < § < w < ¢ L. Let h = 259" and d < n. Let J be a digraph with
V(J) partitioned as (V,W) where wn < |V|,|W| < n, such that JIW] =0, all arcs in J[V,W] point
towards W, all arcs in J[V] are coloured 0 or K and all arcs in J[V,W] are coloured 0' or K'. Let
O = (Pp: B C[c+1]), where @p consists of all injections ¢ : B — V(J) such that (BN |[c]) CV,
d(BNn{cy}) CW and Im(¢) is 3d-separated. Suppose J is H-divisible in ® and (H,J,w)-regular in
® and (D, J) is (w, h, H)-vertex-extendable. Then J has an H-decomposition in ®.

4 The algorithm

Suppose we are in the setting of Theorem 1.2: we are given a (g,t)-typical an-regular digraph G
on n vertices, where n™! < ¢ < t7! <« a, and we need to decompose G into some given family
F of an oriented one-factors on n vertices. In this section we present an algorithm that partitions
almost all of G into two digraphs G; and G, and each factor F,, into subfactors F! and F2, and
also sets up auxiliary digraphs J; and Jo, such that (i) an approximate wheel decomposition of
Jo gives an approximate decomposition of G into partial factors that are roughly {F2}, (ii) given
the approximate decomposition of Ga, we can set up (via a small additional greedy embedding) the
remaining problem to be finding an exact decomposition of a small perturbation G} of G into partial
factors that are roughly {F.}, corresponding to a wheel decomposition of a small perturbation .J;
of Ji. For most of the section we will describe and motivate the algorithm; we then conclude with
the formal statement.

We fix additional parameters with hierarchy
nl<egst' < K '<dl<nss i< L <o (1)

For convenient reference later, we also make some comments here regarding the roles of these addi-
tional parameters: n will be used to bound the number of vertices embedded greedily, we consider a
cycle ‘long’ if it has length at least K, and the cyclic intervals used to define the special colour K
will have sizes d; = d/(2s)""! with i € [2s + 1]. By the reductions in section 9.1, we will be able to
assume that we are in one of the following cases:

Case K: each F € F has at least n/2 vertices in cycles of length at least K,

Case (* with £* € [3, L]: each F € F has > L~3n cycles of length ¢*.

We write F = (F, : w € W), so |W| = an. We partition each F,, as F} U F2 as follows. In
Case * we let F} consist of exactly L™3n cycles of length ¢* (and then F2 = F,, \ Fl). In Case K
we choose FL with |Fl| —n/2 € [0,2K] to consist of some cycles of length at least K and at most
one path of length at least K. To see that this is possible, consider any induced subgraph F), of F,
with |F),| = n/2+ K obtained by greedily adding cycles of length at least K until the size is at least
n/2 + K, and then deleting a (possibly empty) path from one cycle. Let P; and P, denote the two
paths of the (possibly) split cycle, where P, € Fl,. If |Py|,|P2| > K we let FL = F. If |P| < K we
let F} = F/\ Pp. If |Py| < K we let F} = F/, U P,. In all cases, F} is as required.

The algorithm is randomised, so we start by defining probability parameters. The graphs G
and Gy are binomial random subdigraphs of G of sizes that are slightly less than one would expect
(we leave space for a greedy embedding that will occur between the approximate decomposition
step and the exact decomposition step). For each w € W we let pj, = (1 — n)n | Fij| +n~2 (so
1—n<pl+p2 <1-—L3n). Welet p, = [W|! Swew P (501 —n<p+p<1-— L~3n). For
each arc e of G independently we will let P(e € G4) = p, for g € [2].

We introduce further probabilities corresponding to the cycle distributions of each Fj. For ¢ < K
we write g7, -n for the number of cycles of length ¢ in Fjj and let pf, . = (1—7)qi,.. We define pgij S0
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that FJ has about 8pﬁ], 1 vertices not contained in cycles of length < K (for technical reasons, we
also ensure that each p? . > n~2 which explains the term n~2 in the definition of pf,). Averaging
over W gives the correéponding probabilities that describe the uses of arcs in each Gg4: we let
p? = W'Y cw Plhe so that for each ¢ < K, the number of edges in Gy allocated to cycles of
length ¢ will be roughly >, oy cplh.cn = |Wlepin = acpin® = cp?|G| + O(n), and similarly, roughly
8p% |G| 4+ O(n) arcs in G4 will be allocated to long cycles.

The remainder of the algorithm is concerned with the auxiliary digraphs J,;. For any colour ¢, we
let Jg denote the arcs of colour ¢ in J,;. We also write J;‘ = U KJ; First we consider arcs within
Jg¢[V]. Throughout the paper, we fix a cyclic order on V, which we choose uniformly at random.
For v € V, let v denote the successor of v and v~ denote the predecessor of V. Arcs of the special
colour K should correspond to 1/8 of the factor arcs that are not in short cycles, so should form
a graph of density about p%. For each arc Ty € G4 not of the form Z5t (to avoid loops, we don’t
mind double edges) independently we assign z1 to colour K with probability pY /pg or colour 0 with
probability p?/p, (where p%. + p{ is slightly less than p,). If z{ has colour K we add z{~ to Jf .

Now we consider J,[V, W]. These arcs are all directed from V to W. For each w € W and cycle
length ¢ < K, there should be about cp, ;n vertices available for the c-cycles in Fjj. The colouring
of I?/C requires 1/c-fraction of these to be joined to w in colour ¢, so we should have N _g(w) ~ pfmcn.
Similarly, there should be about 8pgj7 g™ vertices available for vertices of FJ not in short cycles,

and the colouring of WSK requires 1/8 of these to be joined to w in colour ¢, so we should have
NJ_gK (w) = pJ K- These arcs are chosen randomly, not independently, but according to a random
collection of intervals, of sizes d; = d/(2s)"~! with i € [2s + 1], where d is small enough that the
resulting graph is roughly typical, but large enough to give a good upper bound on the number of
vertices in long cycles that become unused when they are chopped up into paths, and so need to be
embedded greedily.

These intervals must be chosen quite carefully, because of the following somewhat subtle con-
straint. Recall that in Case K we will reduce to a path factor problem in some subdigraph H of G.
This can only have a solution if each vertex a has degree d7;(z) = da(z) — di(z), where da(z) is the
number of path factors that will use x and d_(x) (respectively d (x)) is the number of these in which
x is the start (respectively end). The path factors will be obtained from a set of arc-disjoint TT/SK 'S,
where for each w € W, its colour K neighbourhood is given by a set of intervals ([z, (y) "] : i € L),
so its ﬁ}gK ’s will define paths from 23’ to y;". Thus in the auxiliary digraph J, the degree of x into
W must be d} (z, W) = da(z) — d/ (), where d}(z) is the number of path factors in which z is some
successor (y)". To relate these two formulae, we note that a wheel decomposition of J requires
di(z,W) = d}(z,V) = d;(z,V) and de (z,W) = d;x(z,V), and that in the twisting construc-
tion, d (™, V) arcs of H at x are not counted by dj (x, V'), whereas d (x,V) arcs of H not at
z are counted by dj(z,V). Writing A(z) = & (27,V) —d x(z,V) = d}“K (x=, W) — d}“K (x, W),
we deduce df;(z) = d}(z,V) and di(z) = d; (z,V) + A(z), so we need A(z) = d}(z) — di(z) and
di(xz) = d_(z). So A(x) = d_(z) — d4(x). We will ensure that both sides are always 0 (taking H
equal to the digraph G in which we need to solve the path factor problem), i.e.

i. every vertex is used equally often as a startpoint or as a successor of an interval, and

ii. all vertices appear in some interval for the same number of factors.

(The successor of an interval is the successor of its largest member.) To achieve this, we identify
V with [n] under the natural cyclic order, and select our intervals from canonical sets I}, i€ [2s+1],
j € [d;], where each I;: is a partition of [n] into n/d; & 1 intervals of length at most d;, we have
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I; N Ij’:, = () for j # j', and for each i, every v € [n] occurs exactly once as a startpoint of some
interval in 7 = U]I]i-, and also exactly once as a successor of some interval in Z°. The two conditions
discussed in the previous paragraph will then be satisfied if there are numbers ¢;, i € [2s + 1] such
that every interval in Z' is used by exactly ¢; factors. Each w will select intervals from some I;EZ),
and these intervals must be non-consecutive, so that the paths do not join up into longer paths. This
explains why we use several different interval sizes: if we only used one size d then a pair of vertices
in V' at cyclic distance d could never be both used for the same factor, and so we would be unable
to satisfy the conditions of the wheel decomposition results in section 3.

Now we describe how factors choose intervals. For each w € W, we start by independently
choosing i = i(w) € [2s + 1] and j = j(w) € [d;] uniformly at random. Given i and j, we activate
each interval in I’ independently with probability 1/2, and select any interval I such that I is
activated, and its two neighbouring intervals I* are not activated. We thus obtain a random set of
non-consecutive intervals where each interval appears with probability 1/8 (not independently). We
form random sets of intervals X, where each interval selected for w is included in X} independently
with probability Spfu’ 5 (and is included in at most one of X} or X2). Thus, given w € W; := {w' :
i(w') = i}, any interval I € Z' appears in X with probability pfm «/di. The events {I € X{} for
w € W; are independent, so whp about ZwEWi pi} i/ di factors use I.

