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Abstract

In 1965, Erd6s and Pésa proved that there is an (approximate) duality between the
maximum size of a packing of cycles and the minimum size of a vertex set hitting all
cycles. Such a duality does not hold for odd cycles, and Dejter and Neumann-Lara
asked in 1988 to find all pairs (¢, z) of integers where such a duality holds for the
family of cycles of length £ modulo z. We characterise all such pairs, and we further
generalise this characterisation to cycles in graphs labelled with a bounded number
of abelian groups, whose values avoid a bounded number of elements of each group.
This unifies almost all known types of cycles that admit such a duality, and it also
provides new results. Moreover, we characterise the obstructions to such a duality
in this setting, and thereby obtain an analogous characterisation for cycles in graphs
embeddable on a fixed compact orientable surface.

Mathematics Subject Classification 05C38 - 05C70 - 05C78 - 05C25

1 Introduction

Erdés and Pésa [8] proved in 1965 that every graph contains either k vertex-disjoint
cycles or a set of O(k log k) vertices that hits all cycles of the graph. This breakthrough
result sparked extensive research on finding hitting-packing dualities for various graph
classes. In particular, cycles with modularity constraints have been considered. For
example, Thomassen [21] showed that for every positive integer z, an analogue of the
Erd6s—P6sa theorem holds for cycles of length 0 modulo z, and Thomas and Yoo [20]
proved that for every integer £ and every odd prime power z, an analogue of the
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(c) An obstruction for (S;,S», S3)-cycles, where vertices in  S;, S,, and S3 are shown in red, blue, and green
colours respectively

(d) An obstruction for cycles containing at least one vertex of S, odd number of vertices in S,, and odd
number of vertices in S3, where vertices in S;, Sy, and S3 are shown in orange, blue, and red colours
respectively. This is an example where there are two vertex-disjoint such cycles (marked in the figure) but

no three vertex-disjoint such cycles

Fig.1 Some obstructions for Erd§s—Pdsa type results for constrained cycles. Dashed lines represent paths of
odd length, solid lines (including lines in the wall) represent paths of even length, and dotted lines represent
arbitrary paths

Erd6s—Poésa theorem holds for cycles of length £ modulo z. However, this property
does not hold for all pairs of integers ¢ and z. Lovasz and Schrijver (see [21]) found
a class of graphs, so called Escher walls (see Fig. 1a), which demonstrate that such
a duality does not exist for odd cycles. Reed [16] showed that large Escher walls
are contained in every graph that contains neither many vertex-disjoint odd cycles
nor a small set of vertices hitting all odd cycles, yielding a structural characterisation
of graphs failing to satisfy this type of hitting-packing duality for odd cycles. Using
this structural characterisation, Reed concluded that a half-integral version of the
Erd6s—Poésa theorem holds: every graph contains either a set of & odd cycles such
that each vertex of the graph is contained in at most two of the cycles, or a set of at
most f (k) vertices that hits all odd cycles of the graph. In the precursor to this paper,
Gollin, Hendrey, Kawarabayashi, Kwon, and Oum [9] generalised this conclusion and
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established a unified framework for generating half-integral Erd6s—Pésa results, as we
will discuss.

Escher walls can be modified to give infinitely many pairs (¢, z) for which an
analogue of the Erd6s—Pdsa theorem does not hold for cycles of length £ modulo z.
This was essentially shown by Dejter and Neumann-Lara [5], who then asked to find
all pairs (¢, z) of integers for which an analogue of the Erd6s—Pdsa theorem does
hold for cycles of length £ modulo z. Note that a half-integral analogue of the Erd6s—
Pésa theorem holds for all pairs (£, z) (see [9]). In this paper, we answer the question
of Dejter and Neumann-Lara completely as a corollary of our main result. For an
integer m, let [m] denote the set of positive integers z with z < m.

Theorem 1.1 Let £ and z be integers with 7 > 2, and let p(f' o pat be the prime
factorisation of z with p; < pi+1 for all i € [n — 1]. The following statements are
equivalent.

e There is a function f: N — N such that for every positive integer k, every graph
contains k vertex-disjoint cycles of length £ modulo z or a set of at most f (k)
vertices hitting all such cycles.

e Both of the following conditions are satisfied.

(1) If p1 =2, then £ =0 (mod p?l).

(2) There do not exist distinct iy, i, i3 € [n] such that £ # 0 (mod p;z;'i) for
each j € [3]. '

Other types of constraints for cycles have been considered. Given a set S, an S-cycle
is a cycle containing a vertex in S. Kakimura, Kawarabayashi, and Marx [13] showed
that an analogue of the Erd6s—Pdsa theorem holds for S-cycles. Bruhn, Joos, and
Schaudt [2] extended this result to S-cycles of length at least some fixed integer L. Note
that there cannot be an extension of their result to odd S-cycles due to Escher walls, but
there are other types of obstructions, see Fig. 1b. Kakimura and Kawarabayashi [12]
showed a half-integral analogue of the Erd6s—Pésa theorem for odd S-cycles.

Given a family S of sets, an S-cycle is a cycle containing at least one vertex from
each member of S. Huynh, Joos, and Wollan [11] proved an analogue of the ErdGs—
Pésa theorem for (S, S2)-cycles. An extension of their result to (S1, S2, S3)-cycles
fails, and a third type of obstruction appears in this setting, see Fig. 1c. A half-integral
analogue of the Erdés—Pdsa theorem holds for all finite families S (see [9]).

Our main theorem on group-labelled graphs

We consider a unified approach to discuss a vast number of such constraints in a
common setting. For an abelian group I', a I'-labelling of a graph G is a func-
tion y: E(G) — TI'. The y-value of a subgraph H of G is the sum of y(e) over
all edges e in H.

Cycles of length ¢ modulo z can be naturally encoded in the setting of Z,-labelled
graphs, where each edge has value 1 and the target cycles have values exactly £. Given
a set S, S-cycles can be encoded as non-zero cycles with respect to the Z-labelling
which assigns value 1 to edges incident with vertices in S and O to all other edges.
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2510 J.P.Gollinetal.

Using multiple abelian groups, we may encode cycles satisfying several properties
simultaneously. A more comprehensive discussion on how to encode different types
of constraints can be found in [9].

Gollin et al. [9] considered graphs labelled by multiple abelian groups and proved
that a half-integral analogue of the Erd6s—Pésa theorem holds for cycles whose values
avoid a fixed finite set for each abelian group. Henceforth we shall call these cycles
(or the cycles in any class for which we are attempting to prove or disprove an Erdés—
Pésa property) the allowable cycles. In this paper, we extend their work by proving
necessary and sufficient conditions on such sets of values for which the allowable
cycles satisfy an analogue of the Erd6s—Pésa theorem.

In fact, we prove a characterisation of the structural obstructions to an analogue of
the Erd6s—Pésa theorem in this setting; this is a far-reaching generalisation of Reed’s
result [16]. These obstructions are described in Sect. 3 (see Definition 3.2). This allows
us to prove, for all positive integers k and ¢, that if a graph G is labelled with multiple
abelian groups and O is the set of cycles in G whose values avoid a fixed finite set for
each abelian group, then G contains either

e apacking in O of size k (that is a subset of O of pairwise vertex-disjoint cycles),

e a hitting set for O of bounded size (that is a set of vertices hitting each cycle in O),
or

e asubgraph that is ‘equivalent’ to some obstruction described in Definition 3.2 for
some subset of abelian groups, and which contains a half-integral packing in O of
size ¢ (that is a subset of O such that each vertex of G is contained in at most two
of the cycles), but no packing of more than two cycles in O.

For the precise statement, see Theorem 3.3.

Let us now give a loose description of the obstructions. Each obstruction consists of
a wall, in which every cycle has value zero in every group, together with a collection
of sets of paths arranged around the boundary of the wall, so that each set of paths is
‘nested’, ‘crossing’, or ‘in series’ (see Fig. 1 for examples). Moreover, this collection
of sets is minimally sufficient to find allowable cycles, in that every allowable cycle
contains a path from each of these sets, and every cycle which contains exactly one
path from each set is allowable. Additionally, every allowable cycle must contain an
odd number of paths from each set that is not in series. Finally, one of the following
conditions must be satisfied:

e the number of crossing sets of paths is odd (see for example Fig. 1a),
e at least one but not all sets are arranged in series (see for example Fig. 1b), or
e at least three sets of these paths are arranged in series (see for example Fig. I¢).

As we show in Sect. 8.1, these obstructions do not contain a packing of more than
two allowable cycles. On the other hand, the minimum size of a hitting set for the
allowable cycles can be made arbitrarily large by taking the wall and the sets of paths
to be sufficiently large (see Theorem 3.3).

@ Springer



A unified Erd6s—Pdsa theorem for cycles in graphs... 2511

Corollaries to graphs labelled by a single group

As a corollary of this structural result, we find a pair of necessary and sufficient
conditions on abelian groups and forbidden values for an analogue of the Erd6s—Pésa
theorem for allowable cycles as defined above. These conditions are motivated by the
obstructions as follows. Let I" be an abelian group and let A C T be a set of allowable
values. First, if there is an allowable value a € A such that the subgroup (2a) generated
by 2a does not contain an allowable value, then it is possible to construct an analogue
of the Escher wall obstruction in Fig. la. Second, if there exist three group elements
generating an allowable value such that no two of them generate an allowable value,
then it is possible to construct an analogue of the obstruction in Fig. 1c.

Theorem 1.2 Let A be a subset of an abelian group T such that at least one of the
following conditions fails to hold:

(1) QayNA #@foralla € A,
(2) ifa,b,c el and (a,b,c) N A # @, then ({a,b) U (b, c) U (a,c)) N A # 0.

Then for every positive integer t, there is a graph Gr, 4 ; with a I'-labelling y such that
for the set O of cycles of Gr,a,; with y-values in A, there are no two vertex-disjoint
cycles in O and there is no hitting set for O of size at most t.

Note that conditions (1) and (2) are necessary in general. It turns out that the
obstruction in Fig. 1b does not give rise to any new necessary conditions here; the
natural condition would be two elements a and b generating an allowable value such
that 2a and b do not generate an allowable value, but in this case it is easy to see that
it is also possible to construct an analogue of the Escher wall. We will see later that
Fig. 1b does give a new necessary condition when restricted to graphs embedded on a
fixed compact orientable surface because such a surface does not admit an embedding
of large Escher walls (see Theorem 1.5 and Sect. 8.4).

Let us now discuss the sufficiency of conditions (1) and (2) in Theorem 1.2.
Labellings of graphs by multiple abelian groups I'y,..., I, can be regarded
as a single [-labelling by the product group ' = T[] jerm L In this case,
for g = (gj: j € Im]) € I', we write 7(g) to denote g; € I';. We prove that con-
ditions (1) and (2) are sufficient under the additional assumption that A is the set of
values avoiding a fixed finite set in each I';.

Theorem 1.3 For all positive integers m and w, there is a function fy, ,: N — N
satisfying the following property. LetT" = Hje[m] I'j be a product of m abelian groups,
and for each j € [m], let Qj be a subset of I'j with |2;| < w. Let A be the set of all
elements g € I' such that wj(g) € I'j\Qj forall j € [m]. If

(1) QayNA #@foralla € A and
(2) ifa,b,c el and (a,b,c) N A # @, then ({a,b) U (b, c) U (a,c)) N A # 0,

then for every I'-labelled graph G with a T'-labelling y and its set O of all cycles whose
y-values are in A and for all k € N, there exists a set of k pairwise vertex-disjoint
cycles in O or a hitting set for O of size at most fp o (k).
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2512 J.P.Gollinetal.

