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Abstract

A conjecture of Jackson from 1981 states that every d-regular oriented graph on n vertices with n < 4d + 1 is
Hamiltonian. We prove this conjecture for sufficiently large n. In fact we prove a more general result that for all
a > 0, there exists ng = ng(a) such that every d-regular digraph on n > ng vertices with d > an can be covered
by at most n/(d + 1) vertex-disjoint cycles, and moreover that if G is an oriented graph, then at most n/(2d + 1)
cycles suffice.

Contents
1 Introduction 2
1.1 Related work . . . . . . . . . e e e e e e 3
1.1.1 Pathcover. . . . . . . . . . . . . e e e e 3
1.1.2  Extending perfect matchings . . . . . ... ... ... .. ... ... ... 3
1.2 Extremal examples for Conjecture 1.1 . . . . . . .. ... .. .. ... .. 4
2 Notation and preliminaries 4
2.1 Sketchof proofof Theorem 1.3 . . . . . . . .. ... ... . ... ... .. .... 5
3 Robust expanders 6
4 Finding long cycles 8
5 Balanced path systems and path contraction 10
5.1 Proofof Theorem 1.3 . . . . . . . . . . . . e 11
6 Proof of Lemma 5.4 12
7 Proof of Lemma 6.1 15
T4 FlOWS . . o o e e e e e e e e e e e e e e e e e 17
7.2 Preliminaries . . . . . . . . .o e e e e e e e e 18
7.3 Proofof Lemma 6.1 . . . . . . . . . . e e e e e 20
8 Proof of Lemma 6.3 24

© The Author(s), 2025. Published by Cambridge University Press. This is an Open Access article, distributed under the terms of the Creative
Commons Attribution licence (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted re-use, distribution, and reproduction in
any medium, provided the original work is properly cited.

https://doi.org/10.1017/fms.2025.28 Published online by Cambridge University Press


doi:10.1017/fms.2025.28
https://orcid.org/0000-0001-9767-2863
https://orcid.org/0000-0002-3349-9165
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1017/fms.2025.28

2 A. Lo, V. Patel and M. A. Yildiz

9 Conclusion 29
9.1 Path cover for (non-regular) graphs . . . . . . . ... ... oL oo, 29
9.2 Edge-disjointcycles . . . . . . . .. L e e e 29
9.3 Connectivity and regularity . . . . . . . . .. e 30
References 30

1. Introduction

A Hamilton cycle in a (directed) graph is a (directed) cycle that visits every vertex. Hamilton cycles
are one of the most intensely studied structures in graph theory and there are numerous results that
establish (best-possible) conditions guaranteeing their existence. The seminal result of Dirac [7] states
that every graph on n > 3 vertices with minimum degree at least n/2 is Hamiltonian. Ghouila-Houri
[12] showed the corresponding version in directed graphs (digraph for short), that is, every digraph on
n > 3 vertices with minimum semi-degree at least n/2 (i.e., every vertex has in- and outdegree at least
n/2) is Hamiltonian. These bounds are tight by taking for instance the disjoint union of two cliques (a
regular extremal example) or a slightly imbalanced complete bipartite (di)graph (an irregular extremal
example). Recall that an oriented graph is a digraph that can have at most one edge between each pair
of vertices (whereas a digraph can have up to two, one in each direction). For oriented graphs, a more
recent result of Keevash, Kiihn, and Osthus [17] established a (tight) minimum semi-degree threshold
of [(3n — 4)/8] for Hamiltonicity. In contrast to graphs and digraphs, there are no regular extremal
examples for this result. Jackson [16] conjectured in 1981 that regularity actually reduces the degree
threshold significantly for oriented graphs:

Conjecture 1.1 (Jackson [16]). For each d > 2, every d-regular oriented graph (i.e., every vertex has
d in- and outneighbours) on n < 4d + 1 vertices has a Hamilton cycle.

The disjoint union of two regular tournaments shows that Jackson’s conjecture is best possible. This
example works for n = 2 (mod 4) (since regular tournaments require an odd number of vertices), but
similar examples exist for n = 0, 1,3 (mod 4) (see Section 1.2).

We note that an approximate version of Jackson’s conjecture was recently verified by the current
authors in [27], that is, for every & > 0, there exists np(&) such that every d-regular oriented graph on
n > ny(g) vertices with d > (1/4 + £)n is Hamiltonian. Here, we verify the exact version for large n.

Theorem 1.2. There exists an integer ngy such that every d-regular oriented graph on n > ng vertices
with n < 4d + 1 has a Hamilton cycle.

Generalizing questions about Hamilton cycles, one can consider the question of covering the vertices
of a (di)graph with as few vertex-disjoint cycles as possible. Indeed, we prove Theorem 1.2 by showing a
more general result about covering regular digraphs and oriented graphs with few vertex-disjoint cycles.

Theorem 1.3. For all a > 0, there exists ny = ng(«) such that every d-regular digraph G on n > ng
vertices with d > an can be covered by at most n/(d + 1) vertex-disjoint cycles. Moreover, if G is an
oriented graph, then at most n/(2d + 1) cycles suffice.

This is best possible by considering the disjoint union of complete digraphs of order d + 1 for digraphs
and the disjoint union of regular tournaments of order 2d + 1 for oriented graphs. Notice that we have
n/(2d + 1) <2 when n < 4d + 1, so that Theorem 1.3 implies Theorem 1.2. We also point out that the
proof of Theorem 1.3 in fact shows that each cycle is relatively long (of length at least d/2).

Theorem 1.3 generalizes the following result of Gruslys and Letzter [13] from regular graphs to
regular digraphs and oriented graphs.

Theorem 1.4 (Gruslys and Letzter [13]). Forall @ > 0, there exists ny = ny(«@) such that every d-regular
graph on n > ng vertices with d > an can be covered by at most n/(d + 1) vertex-disjoint cycles.

Theorem 1.3 implies Theorem 1.4 by making every edge into a directed 2-cycle.
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1.1. Related work

Theorem 1.3 also has connections with several well-studied problems in extremal graph theory: here we
mention some of them.

1.1.1. Path cover

A weaker version of cycle cover is path cover. The path cover number of a (di)graph G, denoted by 7(G),
is the minimum number of vertex-disjoint (directed) paths needed to cover V(G). This was introduced
by Ore [30], and he showed that 7(G) < n—o0>(G) holds where 0 (G) denotes the minimum sum of the
degrees over all non-adjacent vertices. Magnant and Martin [28] conjectured that regularity significantly
reduces the upper bound for 7(G):

Conjecture 1.5 (Magnant and Martin [28]). If G is a d-regular graph on n vertices, then n(G) <
n/(d+1).

It is known that Conjecture 1.5 holds for small values of d (see [28] for d < 5 and see [9] for d = 6).
Han [15] showed that, for dense graphs, it is enough to use 1 + n/(d + 1) paths to cover almost all
vertices. Also, Theorem 1.4 verifies Conjecture 1.5 in the dense case. It is worth noting that the Linear
Arboricity Conjecture [2] implies Conjecture 1.5 for odd values of d, and gives 7(G) < 2n/(d +2) for
general d (see [9] for a detailed discussion).

For digraphs, the classical result of Gallai and Milgram [11] states that 7(G) can be bounded above
by the size of the maximum independent set (and Dilworth’s [6] theorem says that equality holds for
the special case of posets). As our Theorem 1.3 generalizes Theorem 1.4 from graphs to digraphs and
oriented graphs, we believe the following stronger version of Conjecture 1.5 holds, which Theorem 1.3
establishes in the dense case.

Conjecture 1.6. If G is a d-regular digraph on n vertices, then n(G) < n/(d + 1). Moreover, n(G) <
n/(2d + 1) holds if G is oriented.

Also, Conjecture 1.6 implies Conjecture 1.5 by making every edge into a directed 2-cycle.

1.1.2. Extending perfect matchings

Gruslys and Letzter [13], as well as proving Theorem 1.4, proved that every large d-regular bipartite
graph G on n vertices with d linear in n can be covered by at most 1/2d vertex-disjoint paths. They
mentioned that one should be able to replace paths by cycles. Indeed, as a corollary of Theorem 1.3, the
result below shows that those cycles can be found in such a way that they even contain any prescribed
perfect matching.

Corollary 1.7. For all « > 0, there exists n; = n| (@) such that, for every d-regular bipartite graph on
n > ny vertices with d > an, any perfect matching can be extended to vertex-disjoint cycles covering
all vertices with at most n/2d cycles.

Proof of Corollary 1.7. Let @ > 0 and n; = 2ng(a), where ny is the function given in Theorem 1.3.
Let G be a d-regular bipartite graph on n > n; vertices with d > an and vertex classes X and Y. Since
G is bipartite and regular, n is even and |X| = |Y| = n/2. Let M be any perfect matching of G. Let
X ={x1,...,xpp2} and Y = {y1,...,yn/2} be such that x;y; € E(M) for all i. Define the digraph H
on X such that for any distinct i, j € [n/2], x;x; € E(H) if and only if x;y; € E(G). Note that H is
(d = 1)-regular on n/2 vertices. By Theorem 1.3, H can be covered by at most n/2d vertex-disjoint
cycles. Note that a (directed) cycle x;,x;, ... x;, in H corresponds to a cycle x;, yi, X, Vis - - . Xi,¥i, in G.
Therefore G can be covered by at most n/2d vertex-disjoint cycles that contain all the edges of M. O

Note that Corollary 1.7 is tight by considering the disjoint union of n/2d many K, 4’s. It also shows
that d-regular bipartite graphs on n (sufficiently large) vertices with d > n/4 are examples of graphs in
which every perfect matching can be extended into a Hamilton cycle. This property is called the PMH-
property in [1]. Higgkvist [14] initiated the study of sufficient conditions for the PMH-property (using
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the name F-Hamiltonian where F is a perfect matching) by showing 0»(G) > n + 1 is sufficient. Las
Vergnas [24] proved a similar condition for bipartite graphs, which also (almost) implies Corollary 1.7
in the case d > n/4, and Yang [35] gave minimum edge density conditions to guarantee the PMH
property in graphs and bipartite graphs. In the sparse setting, as a special case of a conjecture of Ruskey
and Savage [32], Fink [10] proved that the hypercube has the PMH-property.

1.2. Extremal examples for Conjecture 1.1

We end the introduction with the deferred examples from earlier. Note that we give a general overview
of the paper at the end of the next section.

Recall that the disjoint union of two regular tournaments on n/2 vertices shows that Jackson’s
conjecture (Conjecture 1.1) is best possible. This example works when n = 2 (mod 4) and similar
examples for other values of n are constructed as follows. When n = 0 (mod 4), we take the disjoint
union of two complete graphs on n/2 vertices, remove a perfect matching, and orient the edges so that
the resulting oriented graph is regular. When n = 3 (mod 4), we take a disjoint union of a regular
tournament on (n — 1)/2 vertices and a regular orientation of the complete graph minus a perfect
matching on (n + 1)/2 vertices. When n = 1 (mod 4), we take a regular orientation of a disjoint union
of a clique minus a perfect matching on (n — 1)/2 vertices and a clique minus a Hamilton cycle on
(n+1)/2 vertices.

2. Notation and preliminaries

Throughout the paper, we use standard graph theory notation and terminology. For k € N, we sometimes
denote the set {1,2,...,k} by [k]. For a digraph G, we denote its vertex set by V(G) and its edge set
E(G), and sometimes write |G| := |V(G)| and ¢(G) := |E(G)|. For a,b € V(G), we write ab for the
directed edge from a to b. We write H C G to mean H is a subdigraph of G (i.e., V(H) € V(G) and
E(H) C E(G)). We sometimes think of F C E(G) as a subdigraph of G with vertex set consisting
of those vertices incident to edges in F and with edge set F. We write G — F for the digraph obtained
from G by deleting the edges in F. For § C V(G), we write G[S] for the subdigraph of G induced
by S and G — S for the digraph G[V(G) \ S]. For A, B C V(G) not necessarily disjoint, we define
EG(A,B) :={ab € E(G) : a € A, b € B} and we write e (A, B) := |Eg(A, B)|'. We often drop
subscripts if these are clear from context. For two digraphs H; and H», the union H; U H; is the digraph
with vertex set V(H;) UV (H;) and edge set E(H;) U E(H,). We say an undirected graph G is bipartite
with bipartition A, Bif V(G) = AU B and E(G) C {ab:a € A, b € B}.

Foradigraph Gand v € V(G), we denote the set of outneighbours and inneighbours of v by N, (v) and
N (v), respectively, and we write di; (v) := N[ (v)| and d;(v) := [N (v)| for the out- and indegree
of v, respectively. For S C V(G) we write d”(v,S) := [N5(v) N S| and d*(v,S) := [N5(v) N S].
We write 6*(G) and 6~ (G), respectively, for the minimum out- and indegree of G and 6°(G) :=
min{6*(G), 5~ (G)} for the minimum semi-degree. Similarly, the maximum semi-degree A°(G) of G
is defined by A°(G) := max{A*(G),A™(G)} where A*(G) and A~(G) denote the maximum out-
and maximum indegree of G, respectively. A digraph is called d-regular if each vertex has exactly d
outneighbours and d inneighbours.