Our final sets of intervals )j, are obtained from X by removing a small number of intervals
so that every interval in Z' is used exactly ¢/ times, where ¢/ is about D wew, pfw w/di. (We only
need this property when g = 1, but for uniformity of the presentation we do the same thing for
g = 2.) These intervals determine JgK[V, W1: we let Nk (w) = Yy = UV, ie. the subset of V

g

which is the union of the intervals in Y. As each z is the startpoint of exactly one interval in Z°
it occurs as the startpoint of an interval for exactly t, := Y.t factors; the same statement holds
for successors of intervals. As each x € V appears in exactly one interval in each 7} we deduce

d:]‘—gK( ) 228+1 2] 1 'L ~ szWpiJ{ = |W|pg{

The other arcs of J incident to w will come from Y, := V' \ (Y, UY2U (Y,})" U (Y;2)"), where
(Yug, )t is the set of successors of intervals in Vi (these vertices are endpoints of paths so should be
avoided by the short cycles, and also by the 7/8 of the paths not specified by the intervals). We define
J[V,W] by N> (w) =Y. For any « € V we will have P(z € Vi) ~ P(z € X)) = p}, ;o and P(z €
Vi |we W) =Pz € X | weW;) =pj r/di, so |Yyu| = P,n, where b, = 1 — & H(pr —|—pw )

In Jg = Jg \ Jf we require about pﬂ,,*n such arcs, where py, . == p, — pw,K, and of these, for
each cycle length ¢ < K we require about pj, .n arcs of colour c. For each x € Y, independently we
include the arc zw in at most one of the J, with probability Pi.«/Pyw», Which is a valid probability
as pw* —l—pw* =1- L3y —pr pr < Py Then we give each zw € J;[V,W] colour ¢
with probability pf,../pl .. In partlcular zw in Jy is coloured 0 with probability pi,g/ Pph.«, Where

g ._ .9 K-1
Dw.o -—pw,*_zc 3 pwc

4.1 Formal statement of the algorithm

The input to the algorithm consists of an an-regular digraph G on V, a family (F, : w € W) of
an oriented one—factors each partltloned as F, = FL U F2, and parameters satisfying n™! < ¢ <
1< K '<d!'<«<n< st < L™ < a. Weidentify V with [n] according to a uniformly random
bijection and adopt the natural cyclic order on [n]: each z € [n] has successor z+ = x + 1 (where
n + 1 means 1) and predecessor = = z — 1 (where 0 means n). Let d; = d/(2s)"~! for i € [2s + 1].
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We write n = r;d; + s; with r; € Nand 0 <'s; < d;, and let

T\ {kdi +5:0<k<r,—1} ifje[di]\ [si]-

For each i € [s+ 1] and j € [d;] we define a partition of [n] into a family of cyclic intervals I; defined
as all [a,b”] where a € P]Z and b is the next element of P]Z in the cyclic order. (So ]I;| =n/d; £1,
each I € I} has |I| < d.i’ and 7 HI;, =0 for j #j'.) We let I’: = Uje(a,Z; (So for every v € [n],
exactly one [a,b”] € Z" has a = v, and exactly one [a,b”] € Z° has b = v.) Each w € W will be
assigned i(w) € [2s + 1]. For ¢ < K write ¢i, .n for the number of cycles of length ¢ in Fj). Let

_ . K—
p’lg,U frd (1 — n)n 1|F’l‘,lg}‘ —|— n 2, p"l’iU,C e (1 — n)qg),c fOI‘ 3 S c < K, p’l’ilhK = % (p’zj —_ ZC:glcpg;]?C) 5
K-1 1 2
Pl =D — Pl ks Do =P — Beeg Ploes  PuK = Puk + Pk

_ diw)+1 _ _
Po=1- "1 pur,  Po=IWI"Buewpf,,  pl=W|"Suewpl,, for c€[0,KJU{}.

We complete the algorithm by applying the following subroutines INTERVALS and DIGRAPH.
INTERVALS

i. For each w € W independently choose i(w) € [2s + 1] and j(w) € [d;(,,)] uniformly at random.
Let W; = {w :i(w) = i}.

ii. For each w € W, let A, include each interval of I;EZ% independently with probability 1/2.
Let S,, consist of all I € A,, such that both neighbouring intervals I* of I are not in A,,.

iii. Let X, g € [2] be disjoint and chosen with P(I € X)) = Spi 5 independently for each I € S,.

iv. Let t! = min{|X9(1)| : I € T'}, where X9(I) := {w € W; : I € X}, and obtain Vi, C X by
deleting each I € T%, i € [2s + 1] from |X9(I)| — tJ sets X with w € X9(I), independently
uniformly at random. Write Y9(I) :={w € W; : I € Yi,} (so |Y9(I)| = t{ for I € I).

DIGRAPH

i. Let G1 and G2 be arc-disjoint with ]P’(?> € Gy4) = py independently for each arc e of G.
ii. For each g € [2] and Zj) € G4 independently, if a% is z2~ or 221 for some z add z7 to Jg,
otherwise choose exactly one of P(Z € J9) = pl/py or P(z)~ € JE) = p¥ /pg.
iii. For each w € W, add 70 to JgK for each x € Y = [JVi, and add 7w to J for each
T €Y, =V \(YIUY2U (YT U (Y2)™h).
iv. For each arc 7w of J[V, W] independently, add zW to J; [V, W] with probability Pi.+/ Py, and
give it exactly one colour ¢ # K (including 0) with probability pf, ./pl

We conclude this section by recording some estimates on the algorithm parameters used through-
out the paper.
In Case K, all |[Fg| =n/2+2K, py,ps > 49, py = py/8>1/17,
Pue=0for c €3, K —1], py.=pyo=7p,/8>1/3 and pi,, >pho>2p, /3> 1/4
In Case %, all |FL| = ¢*L™3n, |F2|=n—0"L3n, pL >0 —-neL3>2073
pl >1-207%> 9, pllﬂl* =pl /0 > 9173, p}UyK =n"2/8, p}m =0force[3,K — 1]\ {¢},
Puye > 2L7% puo > 2py,. /3> L7 and pi, > pho > 2p;,/3 > 6.
In both cases, pqzu,K >n"2/8.
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5 Analysis I: intervals

In this section we analyse the families of intervals chosen by the INTERVALS subroutine in section
4; our goal is to establish various regularity and extendability properties of Jf [V,W] and J,[V, W]
(which are defined in step (iii) of DIGRAPH but are completely determined by INTERVALS). We also
deduce some corresponding properties that follow from these under the random choices in DIGRAPH.
Before starting the analysis, we state some standard results on concentration of probability that will
be used throughout the remainder of the paper. We use the following classical inequality of Bernstein
(see e.g. [4, (2.10)]) on sums of bounded independent random variables. (In the special case of a sum
of independent indicator variables we will simply refer to the ‘Chernoff bound’.)

Lemma 5.1. Let X =Y | X; be a sum of independent random variables with each |X;| < b.
Letv =" E(X2). Then P(|X —EX| > t) < 2¢~*/2(wtbt/3),

We also use McDiarmid’s bounded differences inequality, which follows from Azuma’s martingale
inequality (see [4, Theorem 6.2]).

Definition 5.2. Suppose f : S — R where S =[], S; and b = (b1,...,b,) € R". We say that f is
b-Lipschitz if for any s, s’ € S that differ only in the ith coordinate we have |f(s) — f(s')| < b;. We
also say that f is v-varying where v = >""  b?/4.

Lemma 5.3. Suppose Z = (Z1,...,Zy) is a sequence of independent random variables, and X =
f(Z), where f is v-varying. Then P(|X —EX| > t) < 2"/,

The next lemma records various regularity and extendability properties of .J, gK [V, W] and J,4[V, W].
We recall that each N, (w) = Yy and N7 (w) = Y w, and also our notation for common neighbour-
g9 g

hoods, e.g. NJ_QK(R) = Nwer N

gt
nPW choices of set U or function A, so their conclusions apply whp simultaneously to all these choices
(recalling our convention that ‘whp’ refers to events with exponentially small failure probability).
For z € V we write t, () or t}(x) for the number of w such that z is the startpoint or successor of
an interval in Yi,. We also use the separation property from Definition 3.2.

(w) in statement (iv). Statements (iv) and (v) will be applied to

Lemma 5.4. Let g € [2], U CV and h: W — R with each |h(w)| < n°. Then whp:
i (V90| =t = e £ 0 for all T€ T, i € 25 + 1.
. d}rf (z, W) = [Wp% £n°% and t3(x) =ty :=_;t! for each z € V.
iii. d(;g{ (w) = Y| = pivKn +n3/4 and d%(w) = Y| =P,n£n®* forallw e W.

. For any disjoint R, R' C W of sizes < s we have

= U] H pi,}( H D+ 3sn*/%.

wER weR’

’U NN (R) NN (R))
g

v. Consider H := {h(w) cw e N (S)N N;(S’)} for disjoint S, 8" CV of sizes < s.
g

If SU S’ is 3d-separated then H = Z (pgw,K)ls‘Tolf/‘h(w) + 5sn3/4,
weW
If (S, S") is 3d-separated then H > 272° Z (pi)7K)‘S‘h(w).
weW
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Write X§ = J&J and X, = V \ (X}, U X2 U (X))"T U (X2)"). In the proof we repeatedly use
the observation that if SUS" C V is 3d-separated and w € W, given i(w) and j(w), the events
{{r e X} 12 € SJu{{z € Xy} : z € S’} are independent, as they are determined by disjoint
sets of random decisions in INTERVALS. The weaker assumption that (S, S’) is 3d-separated only
implies independence of {S C Xi,} and {S’ C X,}. We also note that for any 5,5’ the events
{S C XJ1n{S C X,} are independent over w € W.