Note that for fixed m and w, Theorem 1.3 produces a single function f,, ., that does
not depend on the specific abelian groups considered. These theorems completely
characterise when such a duality holds in the setting where allowable cycles are those
whose values avoid a fixed finite subset of each abelian group. In particular, if I" is
finite, then this is a complete characterisation of the sets of allowable values satisfying
this duality.

Considering additional restrictions on the structure of the group-labelled graphs, we
strengthen Theorem 1.3 by observing that when checking conditions (1) and (2), we
may ignore any group I'; for which every large subwall of G contains a cycle whose
y-value g satisfies 77 (g) # 0 (see Theorem 8.2 in Sect. 8). This strengthening allows
us to encode a wide variety of properties of cycles. For example, for fixed integers p, £
and given a subgraph H of tree-width at most p in a graph G, consider the cycles
containing at least £ edges not contained in H. Such cycles can be represented with
the Z-labelling which assigns value 1 to edges notin H and O to all edges in H. If H
has no edges, then these are exactly the cycles of length at least £.

Theorem 1.3 does not hold if the size bound on €2; is removed. To see this, we
prove in Sect. 8.6 that if I" is infinite but the set A is finite, then a duality such as the
one in Theorem 1.3 does not hold. In fact, no fractional version of the Erd6s—Pdsa
theorem holds in this case.

Theorem 1.4 Let A be a finite nonempty subset of an infinite abelian group T. For
integers s > 2 and t > 1, there is a graph G with a I'-labelling y such that

e forevery set of s cycles of G whose y -values are in A, there is a vertex that belongs
to all of the s cycles and

e there is no hitting set of size at most t for the set of all cycles of G whose y-values
are in A.

Note that Theorem 1.3 applies to some cases where A and "\ A are both infinite, for
exampleifm = 2,I" =7 x Z and Q1 = Q, = {0}. Extending our characterisation to
general A C T is left as an open problem (see Sect. 8.7).

Corollaries to graphs embeddable in a fixed orientable surface

One nice upside of our structural main theorem is its application to graphs of bounded
orientable genus (for example planar graphs). Since a fixed compact orientable surface
does not admit an embedding of an arbitrarily large Escher wall, condition (1) (which
prevented the Escher wall obstruction) is no longer necessary when restricted to graphs
embeddable on this surface. In Sect. 8.4, we give a characterisation analogous to
Theorems 1.2 and 1.3 for graphs that are embeddable in a fixed compact orientable
surface. Consequently, we obtain the following analogue of Theorem 1.1.

Theorem 1.5 Let £ and z be integers with z > 2, let p]a1 - pu" be the prime factorisa-
tion of z with p; < pi41 foralli € [n — 1], and let S be a compact orientable surface.
The following statements are equivalent.

e There is a function f: N — N such that for every integer k, every graph embed-
dable in' S contains k vertex-disjoint cycles of length € modulo z or a set of at
most f (k) vertices hitting all such cycles.
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e Both of the following conditions are satisfied.

(1) If py =2, then £ =0 (mod p{') or £ =0 (mod z/p}"). .
(2) There do not exist distinct iy, 1i>,i3 € [n] such that £ # 0 (mod pi;’) for
each j € [3].

For graphs embedded in a compact orientable surface, our results allow us to derive
an Erd6s—Pdsa type theorem for the cycles whose Zj-homology class is in a fixed
set of allowable values. This result complements an analogous half-integral Erd6s—
Pésa type theorem for graphs embedded in an arbitrary compact surface (see [9,
Corollary 8.10]). We discuss this in more detail in Sect. 8.4. Previously, Kawarabayashi
and Nakamoto [14] proved a similar result for odd cycles in graphs embedded in a fixed
orientable surface, which Conforti, Fiorini, Huynh, Joret, and Weltge [4] extended to
2-sided odd cycles in graphs embedded in any fixed surface.

Related work

It is worth taking a moment to highlight the differences between our results and the
work of Huynh, Joos, and Wollan [11], who considered group labellings of orientations
of edges in a graph, where the two orientations of each edge are assigned labels that
are inverse to each other. For a graph imbued with two such labellings, they considered
cycles with non-zero value in each coordinate and obtained a structural result analogous
to our structural main theorem for these cycles. There is no general translation between
the labellings of edges which we use and the labellings of orientations of edges which
they considered, but many interesting properties can be encoded in either setting. As an
example, they apply their result to obtain canonical obstructions to an Erd6s—Pésa type
result for odd cycles intersecting a prescribed set S, and our structural theorem gives
the same result. Whereas their result applies to arbitrary groups, dealing with non-
abelian groups is more complicated in our setting, and it is unclear how to extend our
result to non-abelian groups. However, modularity constraints with modulus greater
than 2 cannot be encoded in their setting in general. Furthermore, we do not only
consider the cycles that are non-zero in each coordinate, and we are able to consider
any finite number of group labellings.

The results of this paper unify and generalise many of the previous results in this
area, including all of the results we have mentioned so far. In particular, Theorem 8.3
characterises when an Erds—Pésa type result holds for S-cycles of length £ modulo z
and length at least L, which yields Theorem 1.1 as a special case (which generalises
the aforementioned results of Thomassen [21] and of Thomas and Yoo [20]), and also
recovers the results for S-cycles of Kakimura, Kawarabayashi, and Marx [13], for
S-cycles of length at least L of Bruhn, Joos, and Schaudt [2], and for (S1, S»2)-cycles
of Huynh, Joos, and Wollan [11]. Wollan [23] proved that when an abelian group I"
has no element of order 2, an analogue of the Erd6s—Pésa theorem holds for non-zero
cycles in I'-labelled graphs. This result is recovered by taking I'y = I" and 2 = {0}
in Theorem 1.3. Huynh, Joos, and Wollan [11] used group labellings of orientations of
edges to show that non-null-homologous (in the Z-homology group) cycles in graphs
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2514 J.P.Gollinetal.

embedded in a fixed compact orientable surface satisfy an Erd6s—P6sa type theorem.
In Sect. 8.4 we recover this result.

Vertex-labelled graphs

Our results can also be applied to the setting where vertices instead of edges are
labelled. Gollin et al. discussed in [9] a method of converting between vertex-labelled
graphs and edge-labelled graphs. Unfortunately, the translation they described effects
the structure of the abelian group, and is therefore not immediately sufficient for
proving a vertex-labelling analogue of Theorem 1.3. However by carefully adapting the
main structural theorem of this paper to the setting of vertex-labellings we can obtain
analogues of all of our results which reference edge-labellings, as we demonstrate in
Sect. 8.5.

Overview

This paper is organised as follows. In Sect. 2, we introduce some preliminary concepts
and notation. In Sect. 3, we state our main structural theorem and give a high-level
overview of its proof. In Sect. 4, we recall useful lemmas from the literature, especially
from [9]. In Sect.5, we discuss how to find sets of paths arranged nicely around the
boundary of the wall as in Fig. 1, which we call handlebars, and what to do with them
once we have found them. In Sect. 6, we present some useful lemmas about abelian
groups. We complete the proof of our main structural result in Sect.7. Finally, in
Sect. 8, we demonstrate how to derive our other results and applications and we also
present some open problems.

2 Preliminaries

All graphs in this paper are undirected simple graphs that have neither loops nor parallel
edges. For an integer m, we write [m] for the set of positive integers z with z < m.

Let G be a graph. We denote by V(G) and E(G) the vertex set and the edge set
of G, respectively. For a vertex set A of G, we denote by G — A the graph obtained
from G by deleting all the vertices in A and all edges incident with vertices in A, and
denote by G[A] the subgraph of G induced by A, whichis G — (V(G)\A).If A = {v},
then we write G — v for G — A. For an edge e of G, we denote by G — e the graph
obtained by deleting e. For two graphs G and H, let

GUH :=(V(G)UV(H), E(G)UE(H)) and GN H := (V(G)N V(H), E(G) N E(H)).

For a set G of graphs, we denote by |_J G the union of the graphs in G. By slight abuse
of notation, we say two sets G1 and G, of graphs are vertex-disjoint if the graphs | J G;
and | G, are vertex-disjoint.

Let A and B be vertex sets of G. An (A, B)-path is a path from a vertex in A to a
vertex in B such that all internal vertices are not contained in A U B. An A-path is a
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nontrivial (A, A)-path. For a subgraph H of G, we refer to a V (H)-path as an H-path
for brevity.

For a graph G, let V12 (G) denote the set of vertices of G whose degree is not equal
to 2.

Subdividing an edge uv in a graph G is an operation that yields a graph obtained by
removing the edge uv and adding new edges uw and vw for some vertex w not in G.
A graph H is a subdivision of a graph G if H can be obtained from G by subdividing
edges repeatedly.

2.1 Walls

Let ¢, r > 3 be integers. The elementary (c, r)-wall W, , is the graph obtained from
the graph on the vertex set [2¢] x [r] whose edge set is

{G, DE+1,j):ie€2c—1], jelr])
U{G, )G, j+ 1) :iel2l], jelr—11,i+jisodd}

by deleting both degree-1 vertices.
For j € [r],the j-throw R of W, , isthe path W . [{(i, j) € V(W) : i € [2c]}].
For i € [c], the i-th column C; of W, , is the path

We, [{G' ) € VW) i' €{2i — 1,21}, j elrl}].

A (c, r)-wall is a subdivision W of the elementary (c, r)-wall. If W is a (c, r)-wall
for some suitable integers ¢ and r, then we say W is a wall of order min{c, r}. We
call a vertex corresponding to the vertex (i, j) of the elementary wall a nail of W, and
denote by NV the set of nails of W.

Fora (c, r)-wall W and a subgraph H of the elementary (c, r)-wall W, ., we denote
by HW the subgraph of W corresponding to a subdivision of H. We call RJW or Cl.W
the j-th row or i-th column of W, respectively. A subgraph W’ of a wall W that is itself
awall is called a subwall of W. For a set S of vertices, we say a wall W is S-anchored
if NW C §.

For an integer ¢ > 3, we call a subwall W’ of a wall W a c-column-slice of W if

e the set of nails of W is exactly N% N V(W’),

e there is a column of W’ that is a column of W, and
e W’ has exactly ¢ columns.

See Fig.2 for an example. Similarly, for an integer r > 3, we call a subwall W’ of a
wall W an r-row-slice of W if

e the set of nails of W is exactly N% N V(W’),
e there is a row of W’ that is a row of W, and
e W' has exactly r rows.

Note that in an r-row-slice W’ of W, depending on the location, the first column of W’
may be in the last column of W by the definition of a wall.
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2516 J.P.Gollinetal.

(a) A (6,7)-wall W with a 3-column-slice W' (b) The blue dotted paths represent two W -

highlighted in red and a 3-row-slice highlighted in handles and the row-extension of each blue path
blue. The column-boundary of the red 3-column- to W’ is obtained by extending it by two brown
slice is indicated by the solid vertices paths

Fig.2 Illustrations of c-column-slices, r-row-slices, column-boundaries, W-handles, and the row-extension
of a W-handle to W’

Let W be awallin a graph G. The column-boundary of W is the set of all endvertices
of rows of W. A W-handle is a W-path in G whose endvertices are in the column-
boundary of W.

Let W be a (c, r)-wall and let W’ be a ¢’-column-slice of W for some 3 < ¢’ < c.
For a path P whose endvertices are nails of W, the row-extension of P to W' in W
is a W’-handle containing P that is contained in the union of P and the rows of W.
We can easily observe that if such a W’-handle exists, then it is unique. Note that
the row-extension of a W-handle to W’ always exists. For a set P of pairwise vertex-
disjoint W-handles, we define the row-extension of P to W' in W to be the set of
row-extensions of the paths in P to W’ in W. Note that these W’-handles are also
pairwise vertex-disjoint. See Fig. 2 for an illustration.