The notation above extends to undirected graphs in the obvious ways. In particular for an undirected
graph G, we write A(G) and 6(G), respectively for the maximum degree and the minimum degree. A
graph is called d-regular if each vertex has exactly d neighbours. For a vertex v € V(G) and subset
S C V(G), we write dg (v, S) := |[Ng(v) N S|.

A directed path Q in a digraph G is a subdigraph of G such that V(Q) = {vy, ..., v} forsome k € N
and E(Q) = {viva,vav3,...,vk—1vr }. We denote such a directed path by its vertices in order (i.e., we

We DO NOT write G [ A, B] for the graph with vertex set AU B and edge set EG (A, B), but instead for a bipartite undirected
graph; see below.
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write Q = viva---vg). A directed cycle in G is exactly the same except that it also includes the edge
vivi. Sometimes we identify paths with their edge sets.

A set of vertex-disjoint directed paths Q = {Q1, Q», ...} in adigraph G is called a path system in G.
We interchangeably think of Q as a set of vertex-disjoint directed paths in G and as a subdigraph of G
with vertex set V(Q) = |U; V(Q;) and edge set E(Q) = {J; E(Q;). We sometimes call this subdigraph
the graph induced by Q. A matching M in a digraph (or undirected graph) G is a set of edges M C E(G)
such that every vertex of G is incident to at most one edge in M. If M = {a;b; : i € [m]} is a matching
in a digraph, then we write V*(M) := {a; : i € [m]} and V- (M) = {b; : i € [m]}. A 1-factor in a
digraph G is a set of vertex-disjoint directed cycles whose union has the same vertices as G.

Throughout the paper, we will work with partitions of a vertex set V of the form {V;; : i, j € [k]} for
some k € N (so apartition into k2 parts). Foreach i, we write V;, := V;;U. - -UV;, and V,; := V1;U- - UV,
Note that {V;, : i € [k]} is a partition of V asis {V,; : i € [k]}. Note also that V;; = Vi, N V,;.

For two sets A and B, the symmetric difference of A and B is the set AAB := (A\ B) U (B \ A). For
x,y € (0, 1], we often use the notation x < y to mean that x is sufficiently small as a function of y [i.e.,
x < f(y)] for some implicitly given non-decreasing function f : (0, 1] — (0, 1]. We implicitly assume
all constants in such hierarchies are positive, and we omit floors and ceilings whenever this does not
affect the argument.

We use the following non-standard notation. Let G be a directed graph and let U, W € V(G) not
necessarily disjoint. We define G[U, W] to be the auxiliary undirected bipartite graph with bipartition
U, W where, for each u € U and w € W, uv is an (undirected) edge of G[U, W] if and only if uv is a
directed edge in E(G). Note that for each vertex in U N W, there are two copies of the vertex in G [U, W]
which are viewed as distinct. So G[U, W] has |U| + |W| vertices and e (U, W) edges.

2.1. Sketch of proof of Theorem 1.3

Theorem 1.3 is proved in several steps. One of the key ingredients is a structural result for directed graphs
(Theorem 3.5) that we derive from a result of Kiihn, Lo, Osthus and Staden [21] about partitioning
dense regular undirected graphs into robust expanders. Robust expansion is a notion introduced and
used by Kiihn and Osthus together with several coauthors to obtain a number of breakthrough results on
(di)graph decompositions and Hamiltonicity (see e.g., [23, 22, 21]). In Section 3, we give the necessary
background on robust expansion before proving Theorem 3.5, which we informally describe below.

Informally, robust expanders are dense (di)graphs that are highly connected in a certain sense, and
one of their key properties is that they are Hamiltonian under suitable (mild) degree conditions (see
Theorem 4.2). Moreover, they are robust to small alterations (see Lemma 3.1). If we could show
that every d-regular digraph (resp. oriented graph) can be partitioned into at most n/(d + 1) (resp.
n/(2d + 1)) robust expanders, it would be enough to prove Theorem 1.3. Such a partition does not
exist in general, but our structural result, Theorem 3.5, gives us a starting point. Roughly, it says that
for any d-regular n-vertex digraph G with d linear in n and n sufficiently large, there exist two vertex
partitions V(G) = Vi, U--- UV, and V(G) =V, U--- UV, with k < 1+n/(d+ 1) such that for each
i € [k], G[Vis, Vii] is a bipartite robust expander and |V;.| = |V,;|. Note here that k, the number of parts
in each partition, is at most one more than the number of cycles we desire (in the case of digraphs).
Writing V;; = V;. NV, for all i, j € [k], we can think of our two partitions as a single k2-partition
P={Vij:i,j€[k]} of V(G).

If the partition P described above is balanced, meaning that |V;.| = |V,;| for all i, then it turns out
that G can be covered by k vertex-disjoint cycles.? So to prove Theorem 1.3, we would like to ensure
our partition is balanced, and when k = 1+ [n/(d + 1)], we would like to slightly improve on the
number of cycles. For the latter, in Section 4, we define an auxiliary graph S(P) for the partition P,
which has vertex set [k] and ij € E(S(P)) if and only if V;; U V;; # 0. For each connected component
I C [k] of S(P), Lemma 4.1 shows how to find a cycle whose vertices are exactly |J;c; Vie U Vi

2This follows essentially from Lemma 4.1 although we do not show it explicitly in the paper.
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(provided P is balanced). These cycles are necessarily disjoint for different connected components of
S(P), so we obtain a cycle partition where the number of cycles is exactly the number of connected
components of S(P). For digraphs, if S(P) has at least one edge (so has at most k — 1 < n/(d + 1)
connected components), then Theorem 1.3 follows. Similarly, for oriented graphs, one can show (using
Proposition 6.5) that at least one edge in S(P) is enough to prove Theorem 1.3 for oriented graphs.
Thus, it is enough if our partition P is balanced and S(P) has at least one edge.

To ensure our partition is balanced (i.e., that |V;.| = |V.;| for all i), note first that, as mentioned
earlier, Theorem 3.5 already guarantees that |V;.| ~ |V,;| for all i. The idea will be to find and contract
a suitable collection of vertex-disjoint paths Q. Here suitable simply means that the numbers of edges
of Q between the various parts of P are related in the right way, in which case we call Q a P-balanced
path system (introduced in Section 5). If we can find such a P-balanced path system with few edges,
then contracting the paths will result in a graph with an adjusted partition P’ that is balanced and has
similar properties as P (Proposition 5.3), and any cycle partition in the contracted graph can be lifted
to a cycle partition in the original graph (Propositions 5.1). If the path system Q satisfies some further
properties then we can also guarantee that S(P’) has at least one edge and this will be enough to prove
Theorem 1.3. Lemma 5.4 says that we can always find a P-balanced path system with the required
properties, and so we reduce the task of proving Theorem 1.3 to the task of proving Lemma 5.4.

In Section 6 we reduce the proof of Lemma 5.4 to two lemmas, namely Lemmas 6.1 and 6.3.
Lemma 6.1 allows us to find a P-balanced path system with the desired properties under most circum-
stances, while Lemma 6.3 (together with Proposition 6.2) allows us to find such a path system in the
remaining ‘extremal’ circumstances when G is close to the disjoint union of cliques. Lemma 6.1 is
proved in Section 7 using a flow argument and Lemma 6.3 is proved in Section 8. These last two lemmas
are the most technical parts of the paper, so we defer their sketch of proofs to their respective sections.

3. Robust expanders

We first define robust expansion for graphs. Let 0 < v < 7 < 1 and let G be a graph on n vertices.
For S € V(G), the v-robust neighbourhood RN, c(S) is the set of all those vertices with at least vn
neighbours in S. We say that G is a robust (v, 7)-expander if every S C V(G) withtn < |S] < (1 - 7)n
satisfies |RN, G (S)| = |S| + vn. In fact we will mainly be concerned with bipartite robust expanders.
Let G be a bipartite graph with bipartition A, B. We say that G is a bipartite robust (v, T)-expander with
bipartition A, B if every S C A with 7|A| < |S| < (1 — 7)|A]| satisfies |[RN,, g (S) N B| > |S| + vn. Note
that the order of A and B matters here. Our first lemma says that bipartite robust expansion is robust to
small alterations; the lemma can easily be derived from the definition of robust expansion.

Lemma 3.1 [33, Lemma 3.4.9]. Let 0 < 1/n < v < 7 < 1 withv < 1/2. Let G be a bipartite graph
with U C V(G). Suppose G U] is a bipartite robust (v, T)-expander on n vertices with bipartition A, B
and that A’, B’ C V(G) are sets satisfying |AAA’| + |BAB’| < v|A|/4. Then G[A’ U B’] is a bipartite
robust (v/2,21)-expander with bipartition A’, B’.

Next we give a structural result due to Kiihn, Lo, Osthus and Staden [2 1] which states that any regular
graph of linear minimum degree has a vertex partition into a small number of parts where each part
induces a robust expander or a bipartite robust expander. In fact we state the special case of this result
for bipartite graphs, which is all we require.

Theorem 3.2 (Bipartite special case of [21, Theorem 3.1]). For all «, 7 > 0 and every non-decreasing
Sfunction f : (0,1) — (0, 1), there exists ny such that the following holds. For all d-regular bipartite
graphs G on 2n > ng vertices with bipartition A, B and d > an, there exist p, v with

I/ng<p<v<my p<fv)s and  1/nyg < f(p)

such that there is a partition of V(G) into sets A1, ..., Ak, B1, ..., Bx with the following properties for
alli € [k]:
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(1) G[A; U B;] is a bipartite robust (v, T)-expander with bipartition A;, B;;
(ii) forallx € A;UB;andj € [k], d(x, A;UB;) > d(x, AjUB}), so in particular, 6(G[A;UB;]) > d/k;
(i) [|A;| = |B:ll < 2pn;
(iv) all but at most 2pn vertices x € A; U B; satisfy d(x, A; U B;) > d —2pn;
) k <n/(d-2pn);
(vi) Ay,...,Ag is a partition of A and By, . . ., By is a partition of B.

Remark 3.3. Note that (i)—(iv) follow directly from the statement of [21, Theorem 3.1]. While (v) and
(vi) cannot be deduced immediately from the statement of [21, Theorem 3.1], they follow immediately
from the proof.?

We now define robust expansion for digraphs. Let 0 < v < 7 < 1 and let G be a digraph on n
vertices. For § C V(G), the v-robust outneighbourhood RN (S) is the set of all those vertices with
at least vn inneighbours in S. We say that G is a robust (v, T)-outexpander if every S C V(G) with

™ < |S| < (1 — 7)n satisfies [RN} - (S)| > [S]| + vn.

Proposition 3.4. Let 0 < 1/m < v < 7 < 1 with v < 1/2. Suppose G is a bipartite graph with
bipartition A, B, where A = {ay,...,a,} and B = {by,...,by}. If G is a bipartite robust (v,7)-
expander with bipartition A, B, then the digraph H with vertex set A and edge set E(H) = {a;a; :

aibj € E(G),i # j} is a robust (v/2,27)-outexpander.

The proposition above follows immediately from the definitions; we crudely replace (v, ) with
(v/2,27) to account for the loss of any edges of the form a;b;.

We now state and prove a structure lemma for regular digraphs that is derived from Theorem 3.2.
This will be one of the key ingredients in the proof of Theorem 1.3. It says that any dense regular digraph
G has two vertex partitions V(G) =V, U--- U Vi, and V(G) = V,y U - - - U V. with k relatively small
such that for each i, the (undirected) bipartite graph G|[Vi., V.;] is a bipartite robust expander (with
bipartition V;,, V.;). Various other degree and size conditions relating to the partition are also given.
Note that in the theorem below, we actually give a partition {V;; : i, j € [k]} and recall that for each
i € [k], wewrite Vi :=V;jU---UVigand V; :=V; U---U V. Thus V;; = Vi, NV,

Theorem 3.5. For all a, 7 > 0 and every non-decreasing function f : (0,1) — (0, 1), there exists ny
such that the following holds. For all d-regular digraphs G on n > ng vertices with d > an, there exist
P,V with

I/ng<p<v<rm p < fv); and  1/ng < f(p)

such that there is a partition P = {V;; 1 i, j € [k]} of V(G) satisfying, for all i, j € [k],

(i) G[Vi«, Vii] is a bipartite robust (v, T)-expander with bipartition V., Vi,
(i) for all x € Vij and i',j" € [k], d*(x,Vy) = d*(x,V.p) and d~(x,V}j.) = d™(x,Vjn), so in
particular, 6(G[ Vi, Vii]) = d/k;
(i) [|Viel = Vaill < 2pn;
(iv) all but at most 2pn vertices x € V;; satisfy d*(x, Vi), d™ (x,V;s) > d —2pn;
(v) k <n/(d-2pn).