Proof. For (i), consider any I € I]Z: with ¢ € [2s + 1], j € [d;]. For each w € W; independently
we have P(j(w) = j) = 1/d;, P(I € Sy | j(w) = j) = 1/8, P(I € & | I € Sy) = 8pj, ¢, 50
P(I € XJ) = pj, rc/di- As P(w € W;) = 1/(2s + 1) for each w € W and Y-,y 0l ¢ = [WIpk,

by a Chernoff bound, whp |X9(I)| = é‘ﬂfﬁl + n°t. This estimate holds for all such I, and so for

t? = min{|X9(I)| : I € Z'}; thus (i) holds.
For (ii), note that each x € V' appears in exactly one interval in each I]i-, SO

2s+1 d;
+ \W\p _ 52
d Z (25+1K *n ) = ]W\pﬁ(in
1 j=1

+

7

Next we recall that INTERVALS chooses uniformly at random Y9(I) C X9(I) of size tJ. The
statements on t;t(x) hold as for each i there is exactly one [a,b] € ' with a = x and exactly one
[a,b] € T¢ with b* = x. For future reference, we note that each |X9(I)\ Y9(I)| < 2n-5%.

For (iii), consider any w € W. We start INTERVALS by choosing ¢ = i(w) € [2s + 1] and
J = j(w) € [d;] uniformly at random. Given these choices, any I € I appears in Sy, if I € Ay
and I* ¢ A,; this occurs with probability 1/8, so E|S,| = \I;|/8 = n/8d; £ 1. As |S,| is a
3-Lipschitz function of the events {I € A}, I € Ij’:, by Lemma 5.3 whp |S,| = n/8d; + n>L.
Each I € S, is included in X independently with probability 8p] r-, so by a Chernoff bound
whp |X)| = pgm n/d; £ 2n5t. For each I € X independently we have I € Yy, with probability
/19| = 1402, as pf > n~2 Thus d;E|Vi| = py, n +n™, so by a Chernoff bound whp
d;;((w) = Y| = di| Vi | +di = p, gn+2n". We deduce d>(w) = n— d"dtl(|Yul,]+\Y£\) Pyntn/4,
so (ii) holds. We note that each |Y;J| = |XJ| £ n®* and |V | = [X | £n3/4

For (iv), we first estimate the number N of u € U such that u € X3, for all w € R and u € X,
for all w € R'. The actual quantity we need to estimate is obtained by replacing ‘X’ with ‘Y’, and
so differs in size by at most 2sn3/%. For each u € U, we have independently P(u € X§) = pfv’ i for
all w € R and P(u € X,) = P, for all w € R, so EN = |U| [luer Py x [lwer Pu- Indeed, given
choices of i = i(w) and j = j(w), letting I be the unique interval in Z; whose successor is u, we have
Plue Xy)=1-— Zg {(P(u € X3)+P(I € X)) =D, Now (iv) follows from Lemma 5.3, as N is a
3d-Lipschitz function of < 2n independent random decisions in INTERVALS.

For (v), we will estimate H' = Y {h(w) : S C X§,5" C X,,}. The actual quantity H we need to
estimate is obtained from H' by replacing ‘X’ with ‘Y’. We have |H — H'| < 4sn®/*, as for each i, j
there are < 2s intervals I € Z} with I N (SUS’) # @ each with < 2n°! choices of w € X9(I)\ Y9(I)
each with |h(w)| < n%. If SU S is 3d-separated then independently for all w € W we have
Pz € X§) = pj, i for all z € S and P(z € Xu) = P, for all z € S§'; the required estimates on H’
and so H follow whp from Lemma 5.1.

Finally, we consider (v) when (S,S5’) is 3d-separated. We fix w € W, condition on i(w) = i
and j(w) = j, and recall P(S C X7, C X,) = P(S C Xi)P(S" € X,). We have the bound

16



P(S" C X,) > 27° from the event I ¢ A, for all I € I]i- with I NS’ # (. We claim that P(S C
Xi) > (58)_1(])1%’[()'5', which by Lemma 5.1 suffices to complete the proof.

To prove the claim, we first note that if for some IJZ: no two vertices of S lie in consecutive
intervals then P(S C X3, | i(w) = i,j(w) = j) > (pr7K)‘S‘: indeed, the events {I € X} for I € T}
with I NS # () are positively correlated. For i € [2s + 1] let J¢ be the set of j € [d;] for which some
pair z, 2’ of S lie in consecutive intervals of I;:: we say j is i-bad for x,z’. We note that if j is i-bad
for some pair in S then it is i-bad for some consecutive pair x, 2’ in S (i.e. {z,2'} NS = 0). It suffices
to show that some |J¢| < d;/2. For this, we note that as |S| < s we can fix i € [2s + 1] so that the
cyclic distance between any pair of vertices in S is either < d; 1 or > d;—1. There are no i-bad j for
any pair z, 2’ with d(z,2’) > d;—1 = 2sd;. Also, if d(z,2") < d;+1 then j is i-bad for z,z" only if I]Z:
contains an interval with an endpoint in the cyclic interval [z, 2], so there are at most d;+1 such j.
We deduce |J¢| < sd;;1 = d;/2, which completes the proof of the claim, and so of the lemma. O

The next lemma contains similar statements to those in the previous one concerning the colours
and directions introduced in DIGRAPH. In (iii) we define J;(/ by J;(/ [V.W] = JE[V,W] and ub €
JgK/ V] & ub~ e JE[V], thus removing the twist: if for some arc wb of Gy we add wb~ to JE then
we add wd to JgK/.

Lemma 5.5. Let g € [2]. Write ¢ = pi, ¢5. = p% and ¢f =0 otherwise. Then whp:
i. For every v € V and ¢ € [3, K] U {0} we have cljE (v, V) = py(1 £ e)an £ n, d}cg(v,V) =
pd(1£e)an £n, d'}g(v, W) = plan + 2n3/%.
ii. For everyw € W and ¢ € [3, K] U {0} we have d}gc (w, V) = pl.en £ 2n3/4,
ii. For any mutually disjoint sets R. C W and S},S. C V for ¢ € [3,K — 1] U {0,K'} with
YR < s and Y, |SE| < s we have

|1 (V) N 82 0 N (55))|

= |NE(UeSH) N NG (UeS)) |H( ISEHSSTTT s, ):l:4sn3/4.

’weRc

w. Consider H' = |WﬁNjK(S)ﬁﬂc N;(Sc)} for disjoint S, S" C V of sizes < s with S’ partitioned
g g
as (Sc:ce [3, K —1]U{0}).

If SU S’ is 3d-separated then H' = Z (pme)‘S' H(Pfu,a)'SA + 6sn>/4,
weWw c
If (S,8") is 3d-separated then H' +n® > 272 Z (pme)lS\ H(pfu,c)‘SCL
weW

Proof. All quantities considered are 1-Lipschitz functions of the random choices in DIGRAPH, so
by Lemma 5.3 it suffices to estimate the expectations. For (i), we recall that G has vertex in- and
outdegrees (14 €)an, and for each Z7 in G we have P(Z{ € J,) = py, S0 Ed} (v,V) = py(1 £ )an.
The other expectations are similar, with slightly modified calculations due to the twisting in colour
K and avoiding loops; for example, Ed;gK (0, V) = pl(ds(vT) £ 1) = pJ.(1 £ e)an £ 1. For (ii), we

recall d—(w) = p,n + n3/* from Lemma 5.4.iii, so for ¢ # K we have Ed (w) = pﬁ;,cﬁ;ldf(w) =
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phen £ n3/%. (The estimate for ¢ = K was already given in Lemma 5.4.iii.) For (iii), we first apply
Lemma 5.4.iv with U = Né“(Uch) N N;(UeSs ), R= Rk and R’ = Uxi R, to obtain

NG (UeS:) N NG (UeSe ) 0 N (Bic) N NG (Uee Re)
= NG USHONG eSO TT phe TI P 350"

wERK ’wGUC#KRC

For each vertex v counted here independently we have P(vi) € Jg | v € J) = p /By, for all w € R,

P(vi € JC | vf € G) = ¢ for all w € S andP(ﬁeJC\ﬁeG)—qc for all x € S, so whp the

stated bound for (iii) holds. For (iv) we first consider H := [N/ (S) N N;(S’)|. By Lemma 5.4.v
g

with h(w) = 1, if SU S’ is 3d-separated then H = Ewew(pix)'s'ﬁf/' + 5sn%/%, and if (S,95) is
3d-separated then H > 272 Zwew(pf’u’ K)|S |. For each vertex w counted here independently we have
P(vh € Jg | o € J) = p /By, for all v € Se, so whp the stated bound for (iv) holds. O

6 Analysis II: wheel regularity

In this section we show how to assign weights to wheels in each J, so that for any arc @ there is total
weight about 1 on wheels containing ¢, and furthermore all weights on wheels with ¢ 4+ 1 vertices
are of order n'~¢. This regularity property is an assumption in the wheel decomposition results of
section 3, and is also sufficient in its own right for approximate decompositions by a result of Kahn
[10]. The estimate for the total weight of wheels on an arc will hold even if we add any new arc to Jy,
which is useful as we will need to consider small perturbations of .J; due to arcs of G not allocated
to G or G2 or not covered in the approximate decomposition of G.

%
We start by considering wheels W, with ¢ < K. Let
W3 .= n°pd, (1) (apd)°.

The motlvatlon for this formula is that it is about the expected number of W s in Jy using w. For
any arc ¢ let WY ( ) be the set of copies of W in Jy with hub in W using €. Let

=> {p, LW eWI(E), we VW)L

(If pi, = 0 there are no such W, so (W .)~! is always defined when used.) In the following lemma

we calculate the total weights on arcs due to copies of W, although we note that we do not have
a good estimate for @ € Jg[V] if d(x,y) < 3d. In Jy we can ignore such arcs, as we only need an
approximate decomposition, whereas in J; we will cover these by wheels greedily before finding the
exact decomposition — this forms part of the perturbation referred to above.