2.2 Groups

For a non-empty set S = {a; : i € [t]} of elements in a group I', we write (S) or
(a; : i € [t]) for the subgroup of I' generated by S, which is the intersection of all
subgroups of I' containing S.

The direct product of groupsI'(, "2, . .., ', is denoted by ]_[;":1 I';. We write 7 ; for
the projection map from []i_; T'; to T"; foreach j € [m]. Foranelement g € []/_, T';,
we call 7 (g) the j-th coordinate of g.

For a subgroup A of an abelian group I', we denote by I'/A :={a+ A :a € T'}
the quotient group of I' by A, which is the set of cosetsa + A :={a+b : b € A} of
AinT',where a4+ A)+ b+ A)=(a+b)+ Aand —(a + A) = —a + A for all
a,berl.

2.3 Group-labelled graphs

Let I be an abelian group. A I'-labelled graph is a pair of a graph G and a func-
tion y: E(G) — I'. We say that y is a I"-labelling of G. A subgraph of a I'-labelled
graph (G, y) is a I'-labelled graph (H, y’) such that H is a subgraph of G and y’
is the restriction of y to E(H). By a slight abuse of notation, we may refer to this
I'-labelled graph by (H, y).
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For a TI'-labelled graph (G,y) and a subgraph H C G, we define y(H)
as ZeeE(H) y (e), which we call the y-value of H. Note that this definition implies
that the y-value of the empty subgraph is 0. We say that a subgraph H is y-non-zero
if y (H) # 0, and otherwise, we call it y -zero. A T'-labelled graph (G, y) is y -bipartite
if every cycle of G is y-zero.

We will often consider the special case where I' is the product [ ], I'j of m
abelian groups for a positive integer m. In this case, we denote by y; the composition
of y with the projection to I';. For a subset J C [m] we denote by I'; be the subgroup
of"ofall g € I' with w;(g) = O forall j € [m]\J.

We frequently take a subgroup A of I and consider a new labelling using the
quotient group I'/ A. For a I'-labelled graph (G, y) and a subgroup A of I', the induced
('/A)-labelling of (G, y) is the I'/ A-labelling A defined by A(e) := y(e) + A for
all edges e € E(G).

Let x be a vertex of G and let § € T" be an element of order 2. For each edge e of G,
let

, y(e) + & if e is incident with x,
y'(e) = .
y(e) otherwise.

We say that y’ is obtained from y by shifting by 8 at x. Observe that this shift does
not change the value of a cycle because § + § = 0. We say two ["-labellings y; and y»
of G are shifting-equivalent if y| can be obtained from y» by a sequence of shifting
operations.

3 The structural main theorem
3.1 Handlebars

Let (X, <) be a linearly ordered set. We say two disjoint subsets {x1, x2} and {y;, y2}
of X of size 2 with x; < x2 and y; < y, are

e in series if either xp < yj or y < x1;
e nested if either x; < y; < y2 < xp 0r y; < x1 < x2 < y2; and
e crossing otherwise.

Aset § C ()2() of pairwise disjoint sets is in series, nested, or crossing, respectively,
if its elements are pairwise in series, nested, or crossing, respectively, and S is called
pure if it is in series, nested, or crossing.

A straightforward argument shows the following lemma (see also [11, Lemma 25]).

Lemma 3.1 Let t be a positive integer, let (X, <) be a linearly ordered set, and
let S C ()2() be a set of pairwise disjoint sets. If |S| > t3, then S contains a pure
subset of size greater than t.

Proof First consider the partial order < on S such that for {a, b}, {c, d} € Switha < b
and ¢ < d we have {a, b} <1 {c,d} if b < c. By Dilworth’s Theorem [7], S contains
a chain of size greater than r with respect to <; or an antichain of size greater than >
with respect to <1. In the first case we have a subset that is in series, so suppose instead
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that there is some S” C § of size greater than ¢2 that is an antichain with respect to <.
Let <5 be the partial order on S’ such that for {a, b}, {c,d} € Switha < bandc < d
we have {a, b} <> {c,d} if a < ¢ and b < d. Again by Dilworth’s Theorem, there is
some S” C §’ of size greater than ¢ such that S” is a chain or an antichain with respect
to <», and hence crossing or nested, respectively. O

Let W be a (c, r)-wall. Let <y be the linear order on the column-boundary of W
such that v <y w if at least one of the following conditions holds.

e v is in the first column and w is in the last column.

e Both v and w are in the first column and the index of the row containing v is lower
than the index of the row containing w.

e Both v and w are in the last column and the index of the row containing v is higher
than the index of the row containing w.

A set P of W-handles is pure, nested, in series, or crossing, respectively, if the
set of sets of endvertices of all the paths in P is pure, nested, in series, or crossing,
respectively, with respect to <w. We call a set P of pairwise vertex-disjoint W-handles
a W-handlebar if ‘P is pure and there are two paths A and B in C IW U CLW such that
each W-handle in P is a (V(A), V(B))-path. Observe that if P is a W-handlebar in
series having at least two W-handles, then all the endvertices of W-handles in P are
in Cl.W for some i € {1, c}.

Two W-handlebars P; and P, are non-mixing if for each i € [2] there are
(not necessarily disjoint) paths A; and B; in C}¥ UCY such that P; is a set
of (V(A;), V(B;j))-paths and A1 U By and A> U B; are vertex-disjoint.

3.2 The main theorem

We now define the possible obstructions for the Erd6s—Pdsa property in graphs labelled
with multiple abelian groups for cycles whose values avoid a bounded number of
elements in each group.

Definition 3.2 For positive integers « and 6, an abelian group I', and A C T,
letC(k, 6, T, A) be the class of all I"-labelled graphs (G, y) having a wall W of order
at least 6 and a nonempty family (P; : i € [t]) of pairwise vertex-disjoint non-mixing
W-handlebars each of size at least x such that

(O1) G is the union of W and J{U P;: i € [¢]},

(02) every N%-path in W is y-zero,

(03) Ziem y (P;) € A for any family (P;: i € [¢]) such that P; € P; foralli € [¢],

(04) foreachi € [t], we have (y(P): P € Uje[,]\{i} PiyNA =0,

(05) if Zje[t] ZPeP, f(P)y(P) € A for a function f: Uje[t] P; — Z, then for
each i € [t], P; is in series or ZPEP,- f(P) is odd, and

(O6) at least one of the following properties holds.
(O6a) The number of crossing W-handlebars in (P;: i € [¢]) is odd.
(O6b) At least one but not all W-handlebars in (P;: i € [t]) are in series.
(O6c) At least three W-handlebars in (P;: i € [t]) are in series.
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Now we can state our main theorem. Recall that for a product I' = [ ¢, I'j of m
abelian groups and for a subset J C [m], we denote by I' ; the subgroup consisting of
all g € I' with ;(g) = O forall j € [m]\J.

Theorem 3.3 For all positive integers m and w, there is a function ﬁl,w ' N3 = Zsat-
isfying the following property. Let I" = ]_[je[m] I'j be a product of m abelian groups,
and for every j € [m], let Qj be a subset of I'j with |Q| < w. For each j € [m],
let Aj = n;I(Fj\Qj) CTl and A := ﬂje[m] Aj. Let G be a graph with a T-
labelling y and let O be the set of all cycles of G whose y-values are in A. Then
for every three positive integers k, k, and 0, there exists a U-labelling y’ of G that is
shifting equivalent to y such that at least one of the following statements is true.

(i) There are k vertex-disjoint cycles in O.
(ii) There is a hitting set for O of size at most ﬁn,w(k, K, 0).
(iii) There is a subgraph H of G such that for some J C [m] and for the (I'/ T )-
labelling y" induced by the restriction of y' to H, we have (H,y") €
Ck,0,T/Ty, A+ Ty)and H contains a half-integral packing of k cycles in O.

Note that if G is a graph for which statement (iii) of Theorem 3.3 holds with H = G,
then the half-integral packing of size « is a witness that there is no hitting set for
the cycles in O of size less than «/2. In Sect. 8.1, we will establish that H has no
three vertex-disjoint cycles in O. In this sense, these graphs form obstructions for an
Erd6s—Pdsa type result.

3.3 Proof sketch

The proof proceeds by induction on k and will mostly follow a well-established proof
structure in this area, using new ideas developed here as well as in [9]. We assume that
all three statements of Theorem 3.3 fail, and find a tangle that is ‘oriented towards’ a
minimum hitting set, see Lemma 4.3. This tangle allows us to find a large wall in G
(see Sect. 4.1) which in particular has the property that it cannot be separated from
cycles in O by a small set of vertices. We then (see Sect. 4.2) take a sufficiently large
subwall W which after possibly shifting the labelling satisfies for some set Z C [m]
of coordinates

e every NW-path is y;-zero for all j € Z,
e cvery large subwall contains a y;-non-zero cycle for all j € [m]\Z.

As in [9], we adapt a theorem of Wollan (see Sect. 4.3) to obtain a collection P of
W-handles that is sufficient to generate a value that is ‘allowable’ with respect to
the coordinates in Z. These handles will be partitioned into sets such that for each
coordinate in Z, all handles within a set either have the same values or distinct values.
We restrict the parts of this partition to pairwise non-mixing handlebars and throw
away any handlebar that is unnecessary to generate a value that is ‘allowable’ with
respect to the coordinates in Z. Using the outer columns of the wall, we combine
handles within each handlebar to form a set of handlebars for a subwall of W which
now satisfies property (O3). Since we already threw away all unnecessary handlebars,
property (O4) is also satisfied. Each new handlebar whose handles contain an even
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number of handles in P will now be in series, which allows us to do this in such a way
that we additionally satisfy property (O5).

Following the approach from [9], we find a half-integral packing of cycles in O
of size «, and since we assumed that statement (iii) fails, we can conclude that prop-
erty (06) fails. This means either that each handlebar is in series and there are at most
two of them, or that no handlebar is in series and the number of crossing handlebars
is even. In the first case, it is not hard to find a packing of k cycles whose values are
allowable with respect to the coordinates in Z, and techniques from [9] enable us to
deal with the coordinates in [m]\ Z easily and obtain a packing of k cycles in O (see
Sect. 4.2). In the second case, we iteratively combine pairs of ‘adjacent’ handlebars to
obtain one handlebar for a subwall of W, where each new handle contains exactly one
handle of each constituent handlebar. This will form a nested handlebar, enabling us
once again to find a packing of k cycles in O. Thus, we have the desired contradiction
in each case.

4 Recycled tools
4.1 Finding the wall

A separation of a graph G is a pair (A, B) of subsets of V(G) such
that G[A]U G[B] = G. Its order is defined to be |A N B|. For a positive integer ¢, a
set 7 of separations of order less than ¢ is a tangle of order t in G if it satisfies the
following.

(1) If (A, B) is a separation of G of order less than ¢, then 7 contains exactly one
of (A, B) and (B, A).
(2) If (A1, B1), (A2, B2), (A3, B3) € T, then G[A]U G[A2] U G[A3] # G.

For a (g, g)-wall W, let Ty be the set of all separations (A, B) of G of order less
than g such that G[ B] contains a row of W. Kleitman and Saks (see [17, (7.3)]) showed
that 7y is a tangle of order g. A tangle 7 in G dominates the wall W if Tyy € 7. The
following theorem of Robertson, Seymour, and Thomas [18] shows that every tangle
in a graph of sufficiently large order dominates a wall. A better bound can be obtained
by combining the results of Chuzhoy and Tan [3] and Kawarabayashi, Thomas, and
Wollan [15].