Proof. We simply apply Theorem 3.2 to the obvious bipartite graph obtained from the directed graph
G, with the natural correspondence in parameters, as follows.

3The idea of the proof is to successively refine partitions of V (G) = A U B as follows. Assume we have obtained a partition
U ={Uy,...,U,} of V(G) such that there are few edges leaving or entering U for every U € U. If for some U € U we have
that G[U ] is not a bipartite robust expander (with bipartition U N A, U N B), then there is some S € U N A whose robust
neighbourhood R € U N B is not much larger than S. WritingU’ = SUR andU” = U \U’, weletU’ =U\ {U }u{U’,U"}.
It is not too hard to show (using the fact that G is regular) that, as with I/, there are not many edges entering or leaving each
U € U’. We continue refining the partition in this way until we obtain a partition /* where every U € U* satisfies that G [U |
is a bipartite robust expander with bipartition U N A, U N B. The process of refining the partition must eventually stop because
each U € U cannot be much smaller than d (the degree of G) since not many edges enter of leave U. This essentially shows (i),
(iii), (v) and (vi), while (ii) and (iv) are obtained by making slight adjustments to the final partition.
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For any d-regular digraph G on n vertices, let Hg be the d-regular bipartite undirected graph on 2n
vertices defined as follows. Let V(Hg) = A U B, where A and B are disjoint copies of V(G) and for
a€ Aand b € Bletab € E(Hg) if and only if ab € E(G). Now applying Theorem 3.2 with Hg
playing the role of G, we obtain the following statement.

For all @,7 > 0 and every non-decreasing function f : (0,1) — (0, 1), there exists ng such that
the following holds. For all d-regular digraphs G on n > ng vertices and d > an, taking Hg to be the
corresponding bipartite d-regular graph on 2n > ng vertices there exist p, v with

I/ng<p<v<ry p < fv); and 1/ng < f(p)

such that there is a partition of V(Hg) into sets Ay, ..., A, By, ..., Bx with the following properties
foralli € [k]:

(") Hg[A; U B;] is a bipartite robust (v, 7)-expander with bipartition A;, B;;
(ii’) forallx € A; UB; and j € [k], du, (x,A; UB;) > dp, (x,Aj U Bj), so in particular, 6 (Hg [A; U
B;]) > d/k;
(ii") ||A:] = [Bil| < 2pn;
(iv’) all but at most 2pn vertices x € A; U B; satisty dp,, (x, A; U B;) > d — 2pn;
(V") k <n/(d-2pn);
(vi") Ay,..., Ay is a partition of A and By, ..., By is a partition of B.

For i, j € [k], define V;; = A; N B; (where we think of A; and B; as sets of vertices of the digraph G).
First note that, by (vi’), P = {V;; : i, j € [k]} is a partition of V(G), and A; = V. and B; = V,;. Now
the natural correspondence between Hg and G means that (i")—(v’) imply (i)-(v), respectively. m|

4. Finding long cycles

Theorem 3.5 from the previous section shows that every (dense) regular digraph has a vertex partition
with some useful properties. In this section, we show how properties (i) and (ii) from Theorem 3.5
together with a simple balancing condition on the partition allow us to construct few long cycles that
can cover all the vertices of several parts in the partition.

Let Gbeadigraphon Vandlet? = {V;; : i, j € [k]} be apartition of V where we allow some parts to
be empty. We say that P is balanced if |V;.| = |V.;|foralli € [k].Fori, j € [k],let G;; be the subdigraph
of G on V;, UV,; with edges from V. to V., that is, E(G;;) = Eg(Vis, Vi;) = E(G) N (Vi X Vsj).

Define S(P) to be the graph (withoutloops) on [ k] such that foralli, j € [k] withi # j,ij € E(S(P))
if and only if V;; U Vj; # 0. The connected components of S(P) will determine which parts of P can
be covered by one long cycle. We remark that, by definition, ;¢; (Vix U Vi) and U ey (V). U Vi) are
disjoint for two distinct connected components / and J of S(P). The aim of this section is to prove the
following lemma.

Lemma 4.1. Let 1/m < v < 7 < a < 1. Let G be a digraph with a balanced vertex partition
P = {Vij 1 i,j € [k]}. Let I be a connected component in S(P). Suppose that, for all i € I,
G[Vi., Vii] is a bipartite robust (v, t)-expander with bipartition Vi, V.; such that |Vi.| > m and

0(G[ Vi, Vii]) = @|Vii|. Then there exists a cycle C in G with V(C) = U;ef (Vi U Viy).

The lemma above will be used as follows. Suppose we have a dense d-regular digraph G with a vertex
partition P such as that given by Theorem 3.5 but with the additional property that P is balanced. Then
Lemma 4.1 applied to each connected component of S(P) gives us a collection of s vertex-disjoint
cycles that cover V(G), where s is the number of connected components in S(P). So in later sections
we will be interested in obtaining balanced partitions P where the number of connected components of
S(P) is ‘small’.

We need the following theorem, which states that a robust outexpander with linear minimum degree
contains a (directed) Hamilton cycle.
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Theorem 4.2 ([23]; see also [25]). Let 1/n < v < T <y < 1. Let G be a robust (v, T)-outexpander on
n vertices with §°(G) > yn. Then G contains a Hamilton cycle.

The next lemma shows that, under the conditions of Lemma 4.1, V;,. U V,; can be covered either by
vertex-disjoint paths from V;. \ V;; to V,; \ V;; or by a cycle, and it is used inductively to prove Lemma 4.1.

Lemma 4.3. Let 1/m < v < 7 < a < 1. Let G be a digraph with a vertex partition P = {V;; : i, j €
[k]}. Leti € [k]. Suppose that G [V;.., V.| is a bipartite robust (v, T)-expander with bipartition V;,, V.;
such that |Vi| = |Vii| = m and 6 (G [V, Vii]) = am. Let ¢ : Vi \ Vi; — Vi \ Vi be a bijection. Then
there exists a path system Q in Gj; such that Q U {¢p(v)v : v € Vi \ Vii} is a cycle with vertex set
Vie U V. In the special case that Vi, = V.; = Vi;, we have that ¢ is an empty function and Q is a cycle
(rather than a path system) with vertex set V.

Proof. Let H be the digraph on V;, obtained from G;; by identifying v with ¢(v) for all v € V;, \ Vj;
and deleting any loops. Note that 6°(H) > 6(G[V;s,V.i]) — 1 > am/2 and H is a robust (v/2,27)-
outexpander by Proposition 3.4 applied to the undirected bipartite graph G[V;., V,;]. By Theorem 4.2,
H has a Hamilton cycle C. Note that if V;. = V;; = V,;, then H coincides with G[V;;], proving the lemma
in this case. If not, let V. \ V;; = {x1, ..., x¢} be such that C visits x1, . .., x¢ in that order. Thus, C can
be decomposed into paths Py, ..., P, such that P; is a path from x; to x;,;, where we take xp41 = x1.
Let Q; be obtained from P; by replacing x;,; with ¢(x;.1). Note that Q; is a path in G;; from x; to
¢(xj+1). The result follows by setting @ = {Q1,...,Q¢}. O

We now prove Lemma 4.1. For a connected component / in S(P), the idea is to apply Lemma 4.3 to
each i € I. Some care is needed to ensure that the union of path systems forms only one cycle.

Proof of Lemma 4.1. If I consists of a single vertex say i, then the result follows by Lemma 4.3 (since
in that case V;. = Vi; = V;;). Now assume |I| > 2, so V;, UV,; # V;; for all i € 1. Without loss of
generality, let / = [£] and order the indices of I such that for each j € [£ — 1], thereisa j" € [£] \ [J]
with jj” € E(S(P)). This can be achieved since [ is connected, (e.g., by taking a reverse breadth-first
search ordering). Note that V;; = V;; = @ forall i € [£] and j ¢ [{].

Fori e [€], let W} = Uicpiy, jrgri) Viry = Uireri Virs \ Ui jrefi Vi and W = Uigpiy, jrei Vi =
Ujreri) Vs \ Ui, jreqi) Virjr- Since P is balanced, |W;'| = |W; | for each i € [¢]. Also, by our ordering
of the indices, we have that W), W # 0 fori € [£ - 1] and that W} = W, = 0.

Let Qp = Wj = Wy = 0 and suppose for some i € [£], we have already found a path system Q;;
such that V(Q;-1) = Upefi—1)(Vir U Vi) and Q;; consists of precisely W/ | paths from W}, to
W:_,. We now construct Q; as follows. Let ¢ : Vi, \ Vi; = Vi \ Vi; be any bijection such that if there
is apathin Q;_| from v, € V,; \ V;; tov_ € Vi, \ Vi, then ¢(v_) = v,. Apply Lemma 4.3 and obtain a
path system Q7 in G;; such that Q] U {¢(v)v : v € Vi, \ V;;} is a cycle with vertex set Vi, U V.;. We set
Qi=Qi1VQ.

Suppose i = ¢. Note that W,_ | = Vg, \ V¢, and W;:l = V.¢ \ Vee. Hence Qp_| consists of paths from
¢(v) e W;_, tov e W,_,, we have V(Qr-1) = Upepe-1](Virs U Viir) = Urefe) (Vire U Viar) \ Ve Since
Q, U{p(v)v :v € Ve \ Ver}is a cycle with vertex set Ve, U Vi, we deduce that Qp = Q, U Q- isa
cycle with vertex set U e[¢](Virs U Viir) as required.

Suppose i € [¢ - 1]. Note that V(Q;) = Upe[s)(Vire U Vi) It remains to check that Q; is a path
system consisting of precisely |W | paths from W to W . Note first that paths in Q] C G;; start in
Vi \ Vi; and end in V,; \ V;; and have all internal vertices in V;;. On the other hand a path in Q;_; can
only intersect V. at its start point and V. at its end point and it avoids V;;. Therefore in Q; = Q; U Q/,
all indegrees and outdegrees are at most 1. A vertex has indegree zero in Q; 1 U Q! if and only if it is
a start point of some path in Q;_; U Q; but not an endpoint of any path in Q;_1 U Q], (i.e., the set of
vertices of indegree zero is

(W;—_l U (Vl* \ Vll)) \ (Wz_—l U (V*i \ Vzl)) = (W;—_l U Vt*) \ Vi = wf

L

https://doi.org/10.1017/fms.2025.28 Published online by Cambridge University Press


https://doi.org/10.1017/fms.2025.28

10 A. Lo, V. Patel and M. A. Yildiz

and similarly the set of vertices of outdegree zero is W; . Finally it remains to check that there are no
cyclesin Q;_; U Ql’.. By our choice of ¢, if there is a cycle, it spans all the vertices of V(Q;_1 U Ql’.), but
this cannot happen because vertices in W;* # 0 have in-degree zero. O

5. Balanced path systems and path contraction

As mentioned in the previous section, in order to apply Lemma 4.1 to obtain a suitable cycle partition of
a dense regular digraph G, we will require a vertex partition P of G such as that given by Theorem 3.5
but with the additional properties that P is balanced and S(7P) has few connected components. In this
section, we state a result (Lemma 5.4) that allows us to adjust a partition P to have these additional
properties. In particular, if P is not balanced, Lemma 5.4 guarantees us a so-called P-balanced path
system in G whose ‘contraction’ makes P balanced in a suitable way. At the end of the section we show
how Lemma 5.4 implies our main result, Theorem 1.3.

Let P = {V;; : i,j € [k]} be a partition of a vertex set V and let G be a digraph on V. Recall the
definition of G;; and of P being balanced at the beginning of Section 4. Write G;. = J;4; Gi; and
G*j = Ui;tj G,‘j. Let B(G,P) =G - Uie[k] G ;. Note that B(G,P) = Uie[k] Gi. = Uje[k] G*j. We
say that a digraph H on V (where H is usually a path system in G) is P-balanced if, for all i € [k],

Viel = Vil = en (Vie, V) = e (V. Vi) = Y e(Hij) = D, e(Hy) = e(Hi) = e(H).
Jelk] Jelk]

The above gives three equivalent conditions for H to be P-balanced. Note that if H is regular, then it is
‘P-balanced for any P.

Let Qbeapathin G fromv, € V; ;, tov_ € V;_; . We define the Q-contracted subgraph G’ of G tobe
G\V(Q) together with anew vertex wsuch that N, (w) = N5 (v-)\V(Q) and N, (w) = N5 (v)\V(Q).
We call P’ = {Vi’j 1, j € [k]} the Q-contracted partition of P, where

5.1)

V= (Vi \V(Q) u{w} if (i, ) = (i, j+)s
YoV \ V(Q) otherwise.

Let Q be a path system in G. The Q-contracted subgraph of G (and Q-contracted partition of P) is
obtained by successively contracting each Q € Q for G (and P, respectively).

The following two propositions follow from the definition of Q-contraction. In fact the definitions
are chosen precisely so that these propositions hold.