Lemma 6.1. Let ¢ € {0,¢}, N. =1 and Ng = ¢ — 1. Then whp:
i. prfv,c’ £ 0 and we add T to ch/[V, W] then W¢(zw) = (1 4 4¢)Nypf, c/pijC +n=2
ii. If d(z,y) > 3d and we add T7 to JIV] then WE(zg) = (1 + 4e)epd/pd £ n—2,

%
Proof. As a preliminary step for counting copies of W, we count c-prewheels, which we define to
consist of a wheel with oriented rim cycle in G and all spokes in J. For any arc @ we let PC(?)
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be the set of c-prewheels using €; we will estimate |P.(€)| using the analysis of INTERVALS in
Lemma 5.4.

For (i), we estimate |P.(zw)| as follows. We let & = . and choose the other rim vertices
Z1,...,%. 1 sequentially in cyclic order. At ¢ — 2 steps we choose z;11 € NZQ (z;) N Nj_ (w): each has
anp,, & 3sn/* options by Lemma 5.4.iv with U = N (z;), R = 0, R’ = {w}, using |NJ (z;)| = an
(G is an-regular). At the last step we choose z._1 € N (zc—2) N Ng (zc) N N7 (w), so similarly there
are |NJ (vc—2) NN ()|, = 3sn>/* options, where | NJ (zc—2) NN (zc)| = ((1+e)a)?n by typicality
of G. Thus |P, <m>| = (14 3¢)a’(p,n) L.

Now consider the case ¢ = ¢, i.e. Zt is added to J¢[V,W]. For any c-prewheel containing zl,
independently we include the cycle arcs in JO with probability p? and glve cach Z;00 with i #* c
colour 0 with probability p, /Py, so E\Wg(:m)\ = (14 3e)(apl)®(p, o)~ = (14 3e)Wi o/ plb,cn.
Of these random decisions, < 2n concern an arc containing one of x,w, which affect |W¢ (m)| by
O(nc=?2), and the others have effect O(n¢=3). Thus |W¢(zw)] is O(n 2e- 3) -varying, so by Lemma 5.3
whp |WE(zw)| = (1 + 4e)W3 o /pSh.en, i.e. WE(ZW) = 1+ 4e. When ¢ = 0 we argue similarly. Now
x can be any x; with ¢ # ¢, for which we have ¢ — 1 choices. The probability factors are the same
as in the previous calculation, except that for m we replace pd /Py by Dib.c/Pyw- Again, the stated
estimate holds whp by Lemma 5. 3 so (i ) holds. ’

For (ii), we write W¢ 174 cw W (zyw), where W (zyw) is the sum of (W .)~! over the
set W (zyw) of copies of W in J using 7, zw and yw. Fix w € N+( )N N+( ) and consider the
number | P.(zyw)| of c-prewheels using {Z7), zw, ywb}. Choosing rim vertices sequentlally as in (i),
now there are ¢ — 3 steps with anp,, + 3sn/* options and again ((1 & €)a)?p,,n & 3sn>/* options at
the last step, so |P.(zyw)| = (1 £ 3¢)a“"(p,n) 2.

Now we consider which of these c-prewheels extend to wheels in W¢ (zyw): there are ¢ choices for
the position of ﬁ/ on the rim, then some probabilities determined by independent random decisions:
the c—1 rim edges are each correct with probability pf, the spoke of colour ¢ with probability pf /Py,
and the other ¢ — 1 spokes each with probability pao /Dy~ Therefore

EW{ (zyw) = (1£3e)e(apd) ph, o(00,0)° Do 0 0%, cn (Wi )~ = (1 3e)e(apd) ™ pf, cn(Byn) 2

By Lemma 5.3 whp W¢(z3) = (1 £ 3.1¢)c(apin) " H, with H = S {p% a2 :w € Nj( )n N+( )}
We estimate H by Lemma 5.4.v with S = ), S’ = {z,y} and h(w) = p}, -p,,? (each 7/8 < pw <1).
O

As SU S’ is 3d-separated, whp H = |W|pg + 5sn®/4, giving W¢ (z9) = (1 + 4e)epd /pl £n— -
_)
Now we apply a similar analysis for WSK . Let

we K= =n® apgp;, K( ngij,oy-

For any arc ¢ let W[g((?) be the set of copies of W/SK in J, using @. We define ng{(?) by setting
¢ =K in W¢ (?) Now we calculate the total weights on arcs due to copies of IT/SK . Note that
we cannot give a good estimate for 77 € J;{ [V] if d(z,y) < 3d. We can ignore such arcs in Jy (as
mentioned above), but in J; we will replace such arcs by arcs of colour 0 (modified by twisting) —
this also forms part of the perturbation.

Lemma 6.2. Let ¢ € {0,K}, Nk =1, No =7, ¢} =%, ¢ = pl. Then whp:
i. If we add T to ng [V, W] then W[’}(ﬁ) = (1 £4e)Nepd /D2 .
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ii. Suppose we add 7§ to JS'[V]. If d(z,y) > 3d then W () = (14 42)Nogl /g5
If ¢ =0 then Wi (z0) > 2727 1p /pf.

Proof. For (i), we start by counting (K, g)-prewheels, which we define to consist of a hub w € W
and an oriented 8-path in G between z and 2T for some z such that 0 € JgK and z’—>w € J for all
internal vertices 2’ of the path. For any arc € we let Plg((?)) be the set of (K, g)-prewheels using €.

To estimate ]Plg((ﬁ)], suppose first that ¢ = K. We require z = . We choose the vertices of the
path one by one. At 6 steps there are anp,, + 3sn>* options, and at the last step ((1 4 ¢)a)?p,n =
3sn%/* options of a common outneighbour of some vertex and 2%, so | P (zw)| = (1 + 3¢)a®(p,n)".
On the other hand, if ¢ = 0 then there are 7 choices for the position of z as an internal vertex,
dividing the path into two segments. We construct one segment by choosing its vertices one by one,
and then do the same for the other segment, starting with one of length < 4 so that {z, 2"} is not
the last choice. At the step where we choose {z, 27}, there is some vertex v on the path for which
we need the arc 02 or 1. We also require z € N i (w). The number of options is anp] ;- + 3sn3/4

I ;

by Lemma 5.4.iv, with R = {w}, R =0 and U = NJ(v) or U = Nj;(v)~ = {z : 02+ € G}. There
are also 5 steps with anp,, 4 3sn®/* options, and at the last step ((1 +¢&)a)?p,,n & 3sn*/* options, so
| P (20)| = (1 4 3)7a®pY, 1 (B,)°n" (as pl, , > n~2/8).

To estimate |W(zw)|, we first consider ¢ = K. For any (K, g)- prewheel containing zt0, inde-
pendently we include the last path arc (to zT) in Jg K with probablhty pY, the other 7 path arcs in
Jg U with probability pJ, and give {0z’ for each mternal vertex 2’ colour 0 with probability pw 0/Puw» SO

E|W§ (z)| = (1 % 3¢)apf (apipl, on)" = (1 £ 3e)WY 1 /pY, (on.

As [WE(zw)| is O(n'3)-varying, by Lemma 5.3 whp |WE(zw)| = (1 + 3.1)W. i/ Poy em £ so
W (zib) = 1+ 4e (using pf > n~2).

For ¢ = 0 we have a similar calculation. Indeed, the path arcs are again correct with probability
(p?)"p%, and the arcs 0z (now excluding 2/ = z) are correct with probability (10 /Py)®, s0

]E|W1%(ﬁ)’ =(1+ 35)7apg<p1gu,f((pfu,0)6(ap‘g n) =1+ 3e)TW, K/pw o’

By Lemma 5.3 whp [W (z0)] = (1 +4e)TWY /5, on £ 1%, s0 Wi (zw) = (1+ 4€) T3, 1/ Py 0
For (ii), we write Wg (z1) = Y wew \W[g{(xywﬂ, where ng{(:nyw) is the sum of (W5)7K)*1 over
the set Wi (zyw) of copies of V_[} in J, using z{, 7 and yw. For each w we consider the set
Py (zyw) of (K, g)-prewheels using {z{, z, yib}
Suppose first that 7 has colour ¢ = K. We assume d(z,y) > 3d (or there is nothing to prove).

We must have y = z and in our prewheels the oriented 8-paths from z to ™ must end with the arc
T%T, corresponding to Zj) € JX under twisting. We need w € N Jr( )NN; < (y) so that 720 has colour

K and T can receive colour 0. Choosing rim vertices sequentially, now {z 2’} is already fixed, there
are 5 steps with anp,, + 3sn3/* options, and at the last step (1 £ ¢e)a)?p,n + 3sn3/* options, so
|Pie(@)| = (14 32)a’ (B,,)°n°.

Now consider which of these prewheels extend to wheels in W7, (zyw), according to the following
independent random decisions: the other 7 arcs of the oriented 8- path excluding ﬁ/ are each corre_)ct

with probability p?, we already have gﬁ € J;( , and for each of the 7 internal vertices 2’ we have z/'w
correct with probability pgm0 /Dy Therefore

EW[Q((.Z'y'LU) =1+ 35)(04172)7(17%70) Pu'np? KrL(W£77K)_1 = (1 + 3¢)(aphP,n) "
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By Lemma 5.3 whp Wi (7)) = (1 4 3.1e)(apn)"H + n~2, with H = Y {p,! : w € N;(l’) N
NEK (y)}. We estimate H by Lemma 5.4.v with S = {y} and S' = {z}. As d(x,y) > 3d, whp

= |W|p% + 5sn®/4, giving Wi (z) = 1 + 4e.