Theorem 4.1 (Robertson, Seymour, and Thomas [18]) There exists a func-
tion fa.1: N — N such that if g > 3 is an integer and T is a tangle in a graph G
of order at least f4.1(g), then T dominates a (g, g)-wall W in G.

We will also need the following lemma, stating that if a tangle dominates a wall W,
then it also dominates every N " -anchored subwall of W.

Lemma 4.2 (Gollin et al. [9, Lemma 2.8]) Let w > t > 3 be integers, let W be a wall
of order w, and let T be a tangle dominating W. If W' is a subwall of W of order t
and

INY' AN > @t =D - 1),
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then T dominates W'.
In particular, if W' is N -anchored, then T dominates W'.

We now review packing functions, introduced by Gollin et al. [9]. Let G be a graph
and let v be a function from the set of subgraphs of G to the set of non-negative
integers. For subgraphs H, H' C G, we say

e v is monotone if v(H) < v(H') whenever H is a subgraph of H’,

e visadditiveif v(HUH’) = v(H)+v(H') whenever H and H’ are vertex-disjoint,
and

e v is a packing function for G if it is monotone and additive.

Now let v be a packing function for a graph G. For a subgraph H C G, we say a
set T C V(H) is a v-hitting set for H if v(H — T) = 0. We define 1,,(H) as the size
of a smallest v-hitting set of H. Note that in the traditional sense of the word, a v-hitting
set of G is a hitting set for the minimal subgraphs H € G for which v(H) > 1.

The following lemma, which will be useful for the inductive step of our proof, says
that if a graph G itself does not have a small v-hitting set but all subgraphs of G with a
smaller v-value do, then for any given minimum v-hitting set 7', we can find a tangle
of large order that is ‘oriented towards’ T'. Similar arguments have been used in many
Erd6s—Poésa type results, see [11] and [23] for instance.

Lemma 4.3 (Gollin et al. [9, Lemma 4.1]) Let v be a packing function for a graph G
andletT C V(G) be a minimum v-hitting set for G of size t. Let Tt be the set of all sep-
arations (A, B) of G of order less than t /6 such that |B N T| > 5t/6. Ift,(H) <t/12
whenever H is a subgraph of G with v(H) < v(G), then It is a tangle of order [t /6].

4.2 Cleaning the wall and finding allowable cycles

LetT = ]_[je[m] I'j be a product of m abelian groups and let (G, y) be a I'-labelled
graph. Let W be awallin G and let j € [m]. If W is sufficiently large in terms of £ and
no (¢, £)-subwall of W is y;-bipartite, then there are many y;-non-zero cycles that we
can use to help build our allowable cycles. Otherwise, there is an (¢, £)-subwall of W
that is y;-bipartite, and we can restrict to this subwall to utilize the y;-bipartiteness.
This leads to the following definition. Given a subset Z C [m] and an integer £, we
say that a wall W in G is (y, Z, £)-clean if

(1) every NW-pathin W is y;-zero for all j € Z and
(2) W has no (£, £)-subwall that is y;-bipartite for all j € [m]\Z.

We write N> 3 to denote the set of integers greater than or equal to 3.
The following lemma shows how to obtain a clean subwall from a wall.

Lemma4.4 (Gollin et al. [9, Lemma 5.1]) Let I = ]_[je[m] I'j be a product of m
abelian groups, let (G, y) be a I'-labelled graph, let ¥ : {0} U [m 4+ 1] — N>3 be a
function, and let W be a wall of order v (0) +2 in G. Then there exist a T -labelling y’
of G shifting-equivalent to v, a subset Z of [m), and a (y', Z, W (|Z| + 1) + 2)-clean
Vo (W)-anchored (Y (|Z1), ¥ (| Z1))-subwall of W.
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A clean wall can help us to build allowable cycles, as the following lemma demon-
strates. Roughly speaking, for a (y, Z, £)-clean wall W, if j ¢ Z, then we will use a
cycle whose y;-value is non-zero, which can be found in every (¢, £)-subwall of W.
If j € Z, then we will use handlebars to adjust the y;-value of a cycle. This process
allows us to find a cycle whose y;-value is not in ; for any j € [m].

Lemma 4.5 (Gollin et al. [9, Lemma 8.1]) There exist functions c45,r45: N* — N
satisfying the following. Let t, £, m, and w be positive integers with £ >3,
letT' = ]—[je[m] I'j be a product of m abelian groups, and for each j € [m], let Q;
be a subset of ' of size at most w. Let (G, y) be a I'-labelled graph, let Z be a
subset of [m], and for integers ¢ > c45(t, ¢, m,w) and r > rq5(t, L, m, w), let W
be a (v, Z,t)-clean (c,r)-wall in G. Then for every set P of at most t pairwise
vertex-disjoint W -handles such that y; (U P) ¢ Qjforall j € Z, there is a cycle O
in WU JP withy;(0) ¢ Qj forall j € [m].

4.3 Collecting handles

Wollan [22] proved the following Erdés—Pdsa type result for y-non-zero A-paths in
groups-labelled graphs (G, y).

Theorem 4.6 (Wollan [22]) Let k be a positive integer, let T be an abelian group,
let (G, y) be a TI'-labelled graph, and let A C V(G). Then G contains k vertex-
disjoint y-non-zero A-paths or a vertex set of size at most f4.6(k) := 50k* hitting all
y-non-zero A-paths.

In this paper we do not use this theorem directly, but instead apply the following
technical corollary of it proved in the previous paper of Gollin et al. [9].

Lemma4.7 (Gollin et al. [9, Lemma 4.3]) Let u, k be positive integers such
that fa6(k) <u — 2. Let A be an abelian group, let (G, L) be a A-labelled graph,
and let v be a packing function for G such that

e every minimal subgraph H of G with v(H) > 1 is a A-non-zero cycle,
e 7,(H) < 3u for every subgraph H of G with v(H) < v(G), and
e 7,(G) > u.

Let T C V(G) be a minimum v-hitting set for G and let N € V(G) such that for
every S C V(G) of size less than u, there is a component of G — S containing a
vertex of N and at least 4u vertices of T. Then G contains k vertex-disjoint h-non-zero
N-paths.

We will apply this lemma to a I'-labelled graph (G, y), with v(H) equal to the
number of vertex-disjoint cycles in (H, y) with allowable y-values and N being the
set of degree 3 vertices of a carefully chosen wall in G. However instead of taking A to
be the original I'-labelling, we instead consider some quotient group A (specifically,
I"/ A in the proof) and the corresponding labelling A, with the property that every cycle
with an allowable value is A-non-zero. By iterating this, we can avoid the scenario
where the y-values of all of the paths we obtain are in some subgroup which does not
include any allowable value.
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The other key ingredient for this process is the following lemma which enables us
to use the output of Lemma 4.7 to extend a set of (W -)handles, at the cost of shrinking
the wall which the handles attach to.

Lemma 4.8 (Gollin et al. [9, Lemma 6.1]) There exist functions wsg: N> — N
and fi3: N — N satisfying the following. Let k, t, and c be positive integers
withc > 3, let T be an abelian group, and let (G, y) be a I'-labelled graph. Let W be a
wall in G of order at least wy g(k, ¢) such that all Vo (W)-paths of W are y-zero. For
eachi € [t — 1], let P; be a set of 4k W -handles in G such that the paths in Uie[t—l] P;
are pairwise vertex-disjoint. If G contains at least f4 3(k) vertex-disjoint y -non-zero
V.2 (W)-paths, then there exist a c-column-slice W' of W and a set Q; of k pairwise
vertex-disjoint W’-handles for each i € [t] such that

(i) foreachi € [t — 1), the set Q; is a subset of the row-extension of P; to W in W,
(ii) the paths in | J; cr) Qi are pairwise vertex-disjoint, and
(iii) the paths in Q; are y-non-zero.

5 Handling handlebars

We remind the readers that two sets G| and G, of graphs are said to be vertex-disjoint
if | G and | G are vertex-disjoint. First, we show that given a family of pairwise
vertex-disjoint sets of W-handles, we can throw away some W-handles from each set
to obtain a family of pairwise vertex-disjoint non-mixing W-handlebars.

Lemma 5.1 There is a function fs51: N> — N satisfying the following property. Let
t, 0, ¢, and r be positive integers with r > 3 and ¢ > 3, let W be a (c,r)-wall,
and let (Pj:i € [t]) be a family of pairwise vertex-disjoint sets of f51(t,0) W-
handles. If the W-handles in U§:1 ‘P; are pairwise vertex-disjoint, then there exists
a family (P}:i € [t]) of pairwise non-mixing W-handlebars such that P’ C P;
and |P}| > 6 foralli € [t].

Proof Let

max{3((2t — D6 — 1) +1,30f5.1(t — 1,0)} ifr > 1,
f5.1(,0) == 3 .
30 —1)° +1 ifr=1.

We proceed by inductiononz. If f = 1, then thereis asubset P’ C P; of size (—1)3+1
whose paths all have the same number of endvertices in C 1W . The result then follows
from Lemma 3.1.

Suppose ¢t > 2. By the above argument, there is a W-handlebar P’ =
{PJ’.: j € [(2t — 1)1} € P; of size (2t — 1)6. For each j € [(2t — 1)0], let v;
and w; be the endvertices of Pj/. with v; <w w;. Without loss of generality, we
may assume that for all j, j* € [(2r — 1)0] with j < j’, we have that v; <w v;.
For each x € [27 — 1], let A, be the subpath of CIW U CLW from vj4(x—1)p t0 vyg, and
let B, be the subpath of CF/ U CLW from wi4(x—1)s to wyg. Note that for distinct x
and y in [27 — 1], we have that A, U By and A, U B, are vertex-disjoint. Hence, for
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eachi € [t — 1], there are at most two integers x € [2¢ — 1] suchthat A, U B, contains
more than a third of the endvertices of paths in P;. Hence, there exists x € [2¢ — 1] such
that A, U B, contains at most a third of the endvertices of paths in P; foralli € [r — 1].
For every i € [t — 1], let 77{ C P; of size at least 10 f5.1(t — 1, ) such that A, U By
and | P/ are vertex-disjoint.

Since each of A, and By is a subpath of C 1W U CY, the graph
H = CIW U CCW — V(Ax U By) has at most four components. Let {H; : j € [q]}
be the set of components of H, and for every path P in [ J P/, let I(P) be the set of
integers i € [¢] where H; contains an endvertex of P. Then I(P)isasetin {{i}:i €
[ql} U{i, j}:i,j €lql,i # j}, which consists of at most 10 = (‘1‘) + (3) sets.

As P! has size at least 10f51(t —1,0), there is a subset P! C P/ of size
f5.1(t — 1,60) such that for every pair of W-handles P, P’ € P/, each com-
ponent of H contains the same number of endvertices of P and P’. By the
induction hypothesis, there is a family (P;: i € [t — 1]) of pairwise non-mixing
W-handlebars such that P € P/ and |P}| > 6 for each i € [t — 1]. Together
with P := {P/’.: j € [x0\[(x — 1)8]}, these W-handlebars satisfy the lemma. O

The paths of a W-handlebar P can be pieced together through the outer columns
of W to form a W*-handlebar P* for some column-slice W* of W such that each
path in P* contains exactly d paths of P for any desired d, provided that P and W
are large enough. The following lemma shows that this can be done simultaneously
to a family of pairwise vertex-disjoint non-mixing W-handlebars so that the resulting
family of W*-handlebars is also pairwise vertex-disjoint and non-mixing. See Fig.3
for an illustration.