Proposition 5.1. Let G be a digraph and Q be a path system in G. Suppose that the Q-contracted
subgraph of G contains a 1-factor with € cycles. Then G also contains a 1-factor containing Q with £
cycles. (The new 1-factor is simply the old 1-factor with the paths in Q uncontracted.)

Proposition 5.2. Let G be a digraph on n vertices and let P = {V;; : i, j € [k]} be a partition of V(G).
Let Q be a path system in G such that e(Q) < |Vi.l|, |Vui| foralli € [k]. Let G’ and P’ = {Vi’]. 11, J € [k]}
be the Q-contracted subgraph of G and Q-contracted partition of P, respectively. Then for all i € [k],
o(G'[V, VD) 2 6(G[Vis, Vii]) — 2e(Q).7

Proposition 5.3. Let P = {V;; : i, j € [k]} be a partition of a vertex set V and Q be a 'P-balanced path
system on V. Then the Q-contracted partition of P is balanced.
Proof. Let Q € Qbeapathfromv, €V, ; tov_ €V, ; . Foreachi,j € [k],letg;; = e(Q;;) (i.e., the

number of edges of Q from V;, to V,;.) Let P’ = {Vl’j : 1, j € [k]} be the Q-contracted partition of P.
Consider i € [k]. Note that

“Note that, in the definition of contraction, the new vertices created are placed in exactly the right parts to ensure the degree
condition in the proposition.
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Vil = Viel = Ve OV(@Q + LG = 00) = Vil = . i
Jelk]

V2l = Vail = Ve OV + 1 = 1) = Vail = ) g
Jelk]

Therefore, |V/, | = V)| = [Vis| = Vil = Zjerr1(qij — @ji) = Viel = [Vail = (e(Qix) — €(Qi)). A similar
statement holds for the Q-contracted partition P* = {V/; : i, j € [k]} of P, and the result follows as Q
is P-balanced (i.e., for each i € [k], [V | = [V5] = [Vie| = [Vii] = (e(Qix) — e(Q4i)) = 0). O

The next lemma says that one can adjust the vertex partition P found in Theorem 3.5 by a small
amount, and find a P-balanced path system Q such that S(P*) has few connected components, where
P* is the Q-contracted partition of P. It is exactly what we need to prove Theorem 1.3, as we shall see.
In Section 6, we break this lemma down into two further lemmas.

Lemma 5.4. Let 1/n < y < a,1/k. Let G be a d-regular digraph on n vertices with d > an and
P ={Vij :i,j € [k]} be a partition of V(G) such that, for all i, j € [k],
(i) 6(G[Vis, Vuil) 2 d/k;
(i) [Vis| = Vil < yns
(i) |Viil, [Viil =2 d —yn;
(iv) all but at most yn vertices x € V;j satisfy d*(x,V.;),d™(x,Vj) = d —yn.
Then there exists a partition P’ = {Vl.’j 1 i,j € [k]} of V(G) and a P’-balanced path system Q in G
such that
(@) foralli, j € [k], |VijaV};| < y'/Pn;
(b) foralli € [k],8(G[V/,V.]) = (d/k) —y'*n;
() e(Q) < y'’n;

(d) S(P*) has at most n/(qd + 1) connected components, where P* is the Q-contracted partition of
P’, and we set q =2 if G is an oriented graph and q = 1 otherwise.

5.1. Proof of Theorem 1.3

We now prove Theorem 1.3 assuming Lemma 5.4.

Proof of Theorem 1.3. Choose a non-decreasing function g : (0, 1) — (0, 1) such that the requirements
of Lemmas 4.1 (with m = @n/2) and 5.4 are satisfied whenever n, y, v, T, a satisfy

I/n <,y <, v <7 <4 q,

where we write a <, b to mean a < g(b). Set f(x) := min(x, g(x*>/4)). Fix 7 < f(a) and apply
Theorem 3.5 to obtain ng such that for any d-regular digraph G on n > ng vertices with d > an, there
exists v and v such that

In<yy<r vt <5 a

and a partition P = {V;; : i, j € [k]} of V(G) satisfying, for all 7, j € [k],

(a1) G[Vi, Vii] is a bipartite robust (v, 7)-expander with partition Vj,, V,;;

(a) for all x € V;j and ', j" € [k], d*(x,Vi;) = d*(x,V.p) and d™(x,V;) > d™(x, V), so in
particular, 6(G [ V., Vii]) = d/k;

(a3) ||Vt*| - |V>s<t|| <ym;

(as) all but at most yn vertices x € V;; satisfy d*(x, Vi), d™ (x,V}.) = d — yn;

(as) k < n/(d - yn).
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Note that (as) in particular implies that y < 1/k. Furthermore, (ay) and (a4) together with y <« 1/k
imply that

(ag) foralli € [k], [Visl, [Vii| = d —yn.

Let g = 2if G is oriented, and g = 1 otherwise. Apply Lemma 5.4 and obtain a partition P" = {V/, :
i,] € [k]} of V(G) and a P’-balanced path system Q in G such that

(by) foralli,j € [k], |VijAVi,j| <y,
(bp) foralli € [k],0(G[V/,V]]) = (d/k) —yl2y;
(b3) e(Q) < y'/*n;

(by) S(P*) hasat mostn/(gd+1) connected components, where P* is the Q-contracted partition of P’.

Let P* = {Vl.*j 11, j € [k]} and let G* be the Q-contracted subgraph of G. We will check that, for all
i,J € [k],

(c1) P* is balanced;

() [VijaVyl < 5y'7n;

(c3) VAL IVl = d = 6ky'Pn > df2;

(c4) G*[V:, V] is a bipartite robust (v/2, 271)-expander with bipartition V, V;

i%2 Ul [ESIMET A

(cs) §(G[VL, Vi = @’IV;i/2.

i%?

Note that (c;) holds by Proposition 5.3. Consider i, j € [k]. Note that

(b1),(b3)
Vi aVij| < V5V + [V aVi] < 2IV(Q)] + |v;jAv,~j|‘ < Ay 2 4y 12 = 5912
implying (cz). Hence (c3) follows from (ag) and (c3) as y < a, 1/k. By (aj), (c2), (¢c3), and y < v,
Lemma 3.1 (applied to the bipartite graph G* [V}, V"] U G[Vis, Vi;] with Vi, Vi, VI, V7 playing the

roles of A, B, A’, B’ respectively) implies that (c4) holds. By (ag), (b;), and (b3), we have ¢(Q) <
y'2n <d—yn—ky"?n < [V, IVl as y < a, 1/k. Hence, by Proposition 5.2,

* * * ’ ’ bZ)’(b) *
S(G*[VEVE]) 2 5(GIVL. VL) - 2e(Q) % (d/k) - 3y n > V2|2,

where the last inequality holds as y < @, 1/k and k(@ —y) < 1 by (as). Hence (c5) holds.

Apply Lemma 4.1 (with G*, P*,d/2,v/2, 2T, 02/2 playing the roles of G, P, m, v, T, a, respectively)
to each connected component 7 in S(P*). Thus, by (bs), G* can be covered with at most n/(gd + 1)
vertex-disjoint cycles (where we have a cycle on U; ¢ (Vi U V,;) for each component I of S(P*) so that
each cycle has length at least d/2 by (c3)). By Proposition 5.1, G can be covered with at most n/(gd+1)
vertex-disjoint cycles (each of length at least d/2). O

6. Proof of Lemma 5.4

In the last section we reduced the task of proving Theorem 1.3 to the task of proving Lemma 5.4. In this
section we reduce this further to the task of proving Lemmas 6.1 and 6.3. We start by introducing the
notion of a non-trivial path system, which will help us control the number of connected components of
S(P*) (as required in the conclusion of Lemma 5.4).

Recall the definitions at the beginning of Sections 4 and 5. Let P = {V;; : i, j € [k]} be a partition
of a vertex set V. We call a path system Q on V non-trivial if there exists i # j such that V;; \ V(Q) # 0
or Q contains a path from V. to V;.. Otherwise, we call Q a trivial path system. Note that if Q is non-
trivial, then the Q-contracted partition P’ of P has the property that S(P’) has at least one edge so that
its number of connected components is strictly less than its number of vertices.

Lemma 6.1 below shows that, under the same hypothesis as Lemma 5.4, there exists a P-balanced
path system with few edges, and moreover that this path system is non-trivial if further assumptions are
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made. We shall see at the end of the section that the existence of such a non-trivial P-balanced path
system is enough to prove Lemma 5.4. In fact, a P-balanced path system alone (without the condition
of being non-trivial) is enough to prove Lemma 5.4 except in the extremal cases when d ~ n/k if G is
digraph and when d ~ n/2k if G is an oriented graph.

Lemma 6.1. Let 1/n < y < 1/k,a. Let G° be a d-regular digraph on n vertices with d > an and
P ={V;; :i,j € [k]} be a partition of V(G®) such that, for all i € [k],

(i) 6(G°[Viu, Vii]) = d/k;
(i) [|Viel = Vil < yn;
(iii) |Viul, |Vii| = d = yn.

Then G° contains a P-balanced path system Q such that e(Q) < k>yn. Moreover, if one of the following
holds

(1) 3, jepe): inj IVijl > K2yn, or
(m2) there exists vy € V,,, for some ig # jo such that d*(vo, Viiy) — d™(vo, Vigs) = 100k12y1/3d,
then we may assume that Q is non-trivial.

In case Lemma 5.4 gives a P-balanced but trivial path system (i.e., when both (m1) and (m2) fail), we
use the next proposition to slightly modify P and Lemma 6.3 to find the desired non-trivial, P-balanced
path system.

Proposition 6.2. Let 1/n < y < 1]k, a. Let G° be a d-regular digraph on n vertices with d > an and
P ={V;; :i,j € [k]} be a partition of V(G®) such that, for all distinct i, j € [k],

(i) 6(GO[Viu, Vail) = d/k;
(i) X jrefry: e Virpl < yn;
(iil) forallv € V;j, we have d*(v,V.;) —d~(v,V;,) < yn.

Then there exists a partition P" = {V/ :i € [k]} of V(G®) such that, for all i € [k],

@) |ViiAVi,i| < yn;
(ii") 6°(G°[V/]) > d/k —yn.

Proof. Foreachi € [k], let V!, = V;,. Clearly, P’ = {V/, : i € [k]} is a partition of V(GY). Note that
(ii) implies (i"). For v € V;; (possibly i = j), note that

(i) @
d+(V, V[’[) = d+(V, Vl*) Z d+(V, ‘/ll) g d+(V, V*l) - 7” Z d/k - yn

If i # j, similarly, we have

(iii) @
d~(v,V}}) =d~ (v, Vi) > d*(v,V.:) = yn = d/k — yn.
Also, for all v € Vy;, (i) implies d~ (v, V/;) = d™ (v, V;.) > d/k. Hence (ii’) holds. O

Lemma 6.3. Let d, k € N be such that k > 2 and d > 165k>. Let G be a d-regular digraph on n vertices
and P ={V;; : i € [k]} be a partition of V(G) such that, for all i € [k],
@) Vil 2 d/2;
(i) n < (2d + )k, and n < (d + 1)k if G is not oriented;
(iii) forallv € Vi, d*(v, Vi) +d~ (v, Vi) = d/k.
Then G contains a non-trivial P-balanced path system Q with e(Q) < k.
Before we can prove Lemma 5.4, we need a good lower bound in oriented graphs for | | J;c; (Vix U Viy)|
for any connected component / in S(P); see Proposition 6.5. For this, we use the following result on

the minimum semi-degree threshold for an oriented graph to be a robust outexpander. Recall that the
definition of robust outexpander is given immediately after Remark 3.3.
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Lemma 6.4 [22, Lemma 13.1]. Let 1/n < v < 7 < &/2 < 1. Then every oriented graph G on n
vertices with 6°(G) > (3/8 + &)n is a robust (v, T)-outexpander.

Proposition 6.5. Let 1/n < vy < a, 1/k. Let G be an oriented graph on n vertices with A°(G) < d
where d > an. Let P = {V;; : i, j € [k]} be a partition of V(G) such that |V;.| > d/2 for all i € [k].
Suppose that, for all i, j € [k], all but at most yn vertices x € V;; satisfy d*(x,V.;),d™ (x,V;.) = d—yn.
Let I C S(P) be a connected component. Then

i uva

iel

. J2(d=yn) il =1,
~ |9(d - 5yn)/4 otherwise.

Proof. Without loss of generality, let I = [£]. For each i € [£], we can find vertices v; € V;, such that
d*(vi,V.)) = d—vynasy < a, 1/k, which shows in particular that |V,;| > d — yn. Hence, if £ > 3,

U(Vi* U V*i)

i€l

> > Vail 2 €(d = yn) 2 3(d = yn) 2 9(d - Syn) /4.
i€[l]

If £ = 1, then V1 = V|, = V.. There exists a vertex v € V;; such thatd*(v, V1), d" (v, Vi1) = d—yn.
Since G is an oriented graph, we have |Vy1| > d* (v, Vi1) +d~ (v, V1) = 2(d — yn).