Now suppose that x?; has colour ¢ = 0. For the hub w we require gﬁ € J% and zw in JX or JO.
We first consider the contribution from zw € JX , when the first vertex of the oriented 8-path must
be z = z. The estimate of |P}- (z)] is the same as when ¢ = K, and the probability factors are the
same except that the factor for the last path edge (to z1) is now p% instead of pf. If d(z,y) > 3d
then the same calculation with Lemma 5.3 and Lemma 5.4.v shows that the contribution to W[% (z7)
from w € N}'(x) N NZK(y)} is (14 4e)(pin)~L.

Now we consider the contribution from zw) € J°. There are 6 positions for Z on the path avoiding
{z,7'}. The estimate of \Pﬁ(ﬁ)\ is the same as before except that one factor of p,, is replaced by
pZM 5 (at the choice of {z, 2'}). The probability factors are the same as in the previous calculation for
e JK so EW[g{(xyw) = (1i35)pr7K(apgﬁfun)*l. By Lemma 5.3 whp the contribution to Wﬂ(ﬁ/)
from such w is (1£3.1¢)6(apin) L H, with H = > {h(w) : w € N;(m)ﬂN;(y)}, h(w) = pﬁ),K(T)w)*Q.

We estimate H by Lemma 5.4.v with S =0, S’ = {z,y}. As (S5,5’) is 3d-separated (vacuously)
whp H > 27253 o h(w) = 2725|Wp%, so Wi(z0) > 272"1p% /pl. Now suppose d(z,y) > 3d.
Then S U S’ is 3d-separated, so whp H = |W|pj, + 5sn3/4. The contribution here to W[g{(ﬁ/) is
(1 4 4¢)6p% /p?, so altogether W (z7) = (1 + 4e)7pY /pl. O

We combine the above estimates to deduce the main lemma of this section, establishing wheel

regularity. Let
7) =) {WI(¥T):ce 3K}

Lemma 6.3. Suppose we add e to J in any colour, such that if S J[V] then @ = ﬁ/ with
d(z,y) > 3d, and if € has a vertex in W then it is an endvertex. Then W9(€) =1+ 55.

Proof. By Lemmas 6.1 and 6.2 we can analyse the various cases as follows.
If ¢ e JC[V W] with ¢ # 0 then W9(€) = WZ(¥) =1 =+ 5e.

If @ el 8 V] with d(z,y) > 3d then W9(€) = WE(€) =1+ 5e.

o If € [V W] then

WI(E) = (1£4e)7p%, 1o /180 + Torss (1 £4e)(c— )phhe/pl o £n~2) =15,

as pf, 0 = TPl s + Lig (¢ = Pl
If 73 € JO[V] with d(z, y) > 3d then

WI(E) = (1+4e)Tp% /p? + K5 (1 £ 4e)ep? /pd £n2) = 1+ 5,

aspﬁng pK_7pK+Zc 3 Cpc ]

7 Approximate decomposition
Here we describe the approximate decomposition of GGo. Recall that at the start of section 4 we

partitioned each factor F,, into subfactors F} and F2, that each FJ has ¢, .n cycles of length
c€[3,K —1], and pi, . = (1 — n)g.c. We will embed almost all of each F2 in Go. We say F!, C F?
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is valid if F'2\ F, does not have any independent arcs (i.e. arcs @ such that both z and y have total
degree 1 in F2\ F!) and if F2 contains a path then F2\ F/ contains the arcs incident to each of its
ends.

Lemma 7.1. There are arc- disjoint digraphs G2, C G for w € W, where each G2 is a copy of some
valid F!, C F2 with V(G2) C N}, (w), such that

i. Gy = G2\ Uyew G2 has mazimum degree at most 5d~
ii. the digraph J; obtained from Jo[V, W] by deleting all T wzth x € V(G?) has mazimum degree
at most 5d~1/3n, and
iii. any x € V has degree 1 in F,, for at most n/\/a choices of w.

1/3,,

Proof. Say that an arc o1 with v € V and w € W is bad there is some ¢ € [3, K — 1] such that
v € J¢ and pQwVC < n~t or v € JK and pr,K < d~Y3. The expected bad degree of v € V
is at most (Kn~' + d~%/?)n so by Chernoff bounds we can assume that every v € V has bad
degree at most 2d—/3n. Let J4 be obtained from Jy by deleting all bad arcs and all @ c JEV]
with d(z,y) < 3d. We consider the auxiliary hypergraph #H Whose Vertlces are all arcs of J) and
whose edges correspond to all copies of the coloured wheels VV8 or W with ¢ € [3,K — 1]. We

recall that Wi . = n°p}, (p?, 0 Yap?)e and w9 K=" oszpr(ozp*pw o)’ We assign weights

(1 — 5e)pih.cn/ (Wi )™t to each copy of any W (and to Ws for ¢ = K). By Lemma 6.3, the total
weight of wheels in J5 on any arc € satisfies 1 — 10e < W9 ( ) < 1. Thus the total weight of wheels
in J2 on any arc € satisfies 1 —d~'/* < W9(€) < 1, as we deleted at most 2d~'/3n7 (say) copies of
VV8 on ¢ € using a deleted arc. Note also that for any two arcs the total weight of wheels containing
both is at most n =7 (as p% > n~1/4).

Thus H satisfies the hypotheses of a result of Kahn [10] on almost perfect matchings in weighted
hypergraphs that are approximately vertex regular and have small codegrees. A special case of this
result (slightly modified) implies that for any collection F of at most n'% (say) subsets of V/(H) = J
each of size at least \/n (say) we can find a matching M in H such that |F\|J M| < d~'/%|F| for all
F ¢ F. (This is immediate from [10] if F has constant size, and a slight modification using better
concentration inequalities implies the stated version. Alternatively, one can reduce to the problem
to an unweighted version via a suitable random selection of edges and then apply a result of Alon
and Yuster [2].) This is also implied by a recent result of Ehard, Glock and Joos [7].

We choose such a matching M for the family F where for each v € V U W we include sets
Fy,={¢ e VW :ve?d}, FK ={¢ e JE[V,W]:ve €}, and F, = {€ € L[V]:v e €}
(the last just for v € V). ThlS F is valid as all |F| > f by Lemma 5.5. By constructlon for all
ce[3,K— 1] every copy of W in M with hub w has pw . >n"! and every copy of Ws in M with
hub w has pw7 > nd~1/3,

For each w we define G2, to be the subgraph of G corresponding to the wheels in M containing
w, where we take account of the twisting in colour K. Thus G2 contains the rim c-cycle of any
c-wheel in M containing w, and for any copy of W8 in M containing e JK [V, W] we obtain an
oriented path of length 8 from z to 1. The maximum degree bounds in (i) and (ii) clearly hold.

Recalling that N (w) is disjoint from the set of interval successors (Y2)T, we see that these
cycles and paths are vertex-disjoint, except that some paths may connect up to form longer paths,
which can be described as follows. Let V! be the set of maximal cyclic intervals I such that for every
x € I there is a copy of VV8 in M containing 7> € JX[V, W]. Then for each [a,b] € )/, we have a
component of G2, that is a path of length 8d(a, b) from a to b*. All these paths have length at most
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8d, as each such I is contained within an interval of }2. Furthermore, if z € V is an endpoint of
some path in G2, then either z is a startpoint or successor of some interval in )2, for which there
are at most 2ty choices of w by Lemma 5.4, or x7w € Fgfi \UM, or z-w € Fgfi \ UM, giving at
most 2n/K more choices of w, for a total of at most n/v/d (say).

It remains to show that each G2, is isomorphic to some valid F!, C F,. First we show for any
c € [3, K — 1] that whp each G2 has at most qi7cn cycles of length c. The number of c-cycles is in
G2, is at most ]N_Qc(w)\, which by Chernoff bounds is whp < p?l},cn—i—n'ﬁ =(1 —n)qi}cn—i-n'ﬁ < qfuvcn,
recalling that p?ﬂ’c > n~!. Next we bound the total length L,, of paths in G2 . By Lemma 5.4 we have
Ly, <8]Y2| < Spi, en+8n%/%. Writing L, for the total length of long (length > K) cycles and paths
in F2, we recall that 8p%U7Kn =pin— YKt epsy on = (1—n) (L, +n?). So since pr’K > d~3n, we
have L/, > 8d~/3n and L, < (1 —n/2)L.,.

We embed the paths of G2, into the long cycles and paths in F2 according to a greedy algorithm,
where in each step that we embed some path P of G2 we delete a path of length |P| + 4 from F2,
which we allocate to a copy of P surrounded on both sides by paths of length 2 that we will not
include in F), (so that F, will be valid). We choose such a path (if it exists) within a remaining cycle
or path of G2, using an endpoint if it is a path (so that we preserve the number of components).
Recalling that there are at most n/ V/d endpoints of paths in G2, we thus allocate a total of at most
2n/ Vd edges to the surrounding paths of length 2. Suppose for a contradiction that the algorithm
gets stuck, trying to embed some path P in some remainder R. Then all components of R have size
< |P|+5 < 8d+5. All components of G2 have size > K, so |R| < (8d+5)|L.,|/K. However, we also
have |R| > |L.,| — |Lw| — 2n/vd > 5|L!,|/2 — 2n/v/d, which is a contradiction, as K~! < d~' < n
and L/, > 8d~'/3n. Thus the algorithm succeeds in constructing a valid copy F!, of G2 in F2. [

8 Exact decomposition

This section contains the two exact decomposition results that will conclude the proof in both Case K
and Case £*. We start by giving a common setting for both cases. We say that G is a y-perturbation
of Gy if |N§1 (x) A Né, ()] < yn for any x € V. We say that J| is a y-perturbation of Jy if Jj is
obtained from J; by aélding, deleting or recolouring at most yn arcs at each vertex. We will only
consider perturbations which are compatible in the sense that arcs added between V and W will
point towards W, and existing colours will be used.