Lemma5.2 Let t, ¢, r, and 0 be positive integers with ¢ > 5 and r > 3, and let d;
be a positive integer for each i € [t]. Let W be a (c, r)-wall in a graph G and let
W* be a (¢ — 2)-column-slice of W containing C;V and C(YKI. Let (P;:i €[t]) be
a family of pairwise vertex-disjoint non-mixing W-handlebars with |P;| > 0d; for
alli € [t]. Then there is a family (P} : i € [t]) of pairwise vertex-disjoint non-mixing
W*-handlebars each of size 0 such that for each i € [t] and Q € P}, there is a
set {P;j o € P;: j €ld;]} of size d; such that

d; d;
UPj>Q - QQWUUPJ‘,Q.
Jj=1 j=1

Moreover, for each i € [t], if d; is even, then Pi* is in series and if d; is odd, then 771.*
is of the same type as P;.

Proof Foreachi € [t],letP; =: {P; ,: x € [0d;]}suchthatifx, y € [0d;]withx < y,
then some endvertex of P;, is <w-smaller than both endvertices of P; y.
For each i € [t] and y € [#], it is easy to verify that there is a unique path
incluclu Uii(y_l)diH P; x that contains U,)\;i(y—l)d,-+l P; x whose set of end-
vertices contains the <w-smallest endvertex of P; (y,—1)¢;+1 and some endvertex
of P; yq4. Let Q; , denote the row-extension of this path to W*. Now with 73,.* =

{Qi,y: y € [0]}, we easily observe that (731.*: i € [t]) is as desired. O
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O~O=0~0=0~0—=0~0=~0~0=O~0~0=0~O=0~0=0~O=0~0~0~0—=0-0-0-0
Fig. 3 Combining paths in Lemma 5.2 where r = 2, 0 = 2, d| = 3, and dp = 4. The red subwall W* is
a (¢ — 2)-column slice of a given (c, r)-wall W, and the paths in W-handlebars PP and P, are shown in

blue and red, respectively. Following the marked paths in W, we construct W*-handlebars Pf and ’Pik of
size 6. As d is odd, P]“ is of the same type as P

Next we show thatif (P; : i € [t]) is a family of pairwise vertex-disjoint non-mixing
W-handlebars none of which is in series, then we can construct a W’-handlebar for
some subwall W’ of W such that each W’-handle contains exactly one path from
each P;.

Lemma5.3 Let t, k, ¢, and r be positive integers with k >2 and c,r > 3.
Let W be a (c,r')-wall in a graph G with ¢ > c53(t,k,c):=c+kt
and r’ > rs3(k,r) :==r + k. For each i € [t], let P; be a W-handlebar of size k
in G, not in series, such that P; and 'P; are vertex-disjoint and non-mixing for all
j € [t1\{i}. Then there exist an N" -anchored subwall W' of W having at least c
columns and at least r rows and a W’-handlebar Q in G of size k such that for
each Q € Q, there is a set {P; o € P;: i € [t]} such that

t t
UPi,QE QSWUUPi,Q-

i=1 i=1

Moreover, Q is crossing if and only if the number of crossing W-handlebars
in (P;:i € [t)]) is odd.
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Fig.4 Combining handlebarsin Lemma 5.3 where k = ¢ = 3. In this example, we can recursively find a path
in the first column or the last column connecting two handlebars. As the number of crossing W-handlebars
is odd, the resulting W’-handlebar is crossing

Proof We proceed by induction on ¢. This lemma is trivial if # = 1 and therefore we
may assume that 7 > 1. First, suppose that for some distinct j/, j” € [¢], there is a
path Q in CIW U CCW that contains exactly one endvertex of each path in P;s U P;»
and no endvertex of any path in | J{Py: x € [f]\{j’, j”}}. We illustrate this case in
Fig.4. Without loss of generality, we may assume that j' = — 1, that j” = ¢, and
that Q € C 1W .Let (a;: j € [2k]) be a strictly increasing sequence of integers in [r’]
such that R,:‘; N Q contains an endvertex of a path in P;_; UP; for all j € [2k].

For j € [k],let O be a subpath of Cl?-/H _j from a vertex in RZZ to a vertex in RZHH_.

Then it is easy to observe that for each j € [k], there is a unique path in
w w
JPiu RYUQ;URY. U U»

that contains exactly one path in P;_; and exactly one path in P;. Let W* be a (¢’ — k)-
column-slice of W containing C,fzr | and CCW. Then the row-extensions of all of these
paths to W* yield a W*-handlebar P,_, that is vertex-disjoint and non-mixing with
the row-extension of P; to W* for each i € [r — 2]. Note that 77;_1 is crossing if and
only if exactly one of P,_; and P is crossing. By applying the induction hypothesis
to 73;_1 and row-extensions of P; to W* for all i € [t — 2], we deduce the lemma in
this case.

Now suppose that there is no path Q as defined above for any pair of W-handlebars
in (P;: i € [t]). We illustrate this case in Fig. 5. Since no W-handlebarin (P;: i € [t])
is in series, it follows that each of C YV and CZ,V meets at most one W-handlebar
in (P;:i €[t]) and so t = 2. Let W’ be a (¢’ — 2k)-column-slice of W contain-
ing C,Z‘_’H and CCV,V_ c andlet W'bea (r’ — k)-row-slice of W” containing R,Z‘i/l and R},V”.
Without loss of generality, we may assume that the endvertices of P; are contained
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Fig.5 Combining handlebars in Lemma 5.3 where kK = 3, ¢ = 2, and there is no path in the first column or
the last column connecting two handlebars. In this case, we use k rows to combine two handlebars

in C 1W and the endvertices of PP, are contained in CCW. Let (a;: j € [k]) be a strictly
increasing sequence of integers in [r'] such that RZ contains the endvertex of a path
in Py that is <w-smaller than its other endvertex for all j € [k], and let (b;: j € [k])
be a strictly increasing sequence of integers in [r'] such that RZ‘; contains the endver-

tex of a path in P, that is <w-larger than its other endvertex for all j € [k]. Let wo
be the k-column-slice of W containing C 1W and let W' be the k-column-slice of W
containing CCW. For j € [k], let P; be a subpath of CJW from a vertex in R “Z to a vertex

in R}}V and let PJ/. be a subpath of CCW+17 j from a vertex in RJW to a vertex in RZZ .

Again, it is easy to observe that for each j € [k], there is a unique path in
wo ) w ’ w!
UPiurY upury uPUR) Ul P

that contains exactly one path in P; and exactly one path in 7P,. Now the row-extensions
of all of these paths to W’ yield a W’-handlebar Q as desired. As before, note that Q is
crossing if and only if exactly one of P; and P; is crossing. This completes the proof.

O

The final lemma of this section shows that if (P;: i € [¢]) is a family of pairwise
vertex-disjoint non-mixing W-handlebars that does not satisfy any of the three prop-
erties of Definition 3.2(06), then we can find k vertex-disjoint small subwalls, each
equipped with g vertex-disjoint handles such that for each i € [g], the i-th handle is
a W-handle in P; extended with paths in W. Moreover, the handles on each subwall
are vertex-disjoint from every other subwall and their handles. Later, we will find an
allowable cycle in each subwall with its handles by applying Lemma 4.5, and therefore
we will obtain k pairwise vertex-disjoint allowable cycles. We illustrate the cases in
Lemma 5.4 in Fig. 6.
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J

(a) The case when g =1 and P is nested (b) The case when ¢ =2 and P, P, are in series

Fig.6 Finding disjoint subwalls with handles in Lemma 5.4

Lemma5.4 Let k, ¢, and r be positive integers with k>2 and c,r > 3.
Letq € {0, 1,2}. Let W be a (c’, r')-wall in a graph G with ¢’ > c54(k, ¢) := ¢ + 6k
and ' > r54(k,r) :=k(r +2). Let (P;: i € [q]) be a family of pairwise vertex-
disjoint non-mixing W-handlebars in G, each of size k, such that one of the following
conditions holds.

(1) g =0.
(2) q = 1 and Py is either nested or in series.
(3) q =2 and P and P, are both in series.

Then for each x € [k], there exist an N W _anchored (¢, r)-subwall W, a set
Hx = {Hxi:i € Iql} of q pairwise vertex-disjoint Wy-handles, and a set
{Px,; € Pi:i €lql} such that

(i) for distinct x,x’ € [k] the graphs Wy U|JHy and W,y U|JH, are vertex-
disjoint and
(ii) Py € Hy; € WU Py foreach x € [k] and each i € [q].

Proof Without loss of generality, we may assume that if ¢ > 0, then the paths in P
have at least one endvertex in CYV and if g = 2, then each endvertex of each path
in P; is <w-smaller than each endvertex of each path in P, (since P; and P, are
both in series). If g > 1, thenlet { Py x: x € [k]} be an enumeration of P; such that for
allx € [k — 1], the <y -smallestendvertex of P; x is <w-smaller than both endvertices
of Py x+1, and additionally if ¢ = 2, then let { P>  : x € [k]} be an enumeration of P
such that for all x € [k — 1], the <w-smallest endvertex of P, is <w-larger than
both endvertices of P2 x41.

Let WO be a 4k-column-slice of W containing CIW and let Wl be a (¢’ — ¢ — 4k)-
column-slice of W containing CCW. Let W* be a c-column-slice of W vertex-disjoint
from WO U W' Let {W,: x € [k]} be aset of k pairwise vertex-disjoint NV -anchored
(c, r)-subwalls of W* such that W, intersects both R(‘f Dl and R:‘; foreachx € [k].
For each x € [2k] and 7z € {0, 1},

e let v% be the unique nail in the column-boundary of W? that is contained in
w W
both R[>y and C ). 4y and
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e let wZ be the unique nail in the column-boundary of W* that is contained in

w w
both Ry 1y and C Loy 1)y ay-

e 1,0 0 1 1
Note that for each x € [k], the nails vy, _,, v;,, v,,_;, and v,, are each con-

tained in a row of W that intersects W,. For each x € [2k], let Ty be the unique
path in Rr‘)y+l_x U CCV’V+1—x U RFZr/Z] from wg to v;. Note that 7 := {Ty: x € [2k]}
is a set of 2k pairwise vertex-disjoint paths that are internally disjoint
from WO U (W, : j € [k]}.

If g = 0, then W, with H, = @ foreach x € [k] satisfies the condition and therefore
we may assume g > 0.

Suppose that ¢ = 1 and P is in series. As k > 2, each path in P; has both of its
endvertices in W9. Since WY has at least 2k columns, there is a set Q of 2k pairwise
vertex-disjoint paths from the endvertices of the paths in P; to the set {v;) s x € [2k]}
in W0, By the planarity of W, we conclude that for x € [k], the endvertices of Py x
are linked by two paths Q% and Q%" in Q to {ngfl’ vgx}. Moreover, for each x € [k],
the path QF U Q5" U Py  can be easily extended to a Wy-handle H, 1 such that all
desired properties are satisfied.

Now suppose that ¢ = 1 and P; is nested. If each path in P; has one endvertex
in W0 and one endvertex in W1, then there is a set Q of 2k pairwise vertex-disjoint
paths containing for each z € {0, 1} a subset of k paths from the endvertices in W?
of the paths in P; to {véx: x € [k]} in WZ. If each path in P; has both of its end-
vertices in WY, then there are 2k vertex-disjoint paths from the endvertices of the
paths in P to {vgx cx e [k]}U {ng :x € [k]} in WO, which together with the paths
in {T2: x € [k]} yield a set Q of 2k pairwise vertex-disjoint paths from the end-
vertices of Py to {v3, : x € [k], z € {0, 1}}. Hence, in both of these cases, the set Q
avoids [ J{W;: j € [k]}. By the planarity of W, we conclude that for x € [k], the end-
vertices of the path P; , € P; are linked by two paths Q% and Q}* in Q to {vgx, v% -
As before, for each x € [k], the path Q% U Q%" U P; , can be easily extended to a
Wy-handle H, ; such that all desired properties are satisfied.