If € = 2, then Ujepp) Vie = Ujepz) Vi and Vi = Vi = 0 for all (7, j) € [2] x ([k] \ [2]). Let
Vi = Uiepa) Vis = Uiea) Vai- There exists a vertex subset W C V; such that

[W| = |Vi| —4yn = 2(d — yn) — 4yn > an,
and such that, writing W;; = W n'V;; for i, j € [2], we have for all i, j € [2] that
d*(x,W.;),d (y,W;,) >d—5ynforallx € Wy, and y € W,;. 6.1)

Hence 6°(G[W]) > d - 5yn.

Let 7 be a constant with y < 7 < a@. Next we show that G[W] is not a robust (y'73, 7)-outexpander.
Fori € [2], (6.1) implies that |W;.| > d —5yn > tn > 7|W| and so 7|W| < |W;| < (1 — 7)|W|. Since
Wi U Wy, = W, U W,,, we may assume without loss of generality that |Wy.| > |W,|. Recall that
A%(G) < d. By (6.1), each vertex in |W;.| has at most Syn outneighbours in W,s, so

ec(Wi., Wa) < Syn?

+

<y'Ban <y |w),

where the penultimate inequality holds as y < «@. This implies that

RN o (Wi)| < Wat| + RN, (W1.) 0 Waal < W]+ W],

Hence G[W] is not a robust (y'/3, 7)-outexpander as claimed. Lemma 6.4 with £ = 5/72 implies
§%(G[W]) < (3/8 + €)|W| = 4|W|/9. Then 4|W|/9 > d — Syn, and the result follows. m|

We now prove Lemma 5.4 assuming Lemmas 6.1 and 6.3.

Proof of Lemma 5.4. Let Gand P = {V;; : i, j € [k]} be as in the statement of Lemma 5.4. We apply
Lemma 6.1 (with G° = G) and obtain a P-balanced path system QO such that ¢(Q°) < k’yn. Let
PO be the Q°-contracted partition of P. Let k* be the smallest integer larger than n/(gd + 1), that is,
k* = |n/(gd + 1)) + 1. If S(P°) has at most n/(qd + 1) connected components, then we are done by
setting P’ = P and Q = Q since ¢(Q°%) < k*yn < y'/>n. Hence we may assume that S(P°) has at
least k* connected components.

Claim 6.6. We have k* = k and S(P°) is an empty graph on [£*].
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Proof of claim. Since 1/n <y < @ and d > an, we have that

" " < ! and so 1 <
qgd—vyn) qd+1 "~ 10 q(d—vyn) |~

n *
qd+1J+1_k' (6.2)

First suppose that G is not oriented, so g = 1. Recall (iii) that |V;.| > d — yn for all i € [k], so
n > k(d — yn). Together with (6.2), we have k < |[n/(d —yn)] < k*. On the other hand, since S(P?)
has at least k* connected components, we have k = |V(S(P°))| > k*. Thus k = k*. Furthermore, S(P?)
is an empty graph on [k*] (or else S(P°) would have fewer than k* connected components).

Next, suppose that G is oriented, so ¢ = 2. Let Iy, ..., 1,5 be connected components of S (PO)
such that |/;| = 1 if and only if j € [a]. Note that a + b > k* and {Uiel_,-(vi* UV.) :j € [a+b]}
is a partition of V(G). Recall (iv) that for all i, j € [k], all but at most yn vertices x € V;; satisty
d*(x,Vii),d™(x,Vj.) = d —yn. Also, we have that |Vi,| > d —yn > d/2for alli € [k] as ¥y < a. By
Proposition 6.5, we have

9(d -5 d—-37
n= > | JWin V)| 2 2d - yma+ A=Y i = ymya+ by + L2350
. A 4 4
jela+blliel;
Hence (6.2) implies that
1 n n n b(d —37yn) b
—> - k> (at+bh— k) + 2 b—k")+ -,
102 2d—ym 2d+1 2d—ym) K Zla¥ " Sa—ym @t )+

where the last inequality holds as y < @. Recalling that a + b > k™, this shows thata+b = k and b = 0,
and so a = k*, proving the claim. O

Since S(P) is an empty graph on [k*], we deduce that Q¥ is trivial as defined at the start of the
section. By the moreover statement of Lemma 6.1, we have

(E) Sijelk]: iz Vijl < k*yn < y'"*n and
(m2) for all distinct i, j € [k] and v € V;;, we have d*(v, Vi;) — d™~ (v, Vi) < 100k'2y13d < y1/4n,

By Proposition 6.2 (with y!/# playing the role of ), there exists a partition P’ = {V/, :i € [k]} of
V(G) (and we take Vl.’j = for i # j) such that, for all i € [k],

(W) [ViaVil <y
(i") 6%(GV;;]) 2 (d/k) —y'*n.

Finally, apply Lemma 6.3 (with P’ playing the role of P) by noting that property (i) of Lemma 6.3
holds by property (iii) of Lemma 5.4 together with (H) and (i) above, and properties (ii) and (iii)
of Lemma 6.3 hold by Claim 6.6 and (ii”) above, respectively. Thus, in G, we obtain a non-trivial P’-
balanced path system Q with e(Q) < k < y!/%n. Also, if P* is the Q-contracted partition of P’, then by
Claim 6.6, S(P*) has at most k — 1 = k* — 1 < n/(gd + 1) connected components since Q is non-trivial.
This gives (c) and (d) in Lemma 5.4, while (ml) and (i") imply (a), and (ii") implies (b). o

7. Proof of Lemma 6.1

Recall that in Lemma 6.1, we are given a d-regular digraph G° on n vertices together with a partition
P =A{Vy :i,j € [k]} of V(G®) satisfying certain size and degree conditions, and we must find a
‘P-balanced path system Q with few edges. Moreover, we require that Q is non-trivial under certain
circumstances. We begin with a sketch of our proof approach for this lemma (ignoring the moreover
part for now). Recall the definitions at the start of Sections 4 and 5.

Let V* and V™ be two disjoint copies of V(G°). Let V7', ..., V/, to be the partition of V* corre-
sponding to Vi, .. ., Vi, in V(G?). Similarly, let V...,V tobe the partition of V™ corresponding to
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Figure 1. The network F*.

Vil, ..., Vir in V(G®). Let H be the bipartite digraph with bipartition V*, V= such that for each x € v
and y € V.. we have xy € E(H) if and only if xy € E(G®) and i # j. So there is a bijection between
E(H) and E(B(G°, P)).

A naive approach is to find, for each i, j € [k] with i # j, a matching M;; in H[V;,V;j] with
e(M;j) = e(G?j)/d. If Q,; is the subgraph in G° corresponding to M;;, then Q = Ui jerx) Qij is P-
balanced by construction since G is d-regular. It is relatively easy to guarantee Q has few edges by first
passing from G to a suitable subdigraph G (see Proposition 7.6). However, there are three problems
with this approach: (i) A°(Q) might be greater than one (meaning that Q is not a path system), (ii)
e(G?].) /d may not be an integer, and (iii) Q may contain cycles, even if A%(Q) < 1.

To overcome (i) and (ii), we consider a suitable flow problem by converting H to a network
Fr=(F*",w,s", t*) as follows (the formal definition of a network and flow are stated in Section
7.1). Starting with the graph H (with all edges of H having capacity 1), we add new vertices
§*,81,..., 8k, 1", 11, ..., Ik, where s* and ¢ are the source and sink respectively and where the s; and ¢;
are viewed as ‘local’ sources and sinks, respectively. For each 7, j € [k] and each x* € VI, y~ € V*‘j,
we add the edges s;x* and y~¢;, each of capacity 1. For each i € [k], we add the edge s*s; of capacity
max{|Vi.| — |Viil, 0}, the edge ;¢ of capacity max{|V.;| — |V;«|,0} and the edge ¢;s; of infinite capacity.
This gives the network F*; see Figure 1. Consider a maximum integer flow f for F*. Define Q to be
the subdigraph of B(G?, P) such that xy € E(Q) if and only if x*y~ has a flow of one in f, where x*
and y~ are the corresponding copies of x and y in V* and V-, respectively. Note that A°(Q) < 1 by
construction. Also it is easy to check that O is PP-balanced provided all edges at s* (and hence also at
t*) are saturated by f.

To guarantee this latter condition on f; it turns out that it is enough to find a fractional flow f* such
that fl*J the total amount of flow in f* through the edges in H[V;., V.;], is roughly e(G?j)/d for all
i # j. Such a fractional flow is almost a maximum flow, and we can use the max-flow min-cut theorem
to convert this fractional flow into an integer flow that saturates the edges at s* (and ¢*); see Claim 7.10.
This also addresses (ii) above.

To deal with (iii), suppose we could find a matching M° of G such that e(M°[V;., Vi;]) > e(G?j) /d

for all i, j € [k]. Then defining H (and F*) using M instead of G°, we could apply the same argument
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as before to obtain a P-balanced subgraph Q € M (which is therefore necessarily a path system as
required). However, it is not always possible to find such a matching, so instead, for each 7, j, we find a
large ‘extendable matching’ in G? : which consists of a matching M;; € G? ; together with sets of vertices
X;; C Vi. and X SV where each vertex vt € X;’j has high outdegree in G?j and each vertex v~ € X
has high indegree in G?,., and where (J; ; M;; is a matching (see Lemma 7.8). Here the very large degrees
of vertices in X;; = X;; U XI‘J allow us to greedily extend M;; into a suitably large path system> (see
Proposition 7.9). These path systems would be disjoint (as required) if the X;; are disjoint, but a priori
the X;; will not be disjoint. Therefore, we must modify the X;; so that each vertex is assigned to at most
one X:; and at most one Xl’] It turns out that this assignment problem is not too hard to incorporate into
the flow problem described earlier (we simply add an edge of capacity 1 from v* € V* to¢; if v* € Xl.+j
and similarly if v~ € Xt.‘j). Solving the flow problem gives us the disjoint ‘extendable matchings’ we
seek (meaning the X;;’s are disjoint), which can greedily be extended to give the desired path system.

7.1. Flows

We recall some common definitions and facts about flow networks. We note that flows are only used in
the proof of Lemma 6.1 (and not in any preliminary results).

A flow network is a tuple F = (F,w, S, T), where F is a digraph, w: E(F) — Ry is the capacity
function, and § C V is a set of sources (i.e., each s € S only has outedges incident to it) and T c V
is a set of sinks (i.e., each t € T only has inedges incident to it). A flow for the flow network F is a
function f: E(F) — Ry such that, for all e € E, we have f(e¢) < w(e) and, forallv e V\ (SUT),
we have ZueN;(v) fluv) = ZuGN;(V) f(vu). We define the value of f as val(f) = D es ZveN;(s)
fsv) = Yer ZueN;(,) f(ut). A maximum flow in a given flow network is a flow f that maximises
val(f). We say that f is an integer flow if f(e) is an integer for all ¢ € E, and to emphasize the contrast,
we sometimes refer to a flow that is not necessarily an integer flow as a fractional flow. For any set of
edges E’ C E, we write f(E’) := Y ,cp f(e). If S = {s} and T = {¢}, then we simply write (F,w, s, 1).

There are variants of the above notions that we will use. In particular, as well as having edge capacities,
a flow network can also have vertex capacities (which restrict the amount of flow that can pass through a
vertex) so that now w : E(F)UV(F) — R*, and foreachv € V(F)\ (SUT) a flow is defined as before
with the added restriction that f(v) < w(v), where f(v) := ZueN;(V) fuv) = ZMGN;(V) f(vu). One
can easily reduce this to the situation of just edge capacities by replacing each vertex v with a directed
edge v™v* of capacity w(v) and each directed edge uv (or vw) with uv~ (or v*w, respectively) where
new edges inherit the capacities of their old counterparts. We say that a flow f saturates an edge e (or a
vertex v) if f(e) = w(e) (or f(v) = w(v), respectively).

Let (F,w,s,t) be a flow network. For a partition (U, W) of V(F) with s € U, t € W the edge set
Ep(U,W) is called a cut. (Recall that Er (U, W) is the set of edges in F from U to W.) The capacity
of acut Er (U, W) is the sum of the capacities of its edges, (i.e., w(Er (U, W)) = Ycp.w,w)w(e).)
A minimum cut of the given flow network is a cut of minimum capacity. We make use of the following
well-known theorem.

Theorem 7.1 (Max-flow min-cut [4]). Let (F,w, s, t) be a flow network.

@) Iffisaflow and Ep(U,W) is a cut then val(f) < w(Er (U, W)).
(ii) We have that f is a maximum flow and Ep(U,W) is a minimum cut if and only if val(f) =
w(Ep(U,W)) and in that case f saturates every edge in Eg (U, W).
(iii) If all capacities are non-negative integers, [i.e., w(e) € Zsq for all e € E(F)], then there exists a
maximum flow f that is an integer flow.

We also use the following whose proof is omitted as it is straightforward.