Setting 8.1. Let G’ be an n-perturbation of G1. Suppose for each w € W that Z, C V with
|Zw & (V\ N (w))| < 5nn. For x € V we write Z(z) ={w € W :z € Zy,}.

We start with the exact result for Case £*, where we recall that F consists of exactly L™3n
cycles of length ¢*, so pl, = (1 —n)¢*L™3 +n=2, pl . = (1—n)L73, pL ;- =n"?/8 and p%u’c =0 for
ce 3, K—1].

Lemma 8.2. Suppose in Setting 8.1 and Case ¢* that dé, (x) = |W|—=1|Z(z)| for all x € V and ¢*
1

divides n — | Zy| for all w € W. Then Gy can be partitioned into graphs (G : w € W), where each
Gl is an oriented Cy--factor with V(GL) =V \ Z,.

Proof. We will show that there is a perturbation Jj of J; such that J{[V] = G/, each N;{ (w) = V\Zy,

%
and Theorem 3.1 applies to give a Wg*—decogposition of J{. This will suffice, by taking each G to
consist of the rim £*-cycles of the copies of Wy« containing w.
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We construct Ji by starting with J; = J; and applying a series of modifications as follows. First
we delete all arcs of Jj[V] corresponding to arcs of G \ G} and add arcs of colour 0 corresponding to
arcs of G\ G1. Similarly, we delete all arcs v € J;[V, W] with v € N; (w)NZy, and add arcs v of
colour 0 for each v € (V\ Zy)\ N (w). We also recolour any v € J][V, W] of colour K to have colour
0 and replace any ;17/ of colour K in J{[V] by ﬁ/* of colour 0. As each p}uy K= n~2/8 in this case,
whp this affects at most n® arcs at any vertex. Now Jj[V] = G}, each N, (w) =V \Z, and J] is a
n8-perturbation of .J;. We note for each € V that di (x,V) = da () =|W|—=|Z(x)| = dz (z, W),
so the divisibility conditions for x € V are satisfied.

Finally, to satisfy the divisibility conditions for all w € W we recolour so that d(_J{)[* (w) =
d;{
pln £ 2n3/* and d e (w) = p}l}’g*n + 2n3/%, where pl = E*pqluﬁ +n~2 in this case. As Jj is an
n'8-perturbation of Jll, we only need to recolour at most 2n'®n arcs at any vertex, so our final digraph
Jj is a 3np8-perturbation of Jj.

(w)/€*, which is an integer, as ¢* divides d;{ (w) = n —|Zy|. By Lemma 5.5 each d; (w) =

_>

Next we consider the regularity condition of Theorem 3.3. To each copy of Wy« in J| with hub w
we assign weight pl s /W2, = pqlmon(ozpzluyopin)_f*, which lies in [n'=%", LEn'=¢]. We claim that
for any arc @ of P’ there is total weight 147 on wheels containing €. To see this, we compare the
weight to W (€) as defined in section 6, which is 14 4¢ by Lemma 6.1 (as Do = (£ — l)pllujg* and
pL = (0" - l)p}*). The actual weight on ¢ differs from this estimate only due to wheels containing
@ that have another arc in Ji A Ji. There are at most 40 "n?" ~1 such wheels, each affecting the
weight by at most LEn® ~1, so the claim holds. Thus regularity holds with 6 = 7% and w = L=L.

It remains to show that J] satisfies the extendability condition of Theorem 3.1. Consider any
disjoint A, B C V and C C W each of size < h, where h = 250(¢*)° By Lemma 5.5.iii, for ¢ € {0, £*}
we have

[N (A) NN 3o (B) N Ny (C)] = NG (A) 0 N (B) [ (o) ()P TT iy e £ 450%* > (L72)*n,
! ' wel
by typicality of G. Also, by Lemma 5.5.iv (with S = @ and S’ = A U B) we have \Njo(A) N
1
N;Q,* (B) N W| > 2725 L=™|W|, say. The perturbation from J; to J| affects these estimates by at

1
most 6k "n < 1n%n, so J| satisfies extendability with w = L~ as above. Now Theorem 3.1 applies
to give a Wy«-decomposition of Jj, which completes the proof. ]

Our second exact decomposition result concerns the path factors with prescribed ends required
for Case K. We recall that each F consists of cycles of length > K and at most one path of
of length > K with |F}l| — n/2 € [0,2K], and that (V,})~ and (Y,})T are the sets of startpoints
and successors of intervals in ))}. We also recall from Lemma 5.4 that for each x € V, letting
tf(x) = {w : = € (Y)*}], we have t] (z) = t](x) = t;. After embedding F2, and a greedy
embedding connecting the paths to (Y,})~ and (Y;})*, we will need path factors G as follows.
Lemma 8.3. Suppose in Setting 8.1 and Case K that Z,, is disjoint from Y2 U (Y,1)T and 8|V}}| =
n— |Zy| = |(Y])F] for allw € W, and dZ, (z) = |W| —t1 — |Z(z)| for all z € V. Then G, can be

1
partitioned into graphs (GL, : w € W), such that each Gl is a verter-disjoint union of oriented paths
with V(GL) =V \ Zy, where for each [a,b] € V., there is an ab™-path of length 8d(a,b).

Proof. We will show that there is a perturbation P of J; such that each N, (w) =V \ Z,, and P[V]

corresponds to G under twisting, and a set E of arc-disjoint copies of WgK in P, such that Theorem
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3.3 applies to give a WSK -decomposition of P’ := P\ |JE. This will suffice, by taking each G to
consist of the union of the oriented 8-paths that correspond under twisting to the rim 8-cycles of the
copies of W/SK containing w.
We construct P by starting with P = J; and applying a series of modifications as follows. First
we delete all arcs of P[V] corresponding to arcs of G1 \ G and add arcs of colour 0 corresponding to
arcs of G \ G. Similarly, we delete all arcs v € P[V, W] with v € Nj (w)N Zy, and add arcs ot of
colour 0 for each v € V' \ (Z,U(Y,})*" UN7, (w)). We also replace any 77 of colour K with d(z,y) < 3d
by an arc Zt of colour 0; this affects at most 6d arcs at each vertex. Now P[V] corresponds to G
under twisting, each Ny (w) =V \ (Z, U (Y,})T) and P is a 2n°-perturbation of J;.
We note that P now satisfies the divisibility condition dp(w) = 8|Y,}| = 8d,x (w), and for each
v € V that dj,(v, W) = |W|—t1—|Z(z)| = dp(v, V) /2, so |P[V,W]| = |P[V]|. We continue to modify
P to obtain |P°[V, W]| = |P°[V]| and |PE[V,W]| = |PX[V]|. To do so, we will recolour arcs of P[V]
according to a greedy algorithm, where if [PO[V]| > | PY[V, W]| we replace some Z3) € P°[V] by Zi)~ €
PE[V], orif |P°[V]| < |P°[V, W]| we replace some zjj € PX[V] by zj+ € P°[V]. This preserves P[V]
corresponding to G} under twisting and |P[V]| = |P[V,W]|, so if we ensure |P°[V,W]| = |P°[V]],
we will also have | PX [V, W]| = |PX[V]|. During the greedy algorithm, we choose the arc to recolour
arbitrarily, subject to avoiding the set S of vertices at which we have recoloured more than 7-8n/2 arcs.
The total number of recoloured arcs is at most || P[V, W]|— |P[V]|| < || 1 [V, W]| — | L [V]]| +2nn2 <
3n°n? (by Lemma 5.5), so |S| < 12'n. Thus the algorithm can be completed, giving P that is an
n8-perturbation of J; with |PO[V, W]| = |P°[V]| and |PX[V,W]| = |PE[V]].
We will continue modifying P[V] until it satisfies the remaining degree divisibility conditions
for each v € V, ie. d;(v, V) = dp(v,V) = d;(v, W) and dpx(v,V) = d;K (v,W). To do so,
we will reduce to 0 the imbalance A" = Y i, A'(v) with each A'(v) = |d}x (v, V) — dfx (v, W)] +
|d 5 (v, V)—d;g x (v, W)|. We do not attempt to control any d?ﬁo (v, V'), but nevertheless the divisibility
conditions will be satisfied when A’ = 0. To see this, note that if A’ = 0 then clearly all d;gK (v, V) =
dpx (v, V) = dJ];K(U,W), so it remains to show that dp(v,V) = df(v,V) = djp(v,W). Here we
recall the discussion in section 4 relating the choice of intervals to degree divisibility, where (setting
H = G} and J = P) we noted that dzg,l (v) = dh(v,V) and da,l (v) = dp(v, V) + A(v), with
Aw) =dp (v, V)=dpk (v, V) = d;;K (v=, W) —d;K (v, W). By our choice of intervals all d;K (v, W)
are equal to t1, so A(v) = 0 and d5(v,V) = dg,l (v) = |W|—t1 — |Z(x)| = d}(v,W), as required.
We have two types of reduction according to the two types of term in the definition of A’(v):
LY, ldpk (0, V) = dfy (v, W)] > 0 then we can choose z,y in V with dp, (x,V) > d i (z, W)
and d x(y, V) < d;K (y,W). We will find z € V such that z# € PK, Zit € PY and replace
these arcs by z#t e PO, ﬁ € PK,

i If ), |d;K (v, V) — d;K(v, W)| > 0 then we can choose x,y in V with dJISK (x,V) > dIJSK (x, W)
and d;K(y, V) < d;K (y,W). We will find z € V such that 2 € PK y2t € PY and replace
these arcs by y2 € PK 12+ e PO.
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Each of these operations preserves P[V] corresponding to G} under twisting and reduces A’.