Therefore, we may assume that ¢ = 2. Recall that the paths in 7P have both of
their endvertices in WO. If each path in P, has both of its endvertices in W1, then
since each of W° and W! has at least 2k columns, there exist a set Q; of 2k pairwise
vertex-disjoint paths from the endvertices of the paths in P; to {vf?: x € [2k]} in WO
and a set Q; of 2k pairwise vertex-disjoint paths from the endvertices of the paths
in P; to {v}c . x € [2k]} in W', If each path in P has both of its endvertices in w9 as
well, then since W has 4k columns, there are 4k vertex-disjoint paths from the set of
endvertices of Py U P; to the set {vgz x € [2k]} U {w;): x € [2k]}in W9, In this case,
let Q1 be the subset of these paths with endvertices in {vg : x € [2k]} and let Q5 be the
concatenation of the subset of these paths with endvertices in {wg : x € [2k]} together
with the paths in {7, : x € [2k]}. Hence, in both of these cases, by the planarity of W,

for each i € [2], the endvertices of P; , are linked by two paths Q;'k,x and Ql*fc in Q;
to {vé;il, v;l} and these paths avoid [ J{W;: j € [k]}. As before, for each i € [2]

and x € [k], the path Q;",x U Q;”;C U P; , can be easily extended to a Wy-handle H, ;
such that all desired properties are satisfied. O
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6 Lemmas for products of abelian groups

In this section, we present some additional lemmas from [9] and prove useful exten-
sions on finding allowable values. The first lemma says that if a set of elements of I’
generates an allowable value, then it does so using each element a bounded number
of times.

Lemma 6.1 (Gollin et al. [9, Corollary 7.2]) Let m, t, and w be positive integers,
letT" = Hje[m] I'j be a product of m abelian groups and for all j € [m), let Q; be a
subset of T j of size at most w. For alli € [t]and j € [m], let g; ; be an element of T;.
If there are integers cy, . . ., ¢; such that Z§=1 cigi,j & Qjforall j € [m], then there
are integers dy, ..., d; with d; € [2™®] for each i € [t] such that Z§=1 digi,j ¢ Qj
forall j € [m].

The next lemma allows us to find large sets of elements of I' such that for
each j € [m], their y;-values are either all equal or all distinct.

Lemma 6.2 (Gollin et al. [9, Lemma 7.6]) There exists a function fe2: N2 » N
satisfying the following. Let m, t, and N be positive integers with N > fe2(t, m)
and let T = ]_[je[m] I'j be a product of m abelian groups. Then for every
sequence (gi: i € [N]) over ', there exists a subset I of [N] with |I| =t such that
for each j € [m], either

o wi(g) =mj(g) foralli,i" €I or
o 7j(g;) # mj(gy) forall distincti,i’ € I.

Furthermore, if Z is a subset of [m] such that for all distinct i and i’ in [N] there exists
J € Z such that w,(g;) # 7y (gi’), then the second condition holds for some j € Z.

For the coordinates j for which the y;-values are all distinct, we have the following
extension of Lemma 6.2.

Lemma 6.3 Let t, m, and n be positive integers, let ' = ]—[je[m] I'j be a product of m
abelian groups, and let (g;: i € [n]) be a family of elements of I such that 7;(g;) #
i (gi) for all j € [m] and distinct i and i’ in [n]. If n > fe3(t,m) := m3~1 41,
then there is a subset 1 C [n] of size t such that

(D ei) # (D 8)

ieS ieT
for every j € [m] and any pair of distinct subsets S and T of 1.

Proof Let I be a maximal subset of [n] such that 7;(} ;.5 &) # 7j (Y ;cr &) for
every j € [m] and every pair of distinct subsets S and 7 of 1. Suppose that |I| < t.
By the maximality of I, for each a € [n]\I, there are disjoint subsets S’ and T’
of I such that 7w (g,) = 7; (D ;cq 8 — X jeq &) for some j € [m]. Note that there
are 3171 ways to choose the disjoint subsets S" and 7’ of I. Since 7;(g4) # 7;(84)
for every j € [m] and every pair of distinct elements a and a’ in [r]\I, we have
thatn —(t—1) <n—|I| < m3l < m3t-1, contradicting the assumption on n. O
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We will apply Lemma 6.2 multiple times to obtain a family (S;: i € [¢]) of large
subsets of I" each satisfying the conclusion of Lemma 6.2. The following lemma says
that there is a choice of an element from each S; so that the sum of the chosen elements
is allowable in each coordinate j for which at least one S; has all distinct y;-values.

Lemma 6.4 (Gollin et al. [9, Lemma 7.4]) Let m, t, and w be positive integers,
let T' = Hje[m] ['j be a product of m abelian groups, and for all j € [m], let Q;
be a subset of I'j of size at most w. Let (S;: i € [t]) be a family of subsets of " such
that for each j € [m), there existsi € [t] suchthat7wj(g) # m;(g") foralldistinct g, g
in S;. If|S;| > mw foralli € [t], then foreveryh € T, thereis a sequence (g;: i € [t])
of elements of I such that

(i) gi € S; foreachi € [t] and

(ii) m; (h + X ienn gi) ¢ Qj forall j € [m].

The final lemma is an extension of Lemma 6.4 that given a family (S;: i € [¢]) of
large subsets of I satisfying the conclusion of Lemma 6.2, there are large subsets S;
of S; so that for every choice of an element from each Stf , the sum of the chosen
elements is allowable in each coordinate j for which at least one S; has all distinct
yj-values.

Lemma6.5 Let m, w, «k, t, and s be positive integers with
s> fos(m, o, k, 1) ==k +mok'™!, let T = ]_[je[m] I'j be a product of m abelian
groups, and for each j € [m], let Q; be a subset of I'; of size at most w.
Let (gi x: i €[t], x € [s]) be a family of elements of I such that for each j € [m],
we have

(@) {mj(gix):x €[sl}| € {1, s} foreachi € [t] and
®) 7 (X 8i1) ¢ @5
Then there are subsets I; C [s] fori € [t], each of size at least k, such that

JTj(Z gi,a,> ¢ Q;

i€[t]

forevery j € [m] and every (a; € I;: i € [t]).
Proof Let (I; C [s]: i € [t]) be a family satisfying

(1) 1€l foralli € [z],

) |I;] <k foralli € [t],

(3) forevery j € [m]andevery (a; € I;: i € [t]),wehavenj(zie[t] 8ia;) ¢ 2j,and

(4) subject to the previous conditions, ) A is maximised.

By (b), such a family (/;: i € [¢]) exists.
Suppose for contradiction that | I, | < «x for some x € [¢]. Without loss of generality

we assume that x = 7. By properties (3) and (4), foreach y € [s]\I; there exist j € [m]

and (a; € I;: i € [t — 1]) such that 7; (g, + Z,-e[,_l] 8i,q;) € ;. Since s > Kk +

mar'™!, we have

I I
[sI\Z¢| > |[S]> t1| © > max |,
m [ iyl = mk'= jelml
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so by the pigeonhole principle, there exist an integer j €[m], a
family (a; € I;:i € [t —1]), and distinct integers y,y" € [s]\I; such
that 70 (gry + X ie—1) Givar) = TGty + Dicr—1) 8ivar) € j. This  implies
that m;(g:y) =m;(g,y) and by (a), we have [{m;(g:x):x €[s]}/=1
Thus 7;(g,y) = m;(g:,1) and so 7;(g; 1+ Zie[t—l] 8i.a;) € 2j, contradicting
properties (1) and (3). m]

7 Proof of the main theorem

In this section, we prove the main theorem, which we will restate for the convenience
of the reader.

Theorem 3.3 For all positive integers m and w, there is a function ﬁl,w ' N3 = Zsat-
isfying the following property. Let I" = ]_[je[m] I'j be a product of m abelian groups,
and for every j € [m], let Q; be a subset of I'j with |Q| < w. For each j € [m],
let Aj = n;I(Fj\Qj) CTl and A := ﬂje[m] Aj. Let G be a graph with a T-
labelling y and let O be the set of all cycles of G whose y-values are in A. Then
for every three positive integers k, k, and 0, there exists a U-labelling y’ of G that is
shifting equivalent to y such that at least one of the following statements is true.

(i) There are k vertex-disjoint cycles in O.
(ii) There is a hitting set for O of size at most ﬁn,w(k, K, 0).
(iii) There is a subgraph H of G such that for some J C [m] and for the (I'/T"j)-
labelling y" induced by the restriction of y' to H, we have (H,y") €
C,0,T /Ty, A+ T ) and H contains a half-integral packing of k cycles in O.

Proof For fixed positive integers m, w, k, and 6, we will define ﬁ,,yw(k, K, 0) by recur-
sion on k. First, we set ﬁn,w(l, k,0) := 0. Assume that k > 1 and J/‘;w)(k —1,x,0)
is already defined. We define k* := max{k, «}.

For integers p and zo with p > 0 and 0 < zo < m, let o(p, zo) and p(zp) be
recursively defined as follows. For every positive integer p, we define

p(0) i=m,
a(p,0) = f51(p(O), f63(2" fo50m, 0.k, p(0)), m)),

and for zp > 0, we recursively define

p(z0) :=m + fe2(a(l, zg — 1), m),

oz(p, ZO) =
a(l,zo—1) if p > p(z0),
rnax{4f6.2(a(19 +1,z09),m), f51 (P, f6.3(2mw+1f6_5(m, w, k*, p), m))} otherwise.

Let p:= p(m). Note that a(x, z0) > a(p(z0),z0) = a(l,z0 — 1) > a(x,z0 — 1)
for x > 0 and zp > 0. Thus, « is increasing in the second argument. We may also
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assume that fg, is increasing in its first argument. These two properties imply
that p(z9) < p forall zg < m. Let

w = max{[ fnw(k = 1,,0)/31, fas(fas(foa(a(l,m), m)) +3}.
We recursively define B(p, zo, z) for integers p, zp, and z with0 <zp <z <m

and 0 < p < p, as well as ¥ (z) for an integer z with0 < z < m + 1 and ¢, (2), rx(2)
for x € {0, 1, 2} and a non-negative integer z < m as follows. We define

Yim+1) =3,

and for z < m we define

c0(2) =452, ¥ (z+ 1) +2,m, w),
ro(z) :==ras52, Y (z+ 1) +2,m, ),
c1(z) := ¢s.4(k, co(2)),
ri(z) = rs4(k, ro(z)),

2(z) :=max {6, ¢53(P. k. c1(2), k* - ca5(P. Y (z+ 1) +2,m, w)},
r2(z) == max {6, r53(k. r1(2)). r45(P. ¥ (z + 1) +2,m, w)},
max {u, c2(z) + 2} ifz0 =0,
B(p,z0,2) := yB(1l,z0 — 1,2) if zo > 0 and p = p,
wa8(fo2(a(p +1,20),m), B(p+1,20,2)) ifzo > 0and p < p;
V(2) == max {Y(z+ 1), B0, z,2), n()}.

Observe that B(p, zo, z) > u. Lastly, we define

Tk, ke, 6) == max {6 f11(¥(0) +2), 6u, 12 fp 0k —1,k,0)}.

We proceed by induction on k. The case k = 1 is clear. Suppose that k > 1. For
every subgraph H of G, let v(H) denote the maximum number of vertex-disjoint
cycles O in H with y (O) € A. Observe that v is a packing function for G.