SWhen doing the greedy extension we obtain a path system (with paths of length at most 3) rather than a matching because we
allow the start (resp. end) point of an edge in M;; to be in X i (resp. ij)
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Proposition 7.2. Let F = (F,w, s,t) be a flow network and f a flow for F. Then, for any edge e € E(F),
there exists a flow [’ for F such that f’(e) = 0 and val(f’) = val(f) — f(e).

7.2. Preliminaries

We will require Vizing’s theorem for multigraphs in the proof of Lemma 7.8. Let H be an (undirected)
multigraph (without loops). The multiplicity u(H) of H is the maximum number of edges between two
vertices of H, and, as usual, A (H) is the maximum degree of H. A proper k-edge-colouring of H is an
assignment of k colours to the edges of H such that incident edges receive different colours.

Theorem 7.3 ([34]; seee.g., [5]). Any multigraph H has a proper k-edge colouring withk = A (H)+u(H)
colours. In particular, by taking the largest colour class, there is a matching in H of size at least
e(H)/(A(G) + u(G)).

We will also require the following simple proposition about decomposing acyclic digraphs into paths.

Proposition 7.4 [26, Proposition 2.6]. Let G be an acyclic digraph. Then the edges of G can be
partitioned into 3., cy (G)|d* (v) — d~(v)|/2 directed paths.

We will need the following property of regular digraphs; its proof is a simple exercise by considering
ZveV,-* d*(v) and 3, €Vii d (v).
Proposition 7.5 [27, Proposition 3.2]. Let G be a d-regular digraph, k € N, and P = {V;; : i, j € [k]}
be a partition of V(G). Then, for all i € [k], we have d(|Vi.| — |Vii]) = e(Gix) — e(G).

The next proposition shows that we can consider a simpler subgraph G in B(G°, P).
Proposition 7.6. Let G° be a digraph, k,d € N and P = {Vij 11, j € [k]} be a partition of V(G°) such

that for alli € k], e(G?*) - e(GSi) = d(|Vi«| = |Vsil). Then, by reordering [ k] if necessary, there exists
a subdigraph G of B(G, P) such that

e(G) < d(k=1) Y IViel = IVuill/2,
i€lk]
e(Gi) = e(Gu) = d(IViul = |Vuil) for all i € [K],

and foralli, j € [k] withi < j, e(Gj;) = 0.

Proof. Define an auxiliary multidigraph H® on [k] (with loops) such that there are precisely e(Gy,)

many ij edges in H°. There is a natural bijection between E(G°) and E(H"). Let H be an acyclic
subdigraph of H° obtained by successively removing all edges of a directed cycle where we treat loops
also as cycles. Note that, for all i € [k],

dty (i) = dyy (i) = diy (i) = diy (D) = €(GY,) = e(G) = d([Via] = Vi) (7.1)

Since H is acyclic, by relabelling if necessary, we may assume that there are no edges ji with i < j.
By Proposition 7.4, E(H) can be decomposed into ;¢4 |d}'{ () —dy (i)|/2 directed paths. Since each
path can have length at most k — 1 (as H has k vertices), we have

e(H) < (k=1) Y d (i) = dg D]/2=dk = 1) D Vil = [Vaall/2.
ielk] i€[k]

The result follows by setting G to be the subdigraph of G° corresponding to H. O

We need the following lemma from our previous work [27]. It states that given a set of matchings of
low total maximum degree, one can select a relatively large number of the edges from each matching
so that the union of selected edges is also a matching.
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Lemma 7.7 [27, Lemma 4.2]. Let k,£ € N and M|, M>, . .., My be matchings with A (Uie[(;] M,-) < k.
Suppose e(M;) > 8k®1In ¢ for alli € [€]. Then, there exists a matching M C Uiere) Mi with M 0 M;| >
e(M;)/2k? for all i € [£].

Any graph (or digraph) either has a large matching or has all its edges incident to a small set of vertices
(so these vertices have relatively large degree). The following lemma allows us to interpolate between

these extremes and moreover does it simultaneously for all G;;. This corresponds to the ‘extendable
matchings’ described in the sketch of proof.

Lemma 7.8. Let G be a digraph, k,d € N, and P = {V;; : i,j € [k]} be a partition of V(G). Let
0 € (0,1) with 0d > 2. Forall i,j € [k] and v € V(G), let Xl.+j ={v e V(G) : d’éil_(v) > 0d} and
define Xl_J similarly. Then, for each i, j € [k], there exists a matching M;; of G;j such that

(1) e(Gij) < Drexy, dg;, (1) + T ex; dg, (x7) + (6k>0d)e (M) + 50k '06d;
! ij i ij i
(2) foralluv € M;j, u ¢ X; andv ¢ XI_J,
(3) Uy, jerx) Mij is a matching.
Proof. Consideri, j € [k].Let H;; be the multigraph obtained from G;; by deleting all the edges uv with

ue Xl.+j orv e Xl._j, and by making all the edges undirected. Note that we have A (H; ;) +u(H;j) < 20d+2
and

e(H;)) = e(Gjj) - Z dg, (<) + Z dg, ()| (7.2)

xteXt x~eX
ij L

Then, by Vizing’s theorem for multigraphs (Theorem 7.3), there exists a matching M ;Ij{ in H;; of size at
leaste(H;;)/(20d+2) > e(H,;)/36d.Let M?j be the corresponding matching in G;;. Ife(M?j) < 16k,
then we set M?j to be empty. Thus, together with (7.2) we have

e(Gy) <| D d )+ D dg (x7) [+ (30d)e(MY) +50k'0d.

+ + — -
X eXij X eXiJ.

Observe that A(Ui’ Jelk] Ml.oj) < k. Apply Lemma 7.7 for nonempty matchings Ml.Oj (with £ < k%) to
obtain M;; C M?j (set M;; = 0 if Ml?i = 0) such that ; je[x) Mi; is a matching and, for all 7, j € [k],
e(M;;) > e(Ml.Ol.)/Zkz. The result follows. o

Recall that for any directed matching M, V* (M) and V™~ (M) are the sets of starting and ending vertices

of the directed edges in M, respectively. Formally, V*(M) = {v € V(M) : vw € E(M) for some w €
V(M)} and similarly for V= (M).

Proposition 7.9. Let G be a digraph, k € N, and P = {V;; : i, j € [k]} be a partition of V(G). Let
W C V(G). Suppose that, for each i, j € [k] withi # j, there exist Y[j C Vi Y CVijand Mij € Gij
such that

(@) M =U; jerx) Mij is a matching;

(b) both of{Y;}, V¥ (M) 2 i, j € [k]} and {Yl.;., V= (M;j) =1, j € [k]} are sets of disjoint sets;

(© forall y* € ¥} and y~ € ¥, d5 (v).dg, (v) 2 2 5 jepig (V] + 1Y+ e(Mi) + W]+ 1.
Then B(G,P) contains a path system Q such that the following hold:

D e(Qij) = |Yl;| + |Yl.;.| +e(M;j) foralli, j € [k], where Q;; = QN E(Gyj);
(i) V(Q N W C U jex) (Y VY U VM),
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(iii) if y* € Y;; \ V™ (M), then there exists u € V,; \ W such that the single edge y*u is a path in Q, and
a similar statement for y~ € Yi;. \ V*(M) holds.

Proof. Start by setting Q = M and then for each y € Yl; (and y €Y, l.;.), greedily add an edge yv (and vy,
respectively) in G;; \ W such that v avoids all current vertices in Q and all vertices in [ J i’j(Y;;. v Yi}),
which is possible by (c). It is clear that we always maintain a path system, and that (i)—(iii) hold by
construction. i

7.3. Proof of Lemma 6.1
‘We now prove Lemma 6.1.

Proof of Lemma 6.1. We split the proof into several steps.
Step 1: Defining G. By Proposition 7.5, e(G%,) — e(G%) = d(|Vi.| — |V,4]) for all i € [k]. Apply
Proposition 7.6 and, without loss of generality, obtain a subdigraph G of B(G°, P) such that

(i)
e(G) < (k=1)d Y |IViel = Vuill/2 < KPydn. (13)
i€[k]

e(Giv) —e(Gy) = d(|Vis| — |Vii|) forall i € [k], (7.4)

and, for all i, j € [k] withi < j, e(Gj;) =0.
Step 2: Finding X, Xa and M;j;. For all i, j € [k], let

ij
Xf;={veV(G):dg, (v) 2 y'Pd} and X; = {v € V(G) : dg, (v) 2 y'/*d}. (1.5)
Observe that X;rl C Vi. and X S Vi foralli, j € [k]. Note that y'/3d > y'Ban > 2as 1/n < y < a.
Apply Lemma 7.8 to G (with @ = y!/3) and obtain a matching M;; of G;; for i, j € [k], such that

{) e(Gij) < ZX+EX;I_ d*(';ij (x*) + foexi} d&ij (x7) + (6k271/3d)€(Mij) + 50k1071/3d;
(i) foralluv € M;j,u ¢ Xl‘“] and v ¢ X
(iii") U;,jeqx) Mij is a matching. ‘

By deleting vertices in ij U Xl‘j and edges of M;; if necessary, we may assume that the RHS of (i’) is
bounded above by e(G;;) + d. Hence

YRAXE + X+ e(Mi) < D ds () + D dg, (x7) + (6k2y Pd)e(My;) + 50Ky d

xteXy XTEX;;
<e(Gij)+d 0 Kydn+d < y*Pk2d?/3,
where the last inequality holds as d > @n and 1/n <« y < a, 1/k. Therefore,
(iv') z,.,je[k](|xi+j| +1X;| +e(Ml-j)) < B3a)3,
Step 3: Defining flow networks. For i, j € [k], let
M= U M, X = U (x;j u V+(M,.j)), and X, = U (x—] u V‘(Mij)).
i,jelk] Jelk] ielk]

Note that X7, € Vs and X7, € Vij. Let X* = Ujepx) X and X~ = Ujer) X,
We now define a flow network F = (F,w, S,T) with multiple sources and sinks as follows. Let
S={s;:ie[k]}andT ={¢t; :i € [k]}. Let V(F) = SUT U X* U X". Here we treat X" and X~ as
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disjoint (i.e., both X* and X~ contain a distinct copy of v for any vertex v € X* N X7). For v € V(G),
we write v* (and v™) for the copy of v belonging to X* (and X, respectively). We define E (F) as the
union of edge-disjoint paths as follows: for each i, j € [k] withi < j,

for each x* € X;'j, we add the directed path s;x*z;

for each x™ € Xl.‘j, we add the directed path s;x7¢;;

for each e = uv € M;;, we add the directed path s,-u*v‘tj;

every edge and vertex has capacity 1 (i.e., w(e) = 1 for all ¢ € E(F) and w(v) = 1 for all
veV(F)\(SUT)=XtUX").

O O O O

We modify the flow network slightly if (m1) or (m2) holds. Let

P F—{vi} = {siyvo} — Er(XT,vy)  if vo € Vjy, exists satisfying (m2),
"T\F otherwise.

We further remove vy from Fy if vy has no inneighbour in Fy. Write wq for the capacities on Fy
inherited from F and define Fy = (Fy, wo, S, T). By the definition of Fy, note for later that

if there is any flow through v, then it must be via some edge s;v, with i # io. (7.6)

Given a flow f on F or Fo, for each i, j € [k], let f;; be the sum of flow over all edges from s; U X,
tot; U X*‘]., that is,

fis = D, f (1.7)

eEEp(SiUXL.:,tjUX*_j)

Note that the total amount of flow going out of s; (all going to X*) is 3 ¢« fij, and the total amount
of flow into 7; is Y;c[x] fij- We now reduce the lemma to the following claim about fractional flows.

Claim 7.10. To prove the lemma, it suffices to find a fractional flow f on Fy such that

Z max{e(Gy;)/d — fi;,0} < 1. (7.8)

i,jelk]

Proof of claim. Assume f is as given in the claim and we wish to prove the lemma. We may assume
that f;; < e(G;;)/d foralli, j € [k].°© We define a new flow network F™* = (F*,w", s*, ") with a single
source s* and sink ¢* as follows. We obtain F* from Fy by adding the new vertices s* and ¢* to V(Fp)
and, for each i € [k],

adding the edge s*s; of capacity max{|V;.| — |V.il,0};
adding the edge t;1* of capacity max{|V.;| — |Vi«l,0};
adding an edge #;s; of infinite capacity;

giving the vertices in S U T infinite capacity.

o O O o

We will use f to find an integer flow in F* of value ¥;c (4 ||Vi«| — [V.i||/2. Then, by looking at the
vertices through which there is non-zero flow, we will define the sets Y;;, Y;;, and Ml.*j satisfying the
properties for Proposition 7.9, which will give the desired path system Q.