To reduce A’ to 0 we apply a greedy algorithm where in each step we apply one of the above
operations. We do not allow z with d(z,z) < 3d+ 2 or d(y, z) < 3d + 2 (to avoid creating close arcs
in colour K) or z in the set S’ of vertices that have played the role of z at 7:"n/2 previous steps.
The total number of steps is at most 27%n?, so || < 4n''n. To estimate the number of choices for z
at each step, we apply Lemma 5.5.iii to |N;1K/ ()N N;? (yT)| for operation (i), |NZK, (x)N Nj? (v)]

to find 2% for (ii). By typicality of G this gives at least a®n/9 choices, of which at most 5n''n are
forbidden by lying in S or too close to = or y, or due to requiring an arc of J; \ P, so some choice
always exists. Thus the algorithm can be completed, giving P that is an n'’-perturbation of Ji,
satisfies the divisibility conditions, and has P[V] corresponding to G under twisting.

Next we construct E as a set of arc-disjoint copies of V_[/>'§< that cover all ) € P[V] with d(x,y) <
3d. Note that all such ﬁ/ have colour 0. We apply a greedy algorithm, where in each step that we
consider some @ we choose a copy of W8K that is arc-disjoint from all previous choices and does not
use any vertex in the set S of vertices that have been used .1d* times. Then |S|.1d% < 27dn, so this
forbids at most 270n7 /d choices of WE{( By Lemma 6.2 we have Wi (z) > 272" 1pk./pl > 273 5o
the number of choices is at least 273% min, e Wi x/ pz} KN > 274517, say. Thus there is always some
choice that is not forbidden, so the algorithm can be éompleted. We note that |J E has maximum
degree at most d? by definition of S, so P’ := P\ |JE is a 2n"-perturbation of J;. Furthermore, P’
satisfies the divisibility conditions, as P does and so does each WgK in F.

Next we consider the regularity condition of Theorem 3.3. To each 3d-separated copy of WSK in
P’ with hub w we assign weight p%v’Kn/WﬂU,K = (ap}((apipzluyon)n_l, which lies in [n=7, Ln~7]. We
claim that for any arc @ of P’ there is total weight 1 + 7’6 on wheels containing €. To see this,
we compare the weight to VAVIH?) as defined in section 6, which is 1 4 4 by Lemma 6.2 (as e s
3d-separated, ley,o = 717%0, x and pl =17 p}() The actual weight on ¢ differs from this estimate only
due to wheels containing @ that have another arc in P’ A J;. There are at most 401" "n" such wheels,
each affecting the weight by at most Ln~7, so the claim holds. Thus regularity holds with § = n®
and w = L~ %

It remains to show that P’ satisfies the extendability condition of Theorem 3.3. Consider any
disjoint A,B C V and L C W each of size < h and a,b,¢ € {0, K}. By Lemma 5.5.iii we have
N (A) NN (BYNN  (L)] = NG (A) NG (B) () A6 P T, 2l £ 4504 > (10730, say.
Also, if (A, B) is 3d-separated then by Lemma 5.5.iv we have ]Nj? (A) HNZK(B) NW| > 27 2s+100 137

say. The perturbation from J; to P’ affects these estimates by at most 6hn"n < 1n, so P’ satisfies
extendability with w = L~! as above. Now Theorem 3.3 applies to give a 8K -decomposition of P’,

which completes the proof. (]
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9 The proof

This section contains the proof of our main theorem. We give the reduction to cases in the first
subsection and then the proof for both cases in the second subsection.

9.1 Reduction to cases

In this subsection we formalise the reduction to cases discussed in section 2. For Theorem 1.2, we
are given an (g, t)-typical an-regular digraph G on n vertices, where n™! < ¢ < t7! < «, and we
need to decompose G into some given family F of an oriented one-factors on n vertices. We prove
Theorem 1.2 assuming that it holds in the following cases with t 7! < K~! < a

Case K: each F € F has at least n/2 vertices in cycles of length at least K,

Case ¢ for all £ € [3, K — 1]: each F € F has > K ~3n cycles of length /.

We will divide into subproblems via the following partitioning lemma.

Lemma 9.1. Let n™! < ¢ < t71 < «ap. Suppose G is an (e,t)-typical an-regular digraph on n
vertices and o = ), o with each a; > ag. Then G can be decomposed into digraphs (G; : i € I)
on V(QG) such that each G; is (2e,t)-typical and c;n-regular.

Proof. We start by considering a random partition of G into graphs (G, : i € I) where for each
arc € independently we have P(¢ € G}) = a;/a. We claim that whp each G/ is (1.1e,t)-typical.
Indeed, this holds by Chernoff bounds, as Ed(G’) = a;d(G)/a for each i, so whp d(G}) = a; £n~*
(say), and for any set S = S_ U .Sy of at most ¢ vertices, by typicality of G we have E|N_, (S-) N
NE (S| = (0i/a)SING (S2) N NG (S1)| = (1 £ €)d(G)ai/a)¥ln, so whp [Ng, (S-) N N, (S4)| =
(1 £ 1.1e)d(G%))SIn,

Now we modify the partition to obtain (G; : ¢ € I), by a greedy algorithm starting from all
Gi; = G). First we ensure that all |G;| = a;n%. At any step, if this does not hold then some
|Gi| > a;n? and |G| < ajn®. We move an arc from G; to G;, arbitrarily subject to not moving more
than n'” arcs at any vertex. We move at most n'% arcs, so at most 2n"? vertices become forbidden

during this algorithm. Hence the algorithm can be completed to ensure that all |G;| = a;n?. Each
INS (S-)N N&(SJF)\ changes by at most tn'7, so each G; is now (1.2¢,t)-typical.

Let G; be the undirected graph of G; (which could have parallel edges). We will continue to modify
the partition until each Z;vz is 2a;n-regular, maintaining all |G;| = a;n?. At each step we reduce the
imbalance }_,; . |dz (x) — 2a;n|. If some G, is not 2a;n-regular we have some dg () > 204n and
d@(y) < 2a;n. Considering the total degree of x, there is some j with dch (z) < 2a5n. We will

choose some z with zz € ZZ and yz € é\;, then move xz to EZ and yz to a;, thus reducing the
imbalance by at least 2. We will not choose z in the set L of vertices that have played the role of z
at n'8 previous steps. We had all dg (z) = 2(ayn £ n'7) after the first algorithm, so this algorithm
will have at most 2n'7 steps, giving |L| < n"¥. By typicality, there are at least 3aian choices of z,
of which at most 2n? are forbidden by L or requiring an edge that has been moved, so the algorithm
to make each G; be 2a;n-regular can be completed. Each [N (S-) N NEEZ_(SJF)] changes by at most

tn®

, so each G; is now (1.1e,t)-typical.

We will continue to modify the partition until each G; is a;n-regular, maintaining all d@; (x) =
2a;n. At each step we reduce the imbalance _, |da () — ayn| (if it is 0 then since total degrees
dg () are correct, G is regular). If it is not 0 we have some da (x) > a;n and da (y) < ayn. Again
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there is some j with dJGrj () < ajn and we choose some z with 2 e Giand iyt € G, then move z% to

Gj and y? to G, avoiding vertices z which have played this role at n'? previous steps. By typicality
we can find such z at every step and complete the algorithm. Each [N (S-)N Ngi(S+)| changes by
at most tn"?, so each G; is now (2¢,t)-typical. d

Factors of a type that is too rare will be embedded greedily via the following lemma.

Lemma 9.2. Let n7! < ¢ < t7! < a. Suppose G is an (g,t)-typical an-reqular digraph on n
vertices and F is a family of at most en oriented one-factors. Then we can remove from G a copy
of each F' € F to leave a (\/e,t)-typical (an — |F|)-regular graph.

Proof. We embed the one-factors one by one. At each step, the remaining graph G’ is obtained from
G by deleting a graph that is regular of degree at most 2en, so is (y/2,t)-typical. It is a standard
argument (which we omit) using the blow-up lemma of Komlés, Sarkozy and Szemerédi [16] to show
that any one-factor can be embedded in G’, so the process can be completed. O

Now we prove Theorem 1.2 assuming that it holds in the above cases. We introduce new parame-
ters o, g, MY, My, Mo, Mz with e < t7 1 < My < ag < My ' < ay < (M])™' < M{! < a. For
¢ € [3, My] let F; consist of all factors F' € F such that F has > M, ®n cycles of length £ but < M, *n
cycles of each smaller length. Let F> consist of all remaining factors in F. Note that each F' € F
has fewer than n/Ms vertices in cycles of length less than My, so at least (Ms — 1)n/Mj in cycles of
length at least My. Let B be the set of £ € [3, Ms] such that |Fy| < agn. Then for ¢ € I' := [3, M3]\ B
we have B¢ := n~YF,| > as. Also, writing Fp = Uren Fe, we have Bp := nFp| < Maag < V.

Let F be the set of F' in F with at least n/2 vertices in cycles of length > M;. We first consider the
case n :=n"'|Fi| > a/2. Let B = BN[3, Mi], Fp1 = Upepr Fo, and Bp1 :=n"1|Fpi| < B < \/as.
We apply Lemma 9.1 with T = (I' N [3, M;]) U {1}, letting oy = Sy for all £ € I' N [3, M;] and
a1 = 1+ Bp1, thus decomposing G into (2¢,t)-typical a;n-regular digraphs G; on V(G). For each
¢ € I'N[3, My] we decompose Gy into F; by Case £ of Theorem 1.2, where in place of the parameters
nlwegstl« K l<aweusen <2<t <« M3_1 < ag. For Gy, we first embed Fp1 via
Lemma 9.2, leaving an nn-regular digraph G that is (¢, t)-typical with ap < &/ < 71 < M{l. We
then conclude the proof of this case by decomposing G’ into F; by Case K of Theorem 1.2, where
in place of the parameters n ™' K e K t ' < Kl «aweuse n ! <&/ «<t7 1« Mfl <.