Suppose for contradiction that v(G) < k, 17,(G) > ]‘;Lw(k,/c, 0), and there
is no T'-labelling y’ of G that is shifting equivalent to y such that the state-
ment (iii) holds Let T be a minimum v-hitting set of size ¢ := t,,(G). By assump-
tion, t > fm ok, Kk, 0) > fm w(k — 1, k, 0). By the induction hypothesis, G contains
k — 1 vertex-disjoint cycles in O and therefore v(G) = k — 1. For each subgraph H
of G, if v(H) < v(G), then by the induction hypothesis,

T(H) < fnwlk = 1,k,0) < fono(k.,0)/12 < 1/12.
Let 77 be the set of all separations (A, B) of G of order less than ¢/6

with |B N T| > 5¢/6. By Lemma 4.3, 77 is a tangle of order [¢/6] > f4.1(¥(0) 4 2).
By Theorem 4.1, G has a wall of order 1/ (0) 4+ 2 dominated by 77. By Lemmas 4.4
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and 4.2, this wall has a (¥ (|Z]), ¥ (| Z|))-subwall W thatis (y’, Z, ¥ (|Z]| + 1) + 2)-
clean for some subset Z C [m] and some I'-labelling y’ of G shifting-equivalent to y
and dominated by 77. Since y (0) = y’(0) for every cycle O in G, we may assume
without loss of generality that y = y’.

The following claim simplifies the situation by choosing a good column-slice W’
of W and a good set of W'-handlebars so that the y;-values of W’-handles in each
W’-handlebar are all distinct or all same for each j € Z and further satisfies some
properties so that we can later use them to find cycles with allowable y-values.

Claim 1 There exist an integer ¢ > B(1,0, |Z|), a set I < [p], a c-column-slice W’
of W, a family (P;: i € I) of pairwise vertex-disjoint non-mixing W'-handlebars, a
Jamily (Z;: i € I) of subsets of Z, and a family (g;: i € I) of elements of " such that

@) [Pi| = 2" fo5(m, w, k*, |1]) for eachi € I,

®) |7j(y(Pi)l = |Pil foralli € I and j € Z;,

(¢) mj(y(Pi) ={mj(gi)} foralli € I and j € Z\Z;,

(d) there is some g € (g;: i € I) suchthatwj(g) ¢ Q; forall j € Z\J;<; Zi,

(e) foreveryi € I and every g € (g2 i’ € I\{i}), there is some j € Z\ Uy iy Zy
such that j(g) € Q;, and

(f) foreachi € I and j € Z;, and every pair of distinct subsets S and T of P;, we

" (X v @) £ 7 (X vep).

PeS PeT

Proof For non-negative integers c, g, and p withg < p, we say thatatriple (W', 3, Z)
consisting of a wall W', a family ‘B := (P;: i € [p]) of pairwise vertex-disjoint sets
of W’'-handles, and a family Z := (Z;: i € {0} U [p]) of subsets of Z is a (c, g, p)-
McGuffin if W' is a c-column-slice of W such that

(D) Pil = alp, |Zo]) forall i € [p],

(2) |mj(y(Pi)| = |P;| foralli € [p]and j € Z;,

(3) |mj(y(Pi)| = 1foralli € [p]and j € Z\Z;,

(4) Zy = Z\ Uie[q] Zi,

5) Z;\ Ui’e[i—l] Zi» #@foralli € [¢q], and

(6) foralldistincti, i’ €[p]\[q], thereis j € Zg suchthat; (y (P))Nx;(y (Pir)) = @.

Note that (W, @, (Z)) is a (¥ (|Z]), 0, 0)-McGuffin and by the definition, ¥ (|Z]) >
B(0,|Z|, |Z|). Furthermore, if (W', B, Z)isa(c, g, p)-McGuffin,theng < |Z| by (5)
and |Zy| < m, which implies that p(]Zg|) < p. Let (g, p) be a lexicographically
maximal pair of non-negative integers with ¢ < p < p for which there is a (c, ¢, p)-
McGuffin (W', B, Z) for some ¢ > B(p, | Zol, | Z]).

First, we claim that p < p(|Zg|). Suppose that p > p(|Zol|). Then

p—q=p(Zol) =m = fea(a(g + 1, [Zo| = 1), m)
since ¢ <m by (5) and « is decreasing in its first argument. Let P” be a

set of p —q pairwise vertex-disjoint W’-handles containing exactly one ele-
ment of P; for each i€ [pl\[g]. For i €[q], let P/:=P; and Z :=Z;.
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Note that |P;| > a(p,|Zol) = 4fe2(a(p +1,1Zpl), m) > 4a(p + 1, |Zo|) for
each i e€[p]. Thus, by Lemma 6.2, there is a subset Pz;+1 of P’
with IP(;+1| =a(q + 1, |Zp| — 1) such that for each j € [m], either

e 7i(y(P)) =mj(y(Q)) forall P, Q € Pz/1+1 or
o 7j(y(P)) # m(y(Q)) for all distinct P, Q € ’PéH,

and the second condition holds for some j € Zj since by (6), for all distinct paths P
and Q in P”, there exists j € Zg such that wi(y(P)) # m;(y(Q)). Let

Z</1+1 =1{j € Zo: mj(y(P)) # 7 (y(Q)) for all distinct P, Q € 7’¢/z+1} and Z{) := ZO\Z(/H_].
Let P’ := (P/:i elg+1]) and Z':= (Z]: i € {0} U[g + 1]). Then (W', P’, Z')
is a (¢c,q+ 1,9+ 1)-McGuffin, since (1) follows from the fact
that |73[’1+1| >a(g+1,1Zol = 1) = alg +1,|Zj]) and the remaining conditions
are easy to check. This contradicts the maximality of (g, p) since ¢ +1 < p < D.
Therefore, p < p(|Zo|) < P.

Now let us show that (W', 3, Z) satisfies the following statement:
(*) There is some g € (Uie[p] y(P;)) such that r;(g) ¢ 2; forall j € Zo.
Suppose to the contrary that such g does not exist. Then Zj is nonempty. Let A be
the subgroup of T" consisting of all g € T for which there is g’ € (U;¢[,) ¥ (P:)) such
that 77;(g) = mj(g’) for all j € Zy. Let A be the induced I'/ A-labelling of G. Note
that by the negation of (x), neither (Uie[ »l y (P;)) nor A contains an element g such
that w;(g) ¢ Q; forall j € Zgy. Therefore,
() every cycle O of G for which 7;(y(0)) ¢ Q; forall j € [m] is A-non-zero.

Note that W’ is a subwall of W of order ¢ > u. For any S C V(G) of size at
most u — 1, there is a component X of G — S containing a row of W’, which contains
a vertex in Vﬁ(W/ ) because u > 3. By Lemma 4.2, 77 dominates W', so the sepa-
ration (V(G)\V(X), S U V(X)) is in 77 and hence X contains a vertex of Vz(W')

and at least R
5t/6 — (u—1) > Sfin ek, k,0)/6 —(u—1) > 4u

vertices of 7. By (), every minimal subgraph H with v(H) > 1is a A-non-zero cycle.
Moreover, if H is a subgraph of G with v(H) < v(G) = k — 1, then by the induction
hypothesis,

T (H) < fuwlk —1,k,0) < 3u.

Hence, by Lemma 4.7, G has f13(fs2(ax(l,m), m)) vertex-disjoint A-non-
Zero Vﬁ(W/ )-paths. Note that we may assume that the function wy g is increasing in
both of its arguments. As |Zg| > 0 and p < D, we have

¢z B(p.12ol. |Z]) =z wag(fe2(a(p + 1, Zol), m), B(p + 1. |Zol. | Z])).

Recall that |P;| > a(p, |Zo|) = 4 fer(a(p + 1, |Zo|), m) for each i € [p]. Thus, by
Lemma 4.8 applied to W', there exists a ¢’-column-slice W” of W’ for some

¢ = B(p+1,1Zol,1Z]) = B(q + 1, |Zo| — 1, |Z])
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and for each i € [p + 1] there exists a set P/ of feo(a(p +1,[Zol), m) pairwise
vertex-disjoint W”-handles such that

e foreachi € [p], the set P/ is a subset of the row-extension of P; to W” in W’,
e the paths in | ielp+1] P! are pairwise vertex-disjoint, and
e the paths in 77;, 1 are A-non-zero.

Note that since W is (y', Z, ¥ (|Z| + 1) + 2)-clean, every N -path in W is (joy)-
zero for all j € Z and therefore if P’ is the row-extension of a W’-handle P to W”
in W, then 7 (y (P")) = m;(y(P)) forall j € Z.
Since |Z| < m, by Lemma 6.2, there exist a subset R of P;z-H and a subset Z’ of Z

such that

o |7;(y(R)| = |R|forall j € Z/,

e [7;(y(R))| = 1forall j € Z\Z', and

o [RI=alp+1,|Z]) = alqg +1,|Zo] — 1).
Letp” := p+ landq” :=qif Z' N Zgisemptyandlet p” ;=g + landq” := g + 1
if Z’' N Z is nonempty, and for i € {0} U [p”], let

Zo\Z' ifi =0,
zZ!:=127 ifi e [p” —1],
zZ' ifi =p’.

Fori € [p” —1],let P! := P/ and let 73;]’,, =TR.

We now show that (W”, (P/":i € [p"]), (Z]':i e {0}U[p"]) is a (¢, q". p")-
McGulffin; if true, then since p” < P, it contradicts the maximality of (g, p).

To observe property (1), note that «(p, |Zo|) > a(p + 1, |Zo|), and if Z' N Zy is
nonempty, then a(p + 1, |Zg|) > alg + 1,|Zo\Z’|). If P’ is the row-extension of
a W'-handle P to W” in W', then 7;(y(P’)) = m;(y(P)) for all j € Z, implying
properties (2) and (3) for i < p”. By the definition of Z’, properties (2) and (3)
hold for i = p”. Property (4) holds trivially. If Z' N Zy =@, then Z!" = Z; for
all i € {0} U[q], and therefore property (5) holds. When Z' N Z # @, property (5)
holds because Zo N (J; (4717 Zi = ¥ by property (4) and every element of Z" N Z
is not contained in Uie[q”—l] Z;. It remains to check property (6) when Z' N Z is
empty,q < i < p,andi’ = p” = p + 1. This is implied by the property that the paths
in 77;) 41 are A-non-zero. We conclude that (W', B, Z) satisfies ().

If p =0, then by property (x), property (d) holds with Z and [ :={, and
properties (a), (b), (c), (e), and (f) hold vacuously.

Therefore, we may assume that 0 < p < p(|Zgl). Let I’ := [p]. Since

Pil = a(p.1ZoD) = f5.1(p. fo3 (2" fosm, . k", p).m))

for each ie€[p], by Lemma 5.1 and property (1), there is a fam-
ily (P} € P;: i € [p]) of pairwise vertex-disjoint non-mixing W’-handlebars, each
of size f3(2"“t! . fo5(m, w, k*, p), m). By applying Lemma 6.3 to the restric-
tion of y(Pi*) to [] jez, I'j for each i € [p], we deduce that there is a family of
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subsets (P] € Pi: i € [p]), each of size 2metl £ <(m, w, k*, p), satisfying proper-
ties (a) and (f) with the set I’ = [p]. They also satisfy properties (b) and (c) with an
arbitrary family (g; € y(Pl.’ ): i € [p]), by (2) and (3). Observe that properties (a), (b),
(¢), and (f) hold for any subset I of I’ (and the corresponding subfamilies (77{ i el),
(Zi:iel),and (g;: i € I)) because we may assume that fg 5 is increasing in its
fourth argument. Now property (d) holds for I’ by property (), so taking a minimal
subset I of I’ satisfying property (d), we have that property (e) is also satisfied by 1.
O

The next claim is used to find an obstruction. The first condition makes sure that for
all choices of one path from each handlebar, the sum of their y-values is allowable. The
second condition makes sure that the sum of y-values of some paths in the handlebars
is allowable only if each handlebar contributes at least one path to the sum. The third
condition requires that the sum of y -values of some paths in the handlebars is allowable
only if each handlebar not in series contributes an odd number of handles to the sum.