First we find a fractional flow on F* as follows. Let F* = (F*,w*, s*,¢t*) be obtained from F* by
adding, for each 7, j € [k], an edge s,¢; with edge capacity 1. Define a flow f * on F* such that, for all
i,j € [k],

¢Otherwise we could suitably decrease flow along paths P with positive flow from any source to any sink that uses an edge
from EF (s; U X}, 1 U X*’j), and this can be done independently for each i, j € [k], since the Ef (s; U X}, 1; U X*’J) are
disjoint over all i, j € [k].
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o f*(e) = f(e) forall e € E(Fp);

o f*(s"si) = max{|Vi.| - [V.i], 0};

o fr(tjr*) = max{|V.;| — |Vj«|,0};

o f*(tis;) = min{e(G)/d, e(G.i)/d};

o f+(s,-tj) = E(G[J’)/d— fij > 0.

One can check that f* is indeed a fractional flow” on F* with value };cx11|Vi«| = [Vii]|/2. By applying
Proposition 7.2 to reduce the flow in s;¢; to O for all i, j € [k], we obtain a fractional flow on F* of value

1 + 1 E(G[')
rzzigéjnvi*vwﬂn— D, Frit) =g Y Wal=Vall = 3 ( - —f,-j)

i,jelk] ielk] i,jelk]

(7.8) 1
> | 2o Vel = vall | - 1.
i€lk]

Note that all edge capacities are integral, so Theorem 7.1 implies there exists an integral flow f* on
F* of value at least [r] = X;cxl|Vie| = [Viil|/2. Moreover, since the cuts Ep-(s*, V(F*) \ {s*}) and
Ep-(V(F*) \ {t"},1") have capacity ¥;c()||Vi<| — [Vii||/2, Theorem 7.1 implies that f* saturates all
the edges s*s; and ¢;¢* for all i, j € [k].

We now define Y:; c Xl.*j, Y7 € X;; and M}, C M;j as follows. Initially, set Yi’;. =Y, =M;=0
for all i, j € [k]. For each x* € X* with f*(x*) = 1, since f* is an integral flow, there exist unique
i,j € [k] such that either f*(s;x*) = f*(x*t;) = 1 or f*(six*) = f*(xz) = f*(ztj) = 1 for some
(unique) z € X~. In the former case we add x* to Yl.+. while we add x*z into M 7 for the latter. In a similar
way, for x~ € X~ with f*(x7) = 1, we either add x™ to the set Y or add an edge ending at x~ into ij.
Note that

Y51+ Y5 + e(M;) = > frle) = f. (7.9)
eeEF*(siUXL.t,tjUX;_,.)

Clearly M* = U; jex) M;; € M is a matching by (iii”). Both of {Yi;.,VJr(M;‘j) 2 i, € [k]} and

{Y;;, V= (M];) -1, j € [k]} are sets of disjoint sets as each x € X* U X~ has vertex capacity of one. Set

W= Ui etk izj Vir 3 2 jeri: ey IVij| < K2yn,
0 otherwise.

Forall y* € Y, € X, we have
(7.5) (iv’) _
dg, N 2y Pd 2 Y (1X 41X+ e(My) ) +y'Pdy3
i,jelk]
=2 ) (|Y;;.| FlY;l+ e(M;;.)) W+ 1
i,jelk]
since k*yn + 1 < 2k*yn < y'Pd/3 as y < @ < d/n, and a similar inequality holds for all y~ € Y.
We apply Proposition 7.9 and obtain a path system Q of G such that
(W) e(Qi) = V7| + ¥+ e(M; ) 2'f;: for all i, j € [k];
") V(Q) NW C Uy jequ) (V5 U Y5 UV(ME,)):
7Since f is a fractional flow on Fy, it suffices to examine only s; and #; for i € [k]. For s;, the amount of flow going out of s; is
Y je[k] fij (froms; to X*) and ¥ jex (€(Gij)/d — fij) (from s; to T), and the flow going into s; is min{e(Gi.) /d, e(G.;)/d}

(from ¢; to s;) and max{|V;«| — [Vii |, 0} (from s* to s;). By noting that (7.4) gives e(Gix)/d — e(G+;)/d = |Vix| — |Viil, the
total contribution is 0. For #;, the calculation is similar.
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(iii”) if y* € Y, lf;. \ V7(M*), then there exists u € V; \ W such that the single edge y*u is a path in Q,
and a similar statement for y~ € Y \ V*(M*) holds.

Consider i € [k]. Recall that Ny, (s;) = {s*,#;}, N..(s;) € X/, U X, and each vertex in X* has
capacity one. We have

)+ s)= Y [as)= ) [

MEN;*(S,‘) VEN;*(S,-)
* % « @)
D NRACLEDY > =Y 523 e
veX;iux- jelk] eeEp*(s,-uX,.t,tqu;j) Jjelk] jelk]

and similarly we have f*(#;t") + f*(t;5:) = X jerr) €(Qji)- Since f* saturates the edges s*s; and #;1",
we deduce that,

DT e(Qip) = D e(Q) = £1(5si) = f1 (1) = wh(s"se) = w' (1t
Jelk] Jelk]
= max{|Via| = [Vuil, 0} = max{|Vui| = Vi1, 0} = |Viel = [Vur)

implying that Q is P-balanced, as required. By applying Proposition 7.6 (with d = 1 and G° = Q), we
may further assume that

(ii)
e(Q) < (k=1) D Vil = IVuill/2 < Pyn. (7.10)
i€lk]

We now check the moreover statement of the Lemma 6.1. If ¥, jcik): iz [Vij| > k*yn (that is,
(m1) holds), then (7.10) implies that U; jefk): iz; Vij \ V(Q) # 0, so Q is non-trivial. Suppose that
2ijelk]: iz 1Vijl < k%yn and there exists vo € Viojo satisfying (m2). If vo ¢ V(Q), then Q is non-trivial.
So suppose that vy € V(Q). Since vg € W, by (ii”’) we must have v € Y;’i uY;u V(Mi*j) for some
i, j € [k]. This means that there is a flow through v as v§ ¢ V(F*). By (7.6), v € Yl.;.o for some i # iy.
Also, v{ ¢ V(F) implies that vo ¢ V*(M™). By (iii”), we deduce that there exists u € Vi, \ W = Vj;
such that uvy is a path in Q. Note that uv is a path from V;; € V,; to V;yj, € V;,.. Hence Q is non-trivial,
as required. O

Step 4: Define a distribution function on X* UX". For each i € [k], x" € X and x~ € X,
j € [k]\ {i}, we set
p;(x") = max{dg; (x*)/d,6k*y'"} and p;(x7) = max{dg ,(x")/d,6k*y'S}.

Given x* € X}, we ‘view’ p;(x™) to be flow through x* from s; to ¢;, and similarly for p;(x~).

Claim 7.11. For each i € [k] and x* € X

1%

d* ()C, V*,')
> P <1 GOT +6k3y'? <1
jelk\{i}
and a similar statement holds for each j € [k] and x™ € X;j.

Proof of claim. We will only consider the case when x* € X7, as the other case when x~ € X*’j can be
proved similarly. Since G is a subgraph of G°, we have

Z dg,, (x7) < Z d:;?A(er):d_dgo(x’V*i)-
JelkI\ i} jelkngy "
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Hence
dg, (x7) ZjelkGy dg,, (x7)
D P < (—G"’d +6k271/3) < 2 ]\{l; Gy ekPy3
Jelk\{i} JelkN\{i}
dt. (x,V
<1- den (v, Ver) +6k3y13 < 1,
d
where the last inequality holds as dz;o (x,Vij) = d/kby (i)and y < 1/k. O

Step 5: Defining fractional flow on F(. We first define the fractional flow f on F as follows. For
each i, j € [k], we do the following

o foreachx™ € X}, C V;., add a flow through s;x*¢; of value p;(x*);
o foreachx™ € Xl._j C V.j, add a flow through s;x7¢; of value p;(x7);

o for each edge e = uv € M;;, add a flow through s;u*v=¢; of value 6k%y'/3.

Our construction and Claim 7.11 imply that each vertex v € X* U X~ has a flow of value at most 1
through it. Thus f is indeed a fractional flow on F. For each i, j € [k],

7.7) _
dfij(zd Z pi(x")+ Z pi(x7) + Z 6k>y'/3

X+EX;'J. x7€X{i MVEM,’J‘
_ _ @)
> Z dg, (x) + Z dg,, () + (6K Pd)e(Myj) > e(Gij) - 50Ky Pd.
x+eXi+j xTeXy
Therefore,

Z max{e(Gij)/d - fij,0} < S0k12y13 < 1.
i,jelk]

If there is no vq satisfying (m2), then Fy = F and we are done by Claim 7.10. If such a v exists, then
recall that Fy is obtained from F removing the vertex v{, the edge s;,v, and edges in Er (X*,v;). By
repeated application of Proposition 7.2, we obtain a flow in Fy whose value is lower than that of f by at
most

DT P+ pig(vg) +2- 6k

Jelk\{io}
» + . d.. (v
Cldmé7.1]]_ dGO(v;’ V*lo) +6k3’yl/3 +( G’OIO( 0) +6k2'yl/3) + 12k2,y1/3
+ ) - .
< 1 3 dGO(VS, V*l()) + dGO(V;’ Vl()*) +24k371/3

(m2)
1 100k2y 13 4 2483913 < 1= 50k121,

Therefore, ; jc(x) max{e(Gi;)/d — fij,0} is still less than 1. Hence we are done by Claim 7.10. O

8. Proof of Lemma 6.3

We begin with an outline of the proof of the Lemma 6.3. Let G and P be the digraph and vertex
partition as in the statement of Lemma 6.3. Suppose, contrary to the lemma, that there is no non-trivial
‘P-balanced path system.
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Consider distinct i, j € [k]. Note that if there exist two vertex-disjoint edges e; € E(G;;) and
e> € E(Gj;), then {ey, e} forms a non-trivial P-balanced path system. Thus, if e(G;;), e(G ;) > 3,
then we may assume that there exists a vertex w;; € V;; UV, ; that is contained in all edges of G;; U G ;.
Let H be the oriented graph on [k] where ij € E(H) if e(G;;),e(Gj;) = 3 and w;; € V;;; we
give weight w(ij) := |[E(G;; U G;;)| to ij.® It turns out that the underlying undirected graph of H is
acyclic (see Claim 8.1) and that total weight of edges in H is almost equal to |B(G, P)| (see (8.6)). Set
w(i) = Xjerr (w(ij) —w(ji)).

We focus on the Vj; that are relatively small: let ¢; = gd + 1 — |V;;| (where we set ¢ = 2 if G is an
oriented graph and ¢ = 1 otherwise) and after relabelling indices assume |{i € [k] : ¢; = 0} = [ko].
We will lower and upper bound ;¢ 4, W (). For the lower bound, we note that if ¢; > 0 then every
vertex of V;; has at least one edge from outside V;;, and so we can lower bound w(i) in terms of ¢; for
eachi € [kg] (see (8.12)). For the upper bound, we note that w(ij) can be upper bounded using (iii) (see
(8.2)). Then, as H is acyclic (so has few edges), we are able to find a good upper bound for ;¢ x,] W (i)
by considering connected components (i.e., trees) in H[[ko]]. Combining the lower and upper bounds,
we obtain Zie[ka] ci < k—ko—1(see (8.15)) whereas (ii) implies Zie[ko] c; > k — kg, a contradiction.

Recall that for a digraph G and A, B C V(G) not necessarily disjoint, we write Eg (A, B) := {ab €
E(G):a€ A, b € B} and eg(A, B) := |Eg(A, B)|. We write Eg(A) and eg(A) for Eg(A, A) and
eG (A, A), respectively.

Proof of Lemma 6.3. Assume G and P satisfy (i)—(iii) in the statement of Lemma 6.3. Let ¢ = 2 if G
is an oriented graph and ¢ = 1 otherwise, so (ii) says that n < (gd + 1)k. We write V; instead of V;
for i € [k], so that, for all distinct i, j € [k], G;; becomes the bipartite digraph with vertex classes V;
and V; and edges given by the edges of G from V; to V;. In this context (where V;; = 0 for all distinct
i,j € [k]), Q is a P-balanced path system if, for each i € [k], the number of edges of Q going into
Vi is equal to the number of edges of Q leaving V;. Also, a P-balanced path system is non-trivial if
it has at least one path whose endpoints lie in distinct parts of the partition P = {V; : i € [k]}. Now
suppose for a contradiction that G does not contain any non-trivial P-balanced path system with at most
k edges.

Claim 8.1. Let Hj be a digraph on [k] such thatij € E(Hy) if e(G;;) > 3 andi # j. Then Hy does not
have any directed cycle of length at least 3.

Proof of claim. Suppose to the contrary that C is such a cycle in Hy. For each ij € E(C), we pick an
edge e;; € E(G;;) with ij € E(C) and call the resulting subdigraph G’. Note that G’ is P-balanced
and has at most k edges; moreover it is either a cycle or a path system. If G’ is a cycle, then pick an
ij € E(C), and find elfj € E(G;;) with elfj # e;j. Write G” = (G’ — {e;j}) U {el’.j} if G’ is a cycle
and G”” = G’ otherwise. Note that G” is a P-balanced path system. If G’ is a single path, then there
exists ¢ € [k] such that the endpoints of G’ lies in V;. Then, pick ani’j’ € E(C) with i, j* # ¢, and
find el’.,j, € E(Gyj) with el’.,j, # e;j,epj. Write G = (G” = {eyj}) U {elf,j,} if G is a single path
and G’ = G” otherwise. Note that G’” consists of at least two vertex-disjoint paths and that for any
path in G’”, the endpoints lie in distinct parts of the partition P = {V; : i € [k]}, so G’” is a non-trivial
‘P-balanced path system with at most £ edges, a contradiction. O

Claim 8.2. For all distinct i, j € [k], if e(G;;) < 2, then e(G ;) < 2k>.