It remains to consider the case n < «/2. Here there are at least an/2 factors F' € F with at least
n/2 vertices in cycles of length < M, so we can fix £* € [My] NI’ with S > a/2M;. We consider
two subcases according to B2 := n~1|F|.

Suppose first that B2 < a;n. We apply Lemma 9.1 with I = I, letting oy = ¢ for all £ € T\ {¢*}
and ag = Py« + Bp1 + Po. For each ¢ € I\ {¢*} we decompose Gy into F; by Case ¢ of Theorem 1.2,
where (as before) in place of the parameters n™ ! < e < t ' < Kl < aweusen ! < 2e < t71 «
M?jl < ay. For G- we first embed FpUJF, by Lemma 9.2, leaving a («n-regular digraph GJ. that is
(¢/,t)-typical with oy < ¢’ < ¢~ < M;*. We then complete the decomposition by decomposing GY.
into Fy« by Case £* of Theorem 1.2, where in place of the parameters n™! <« e K t ' <« K~ « «
we use n~! < & <t < (M])7 < By

It remains to consider the subcase 82 > ajn. We apply Lemma 9.1 with I = I' U {2}, letting
ap = By for all £ € T\ {¢*} and oy« = Bp= + Bpi1. The same argument as in the first subcase
applies to decompose Gy into Fy for all £ € I'\ {¢*}, and also to embed Fp in Gy« by Lemma 9.2
and decompose the leave Gj. into Fy-. We complete the proof of this case, and so of the entire
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reduction, by decomposing G9 into F» by Case K of Theorem 1.2, where in place of the parameters
nl<e<t <K l<aweusen ! <2<t < Myt < fo.

9.2 Proof of Theorem 1.2

We are now ready to prove our main theorem. We are given an (e, t)-typical an-regular digraph G
on n vertices, where n™! < ¢ < t7! < «, and we need to decompose G into some given family F of
an oriented one-factors on n vertices. By the reductions in section 9.1, we can assume that we are
in one of the following cases with t 1 < M~ <« «:

Case K: each F € F has at least n/2 vertices in cycles of length at least M,

Case (* with £* € [3, M — 1]: each F € F has > M ~3n cycles of length ¢*.

Here the parameters of section 9.1 are renamed: ¢ is now ¢* so that ‘¢’ is free to denote generic
cycle lengths; K is now M, as we want K to take different values in each case: we introduce M’ with
t=t < M'71 < M1 and define

K — M  in Case K,
1 M’ in Case ¢*.

We define a parameter L by L = M in Case ¢* (so K~! < L™! <« (¢*)71), or as a new parameter
with K~! < L™! <« o in Case K. We use these parameters to apply the algorithm of section 4 as
in (1), so we can apply the conclusions of the lemmas in sections 5 to 8.

We recall that each factor F,, is partitioned as F,, U F2, where F. either consists of exactly L™3n
cycles of length ¢* in Case ¢*, or in Case K we have |F}| —n/2 € [0,2K] and F] consists of cycles
of length > K and at most one path of length > K (and then F2 = F,, \ Fl).

By Lemma 7.1, there are arc- disjoint digraphs G2, C G for w € W, where each G2, is a copy of
some valid F), C F2 with V(G2) C N, (w), such that

i. G5 = G2\ Upew G2 has maximum degree at most 5d~

ii. the digraph J, obtained from Jy[V, W] by deleting all f@ with € V(G2) has maximum
degree at most 5d—/3n
iii. any = € V has degree 1 in F!, for at most n/+/d choices of w.

1/3,,

(Recall that ‘valid’ means that F2 \ F! does not have any independent arcs, and if F2 contains a
path then F2\ F/ contains the arcs incident to each of its ends.)

Note that (ii) implies for each w € W that |F,| > [N (w)| - 5d~Y3n > pin — 6d-/3n (by
Lemma 5.5), so as p2n = (1 — n)|F2| + n® we have |F2 \ F,| < nn.

Next we will embed oriented graphs R, = (F2\ F!)) U Ly, for w € W, where L,, C F is defined
as follows. In Case ¢* we let each L,, consist of 2nL~3n cycles of length ¢*. In Case K we partition
each F as Py, U Ly, where P, is a valid vertex-disjoint union of paths, such that for each [a,b] € V.,
we have an oriented path P in P, of length 8d(a,b) (which we will embed as an ab*-path). To
see that such a partition exists, we apply the same argument as at the end of the proof of Lemma
7.1. We consider a greedy algorithm, where at each step that we consider some path ngb we delete
a path of length 8d(a, b) + 4 from F, which we allocate as P2® surrounded on both sides of paths of
length 2 that we add to L. As |V}| < n/2dasi1 = (25)%*n/2d we thus allocate < (2s)?n/d edges to
L,,. Suppose for contradiction that the algorithm gets stuck, trying to embed some path P in some
remainder @,,. Then all components of Q,, have size < 8d+5. All components of F have size > K,
0 |Qu| < (8d +5)|F}|/K < 5dn/K. However, we also have |Qy| > |FL| — |Y,}| — |Lw| > nn/3, as
|EL| > n/2 and |Y,}| = (1 — n)n/2 & 2n%/* by Lemma 5.4. This is a contradiction, so the algorithm
finds a partition F} = P, U L,, with P, valid. We note that each |R,| < 2nn.
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Now we apply a greedy algorithm to construct arc-disjoint embeddings (¢ (Ry) : w € W) in
Gi. At each step we choose some ¢, (x) € Nj;(w) (which is disjoint from G, € N (w)). We
require ¢,,(x) to be an outneighbour of some previously embedded ¢,,(x1) or both an outneighbour
of ¢w(z1) and an inneighbour of ¢, (z2) for some previously embedded images; the latter occurs
when we finish a cycle or a path (the image under ¢, of the ends of the paths in R,, have already
been prescribed: they are either images of endpoints of paths in F), or startpoints / successors of
intervals in Y}). We also require ¢,,(z) to be distinct from all previously embedded ¢,,(z1) and not
to lie in the set S of vertices that are already in the image of ¢, for at least 'n/2 choices of w’. As
n9n]S]/2 < Y pew |Ruwl < 2nn? we have |S| < 4np''n. To see that it is possible to choose ¢y, (), first
note for any v,v’ in V and w € W that |Nér1 (v) N"Ng, (V)N N (w)] > a’n/3, by Lemma 5.5.iii and
typicality of G. At most |Ry| + |S| < 51''n choices of ¢, () are forbidden due to using S or some
previously embedded ¢,,(x1). Also, by definition of S, we have used at most 7-%n arcs at each of v
and v’ for other embeddings ¢, so this forbids at most 2"°n choices of ¢, (x). Thus the algorithm
never gets stuck, so we can construct (¢, (Ry) : w € W) as required.

Let G} = G\ U ew (G2 URy). For each w € W let Z,, be the set of vertices of in- and outdegree
1in G2 UR,,. We claim that G and Z,, satisfy Setting 8.1. To see this, first note that by definition
of S above each |N§1 (x) \N(j;,1 (z)| < nn/2. As da_ (z) < 5d~/3n by (i) above and (by Lemma 5.5)
dé(m) - d(i;1 () — da ()< (1—p —pg)dg(x) +n% < 2nn we have |N§1 () A Ng,l (z)] < nn, so G
is an n*?-perturbation of Gy. Also, as |N, (w) \ F!| <5d7Y3n, |Ry| < 2nn and |V \ N (w)| < 2nn
(the last by Lemma 5.5) we have |Z,, A (V \ N, (w))| < 5nn, as claimed.

In Case £*, every vertex has equal in- and outdegrees 0 or 1 in G2 U R,, (it is a vertex-disjoint
union of cycles) so dé, () = |W|—|Z(z)| for all z € V and ¢* divides n — |Z,,| for all w € W. Thus
1

Lemma 8.2 applies to partition G into graphs (GL : w € W), where each G, is a Cp-factor with
V(GL) =V \ Z,, thus completing the proof of this case.

In Case K, a vertex z has indegree (respectively outdegree) 1 in G2,UR,, exactly when x € (Y,})~
(respectively (Y,1)T), for which there are each t; choices of w, so da (x) = |W|—t1 — |Z(z)] for all

x € V. By construction, Z, is disjoint from (Y,})~ U (Y,})*, and the total length of paths required in
the remaining path factor problem satisfies 8|Y,}| = n — | Z,,| — |(Y,})T| for all w € W. Thus Lemma
8.3 applies to partition G into graphs (GL : w € W), such that each G, is a vertex-disjoint union
of oriented paths with V(GL) = V' \ Z,, where for each [a,b] € Y. there is an ab™-path of length
8d(a,b). This completes the proof of this case, and so of Theorem 1.2.

10 Concluding remarks

As mentioned in the introduction, our solution to the generalised Oberwolfach Problem is more
general than the result of [9] in three respects: it applies to any typical graph (theirs is for almost
complete graphs) and to any collection of two-factors (they need some fixed F' to occur Q(n) times),
and it applies also to directed graphs. Although there are some common elements in both of our
approaches (using [12] for the exact step and some form of twisting), the more general nature of
our result reflects a greater flexibility in our approach that has further applications. One such
application is our recent proof [14] that every quasirandom graph with n vertices and rn edges can
be decomposed into n copies of any fixed tree with r edges. The case of the complete graph solves
Ringel’s tree-packing conjecture [19] (solved independently via different methods by Montgomery,
Pokrovskiy and Sudakov [18]).
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A natural open problem raised in [9] is whether the generalised Oberwolfach problem can be

further generalised to decompositions of K, into any family of regular graphs of bounded degree
(where the total of the degrees is n — 1).

We are grateful to the referee for their helpful comments on our paper.
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