Proof of claim. Suppose to the contrary and without loss of generality that e(G7;) < 2 and e(G12) =
2k% + 1. Let Hy be as defined in Claim 8.1, so 12 € E(Hp) and 21 ¢ E(Hy). Let A be the set of i € [k]
such that Hy contains a directed path from 1 to i starting with the edge 12, where we a priori allow
1 € A (i.e., resulting from a closed path). Let B = [k] \ A. It is clear from the definition that 2 € A, and

8Note that it is convenient to introduce the weight w (i) (and later w (i)) for the sketch of proof; these are not used in the
actual proof.
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by Claim 8.1 and since 21 ¢ E(Hy) we have 1 € B. Note that by the definition of A, there are no edges
in Ep, (A, B) sothat e(G;;) < 2forallij € A x B. Together with the regularity of G, we have

2% > Z e(Gyj) = Z e(Gij) 2 e(Gy) = 2k> + 1,
ijeAXB ijeBXA
which is a contradiction. a

Let H* be the graph on [k] such thatij € E(H") if e(G;;),e(G i) > 3 (i.e., H" is the graph obtained
from Hj by deleting all the edges which do not lie in a directed 2-cycle and by making each directed
2-cycle into an undirected edge). By Claim 8.1, H* is acyclic. Consider distinct i, j € [k]. Note that
there do not exist disjoint edges e, e> with e; € E(G,;) and e; € E(G j;) because otherwise {e1, e2}
would form a non-trivial PP-balanced path system. Thus if ij € E(H") (that is, e(G;;),e(G ;) = 3),
then there exists a vertex w;; € V; U V; that is contained in all edges of G;; U G ;. So, we have

e(Gij)+e(Gj;) = dz;,-_,-uc;i,-i(wij) +dg, e, (wij)(ig (2-1/k)d.
Ifij ¢ E(H"), then min{e(G;;),e(G;)} < 2 and by Claim 8.2, we obtain
e(Gij)+e(Gji) <2k*+2 < (2-1/k)d 8.1)
as k > 2 and d > 165k>. Hence we have
e(Gij)+e(Gj;) < (2—-1/k)d for all distinct 7, j € [k]. 8.2)

Recall that ¢ = 2 if G is an oriented graph, and ¢ = 1 otherwise. Note that, if |V;| < gd + 1 for some
i € [k], then

(8.2) Vil(Vi] - 1
uds Y e(Giy) = dVil - e(Gy) 2 v - =D
. . q
Jjelk\{i}
_gqd+1- |Vi||vi| Q d(gd +1—|Vi]) 5 d(gd+1- IViI)_
2q 4
Hence, for all i € [k],
Vil > gd +1 - 8k. (8.3)

We now orient H* to obtain an oriented graph H on [k] as follows. Recall that if ij € E(H*), then
there exists a vertex w;; € V; U'V; contained in all edges of E(G;;) U E(G ;). We orient from i to j if
wij € Vj.

Let W be the set of w;; and W; = W NV, forall i € [k]. Let V/ = V; \ W;. Note that

(8.3)
|Wi| < k—1andso |V/|=|V;| - |W;| = qd — 9%k. (8.4)
Recall that B(G, P) = U; jefk):izj Gij- Let G* = U; jex G:.‘j where G;‘j is the subdigraph of B(G, P)

consisting of the edges (in both directions) between V; and w;; if ij € E(H) and G:.‘J. = () otherwise.®
Note that G} ;isa subdigraph of G;; U G j; whenever ij € E(H) and G = 0 otherwise. Therefore,

e(G;.“j){S e(GijUGy) ifij e E(H): 55)

=0 ifij ¢ E(H).
%.e. G;fj =Gij[V/ Uwij]UG;;i [V Uw;;lifij € E(H) and G;‘j = ( otherwise.
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Hence, we deduce that

e(B(G,P)) —e(G") < Z (e(Gij) +e(Gj) + Aana
ijeE(H™) i,jelk]:i#j
(8.1),(8.4)
< (i)(zk2 +2) +k(k—1) < 3k*. (8.6)

Fori € [k],let V; = V(G) \ V;. Since all edges in G* contain a vertex in W and G*[W] U Uierr) G5;
is empty, we have for all i € [k],

Z e(G;;) = Z (e(;*(Vl-', wij) +eg(wij, V;)) =eg-(V/,V;) +eg-(Vi, V!) 8.7
Jjelk] Jjelkl,ijeE(H)
and, for all j € [k],
Z e(G}) = Z (eG* (Vi ,wij) +eg-(wij, Vi/)) =eg (VW) +eg(W;,Vj). (8.8)
i€k] i€lk],ijeE(H)

We also need the following inequality

eV, Vi) =eq(V)+ Y dgw,V]) < ec(V))+ D\ dg(w,Vi). (8.9)
weW; weW;

Now, let kg = |{i € [k] : |V;] < gd + 1}|. Note that k¢ > 0 since n < (gd + 1)k by (ii). Without loss

of generality,
|Vil| < gd + 1 if and only if i € [ko]. (8.10)
Fori € [ko],
, , o vAaviE=1n vyl o IV IV 1IWi]
dl‘/il—eG(Vi)ZdIViI—;=7’(qd+1—|Vil)=7’(qd+1—IViI)+ :
(84qd — 9k VI[IW;
94Ok it — vy + YA
Ok(gd +1-1V; VI ||W;
dlad 1 - vy - lad 1= VAW
q
(8.3) 2 VIV
>d(gd+1—-1Vy|) =72k + ————. (8.11)
q

Then,

eV, Vi) = D ds(w, Vi) = Y (d=d5 (v, Vi) = dIV{| - e (V], V)

vEVi' veV,.'
(8.9) , , 5 , , _ _
> dlVi|=ea(V) = ), dgw V) =dIV/l=ec(V)) = 3 (d=dg(w. V)
weWw; weW;
= d|V}| = e (V) = dIWi| + e (V;, W)
(8.11) W, _
S (g + 1~ Vil) - 7242 'q—"(gd— VI + e (Vi W)

(8.4) 5 _
>d(gd+1~|V;]) =81k" +ec(Vi, W;)
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and a similar inequality holds for e (V;, V/). Hence, for i € [ko],

e (V/, Vi) + e (Vi, V{) 2 2d(qd + 1 = |V;]) = 162k + e (V;, Wi) + e (Wi, Vi). (8.12)

Let Z be the set of all connected components 7 in H*[[ko]] with };c;(gd + 1 —|V;]) > 0.7° Such Z
is non empty as n < (gd + 1)k by (ii). We have that

Dl (gd+1-1Vil = D1 (qd+ 1= Vi), (8.13)
i€lko] I1€T iel

Recall that H* is acyclic and H is an orientation of H*. Note that for each I € Z, H[I] is an oriented
tree and Eg (1, [k] \ [ko]) = Eg (I, [k]) \ Eg (I). Therefore, for each I € Z,

(2-1/k)d - e (I, [k] \ [ko]) = (2—=1/k)d - |Eg (1, [k]) \ Ex (1)]

(8.2) (8.5)

> > e(GijUGj) > > e(G;))
ijeE(H):iel, jelk]\I ijeE(H): iel, jelk]\I

= > G- D eGy

ijeE(H): i€l, jelk] ijeE(H):i,jel,i#j

5 D oeGi— D eGr)

ijelx[k] ijelk]xI

(8.7),(8.8) A v v’
X Z(ec*(v,.,vi)wc*(vi,vi) -

iel

~——

(eG* Vi, W) + €G*(Wj,V_j))
jer

(8.6) va TR V44 17 /. 4
> Y eV V) +ec(Vi, V)| = " e (V) W)) + e (W}, V)) | - 3k
iel jel

=Z((€G( Vi) +eg(V;, 1)) (eG(Vi,Wi)+€G(Wi,Vi)) - 3k*
iel
(8.12)
> ZdES(qd+1-wﬂ)—16Muk2—3k4zzdzg(qd+1-wﬂ)—165kf
iel iel
After rearranging, for each / € Z, we have
165k*
ern (L [K]\ ko)) = 3 l/kZ(qu VD - G704
165k>
= d+1-— d+1-1V; —_
;(q 1= Vi) + 5 12<q +1=ViD = 5=
1 165Kk
> d+1-|V; - d+1-V;
_;m 1= Vi) + 5 (2k—1)d>;(q +1= Vi)

10Here we identify the connected component with its vertex set.
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as Y;e;(qd+1—|V;]) > 1 and d > 165k>. Hence, we have

Den(d, [k \ [ko]) = Z(l + > (qd+1- Vi)

1€l IeT i€l

(8.13)
=TI+ D (qd+ 1= Vi), (8.14)
i€[kol

=|Z1+ ) > (gd+1-|Vil)

I1€T iel

Recall that H is an oriented forest and so H[I] is an oriented tree for all / € Z. Then,

D en (I, [k \ ko)) < eH(<[k] \ [kol) U [ 1) - >en(l)
Iez 1€z Iez
< ((k—k0+2|1|)—1)—2(|1|— )=k -ko+|Z|-1.
IeZ IeZ
Together with (8.14), we have
Z (gd+1—|Vi]) <k —ko— 1. (8.15)
i€[ko]
Finally
(8.10)
n= Y Wil 2 ) Vil +(qd +2)(k - ko)
ie[k] i€[ko]
(8.15)
= (qgd+ 1)k + (k—ko) = > (qd+1-|Vi) = (qd + Dk +1,
i€lko]
a contradiction to property (ii) of Lemma 6.3. This completes the proof of the lemma. m}

9. Conclusion
9.1. Path cover for (non-regular) graphs

Magnant, Wang and Yuan [29] gave a stronger version of Conjecture 1.5. Recall that n(G) is the
minimum number of vertex-disjoint paths needed to cover G.

Conjecture 9.1 (Magnant, Wang and Yuan [29]). If G is a graph on n vertices with A(G) = A and
6(G) =6, then n(G) < max{n/(6+1),(A = 6)n/(A+6)}.

The bound is tight by considering a disjoint union of K s, or a disjoint union of K5 . The conjecture
holds if 6 < 2[29] and when A > 26 [20]. Naturally, one can ask for the directed or oriented analogues.

9.2. Edge-disjoint cycles

In a weaker version of the problem that we have considered, one is interested in finding edge-disjoint
cycles whose union covers all the vertices. As a generalization of Dirac’s theorem, it was conjectured
by Enomoto, Kaneko and Tuza [8] that if a graph G on n vertices has minimum degree at least n/k,
then V(G) can be covered by k — 1 edge-disjoint cycles. The case k = 3 was also proved in [8]. The
conjecture was proved for 2-connected graphs [18], and has been completely resolved in [19]. Later,
Balogh, Mousset and Skokan [3] obtained a stability result, showing that every graph on n vertices with
minimum degree nearly n/k has a special structure if it does not have k — 1 edge-disjoint cycles covering
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all vertices. One can ask the same question for digraphs as a generalization of Ghoulia-Houri’s theorem
[12], and Theorem 1.3 answers it affirmatively for regular digraphs:

Conjecture 9.2. Let k € N with k > 2. If G is a digraph on n vertices with minimum semi-degree at
least n/k, then V(G) can be covered by k — 1 edge-disjoint cycles.

9.3. Connectivity and regularity

Jackson’s conjecture states that imposing regularity on an oriented graph reduces the degree threshold
for Hamiltonicity. One might hope that imposing connectivity on regular oriented graphs can reduce
the degree threshold for Hamiltonicity. We refer the reader to [27, Sections 1 and 7] for history and
conjectures on Hamiltonicity in regular (directed or oriented) graphs with given connectivity.

Similarly, in the setting of cycle partitions, one might hope that connectivity in addition to regularity
might reduce the upper bound in Conjecture 1.5. In the sparse setting, Reed [31] proved that every 3-
regular connected n-vertex graph can be covered by at most [n/9] vertex-disjoint paths, and conjectured
that it suffices to use [n/10] paths if connectivity is replaced by 2-connectivity. Recall that Conjecture 1.5
gives the upper bound of n/4 for 3-regular graphs (that are not necessarily connected). Yu [36] recently
verified Reed’s conjecture and gave an example of a (2-connected) d-regular graph on n vertices which
requires atleast ~ n/(d+4) paths for d > 13. It would be interesting to investigate the general relationship
between the degree and connectivity of a regular (di)graph or oriented graph that guarantees a small
number of vertex-disjoint cycles that cover all the vertices.
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