Claim2 Let W be a (¢ — 2)-column-slice of W’ containing C;V/ and C:V_/l. Then
there is a family (P : i € I) of pairwise vertex-disjoint non-mixing W"-handlebars,
each of size k*, such that

(a) for each j € Z and each (P;:iel) with P;e P! for all i€l, we
have ) ;e 7i(y (P)) & Qj,

(b) for each i € I and each g € (y(P): P € Uycp iy Pir), there is j € Z such
that w;(g) € 2j,

(c) for each y el such that 73)’,’ is not in series and every func-
tion f: Uje; P/ — Z for which ZPeP;! f(P) is even, there is some j € Z

such that Yy; Y pepy £ (P);(v (P)) € Q.

Proof If I = ¢, then 0 ¢ Q; for all j € Z by Claim 1(d) and therefore this claim is
trivially true. Thus we may assume that  # (. Let S be a maximal subset of / such
that
({2gi:i € SYU{gi:i e I\SHN ﬂ nj—l(rj\szj) £ (.
JE€Z\Uicr Zi

Note that such a set S exists, since Claim 1(d) implies that the empty set satis-
fies this condition. By Lemma 6.1, there exist a family of integers (d;: i € I) such
that d; € [2™®+1] is even for each i € S, that d; € [2®] for each i € I\S, and
thatr; (3, digi) ¢ Qjforall j € Z\J;c; Zi.Nowd; isodd foralli € I\S by the
choice of S. By Lemma 5.2, there is a family (P : i € I) of pairwise vertex-disjoint
non-mixing W”-handlebars each of size fg5(m, w, k*, |I]) such that for each i € I
and Q € P}, there is a set {Py g € P;: £ € [d;]} of size d; satisfying the following
three properties:

° U?’:l ProgCQC W’ U U‘Zl:l Py o.

e P isin series for eachi € S.

e P! is of the same type as P; for each i € I\S.
Note that JTj()/(Pi*)) = {dimj(gi)} foralli € I and j € Z\Z; by Claim 1(c), as well
as that |7 (y (P))| = |P}| foralli € I and j € Z; by Claim 1(f).
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Since |Pf| = fos(m,w, k*, |I|) > mw > |J;c; Zilo for each iel, by
Lemma 6.4, there is a family (g/: i € I) of elements of I such that

(1) g/ € y(P¥) foreachi € I and
@) 7 (Xier &) ¢ @ forall j € Ui Zi.

ByLemma6.5,foreachi € I thereisasubset P/’ of P} of size k* suchthat (P": i € I
satisfies property (a). Now (79[’: i € 1) satisfies property (b) by Claim 1(e).

To prove property (c), suppose that P;’ is not in series for some y € I,
and f: (J;e; P/" — Z is a function such that ZPGP)’,’ f(P) is even. Since Py is
not in series, we have y € I\ S. By Claim 1(c),

wi(y(P)) = dimj(g;) foralli € I, all P € P/, andall j € 2\ (] Z;.

i'el

In particular, if d; iseven or ) ppr f(P)iseven,then ) p_pr f(P);j(y(P)) € 7,

((2gi)).
Let §' = S U {y}. Then forall i € §', either d; or }_ ppr f(P) is even. Let

g=_ > f(Py(P).

iel pep!
Then there exists g’ € I' such that 77 (g) = 7;(g’) forall j € Z\ J;c; Zi7 and
¢ €2gi:ieS Ulg:iecl\S.

By the maximality of S, we have that ¢’ ¢ (\;c2\(J,_, z, nj_l(l“j\Qj). Therefore,
there exists some j € Z\J;c; Ziv such that 7;(g") = m;(g) € ;. This proves
property (c). O

Let H be the union of W” and | J{{J P/ : i € I}. Note that W" has at least c2(|Z|)
columns and at least r,(|Z|) rows and therefore the order of W” is greater than or
equal to 6.

We now find a half-integral packing in a similar manner as in the proof of [9,
Theorem 1].

Claim 3 H contains a half-integral packing of k* cycles in O. Moreover, if I = 0,
then H contains a packing of k* cycles in O.

Proof Since |P;/'| = k* foreachi € I,thereexistsafamily (Q, € (J;c; P/": x € [k*])
of pairwise disjoint sets such that |Q, N'P/| = 1 foralli € I and x € [k*]. Note that
if 1 =@, then Q, = ¢ for all x € [k*]. By Claim 2(a), for each x € [k*] and j € Z,
we have ZPGQX vi(P) ¢ ;. We remark thatif / = ), then 0 ¢ Q; forall j € Z.
Since W” has at least c>(]Z]) columns and c3(|Z|) > k*cs5(p, w(|Z] + 1)
4+ 2,m,w), there exists a set {W,:x € [k*]} of k* pairwise vertex-disjoint
cs5(P, v (| Z| + 1) + 2, m, w)-column-slices of W”. Note that W” has at
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least r4.5(p, ¥ (IZ| + 1) + 2, m, w) rows. For each x € [k*], let Q% be the row-
extension of Q, to W,. Note that if / = ), then QO is also empty for each x € [k*].
Since |/| < p, by Lemma 4.5, for each x € [k*], there is a cycle Oy in W, U |J Q%
such that y;(Oy) ¢ Q2 for all j € [m]. Observe that no vertex is in more than two of
the subgraphs in {W, U [ Q% : x € [k*]} and therefore no vertex is in more than two
of the cycles in {O, : x € [k*]}. Moreover, if I = (J, then Oy is contained in W, for
each x € [k*], and therefore H contains a packing of k* cycles in O. O

By Claim 3, [ is nonempty because we assumed that v(G) <k < k*.
Let J := [m]\Z and let y” be the (I'/ I"y)-labelling induced by the restriction of y
to H. Since we assumed that statement (iii) fails and H has a half-integral packing
of k cycles in O by Claim 3, we have that (H, y”) ¢ C(«x,0,T/Ty, A+ T'y). We will
find the desired contradiction by constructing in H a packing of k cycles in O.

Recall the properties (O1)—(06) of C(x,6,T'/T"y, A+ I'y) in Definition 3.2. By
definition, (H, y") satisfies (O1), (02), (03), (O4), and (O5) by Claim 2. Thus, (O6)
fails to hold.!

First consider the case that (Plf/ :i € I) contains a W”-handlebar that is not in
series. Then (P{’ : i € I) contains an even number of crossing W”-handlebars and
no W”-handlebar that is in series because (O6a) and (O6b) fail to hold respectively.
By Lemma 5.3, there exist an N'W-anchored subwall W* of W” with at least c1 (| Z|)
columns and at least r1 (] Z]) rows as well as a nested W*-handlebar Q; of size k such
that y;(Q) ¢ Q; forall Q € Qy and j € Z. Let us define g := 1.

If the first case does not hold, then all W”-handlebars in (Pl.” :i€l) are in
series. Let ¢ := |I| and observe that g € {0, 1, 2} because (O6c¢) fails to hold. For
each i € [¢], let us define Q; to be P}’ for the i-th element j of I. Let W* := W”.
Note that c2(1Z]) = ¢1(IZ]) and r2(1Z]) = ri(1Z)).

In either case, we can apply Lemma 5.4 to obtain, foreach x € [k],an N" -anchored
(co(|Z]), ro(|Z]))-subwall W, of W* and a set Hy = {Hy;: i € [q]} of g pairwise
vertex-disjoint Wy-handles such that

o for distinct x, x" € [k], the graphs W, U|JH, and W U|JH, are vertex-
disjoint and
° Zie[q] vj(Hyi) ¢ Qj foreachx € [k] and j € Z.

Finally, we apply Lemma 4.5 to obtain a packing of k cycles in O. This contradiction
completes the proof. O

I Note that the number of handlebars in H is at most D, which depends only on m and w. We could
strengthen Theorem 3.3 by imposing this additional restriction on the class C(k, 8, I", A), which would give
us that there are only finitely many types of obstructions to consider in terms of the arrangement of the
handlebars around the wall.
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Fig.7 An illustration of arc(o, ﬁ)
arc(a, B)

8 Applications and discussions
8.1 The obstructions have no packing of three allowable cycles

We now demonstrate that the graphs described in Definition 3.2 do not contain three
vertex-disjoint cycles with values in A. Recall that in the third statement of The-
orem 3.3, we find obstructions with an additional property of containing a large
half-integral packing of allowable cycles, and therefore they admit no small hitting set
for the allowable cycles. Thus, these obstructions really do form counterexamples to
Erd6s—Poésa type duality claims.

Proposition 8.1 Let k and 6 be positive integers, let I be an abelian group, and
let ACT.If(G,y) € C(k,0,T, A), then G has no three vertex-disjoint cycles whose
y-values are in A, and if G has two vertex-disjoint cycles whose y-values are in A,
then (G, y) satisfies property (O6b) of Definition 3.2.

Proof Let W be the wall and let B = (P;: i € [t]) be the family of W-handlebars
described in Definition 3.2, and let o := 3 if property (O6b) holds and let o0 := 2
otherwise. Suppose that G has a set O = {O; : i € [0]} of o pairwise vertex-disjoint
cycles whose y-values are in A.

Suppose first that property (O6a) or (O6b) holds. Let n be the number of nested
W-handlebars in ‘B, let x be the number of crossing W-handlebars in ‘B, and
let s be the number of W-handlebars in ‘P that are in series. Note that n + x > 1
because property (O6a) or (O6b) holds. By rearranging indices, we may assume
that P; is nested for all i € [n], crossing for all i € [n 4 x]\[n], and in series for
alli € [n + x + s]\[n + x]. We remark that the ordering of (P; : i € [t]) is notrelated
to their locations relative to the wall and our choice of indices after rearrangement is
purely for the convenience.

Consider the complex closed unit disc D := {z € C: |z] < 1} and let S be the
complex unitcircle {z € C: |z| = 1}.Let& := ¢!/ andfora, g € R, letarc(e, B)
be the open arc {7 : @ < y < B}in S, see Fig. 7. We now form a surface in which G
embeds by identifying a pair of closed arcs in S for each nested or crossing handlebar in
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B.Foreach j € [n + x],let P; bea W-handlein P; and let {vy: £ € [2n + 2x]} be the
set of endvertices of paths in {P; : j € [n + x]}, where vy <w vi if and only if k < £.
Let f and g be injective maps from [n# + x] to [2n + 2x] such that for all j € [n + x],
the endvertices of P; are vy(;) and vg(jy, and f(j) < g(j).

Let ~ be the equivalence relation on S obtained by taking the transitive closure
with respect to the following properties;

o gf<{>+a ~ gg@“*a for each j € [n] and each & € [0, 1],
o £/UFe ~ g8+ for each j € [n + x]\[n] and each o € [0, 1].

Finally, let S be the surface D/ ~.If |z| < 1, then in S, we have that z is not identified
with any other point of D and therefore we write z to denote the equivalence class {z}
in S when |z| < 1 for convenience. Let D* := {z € C: |z] < 1} C S, and let $* be the
complement of D* in S.

There is an embedding ¢ of G in S such that

@ WUUIUP;: j €ln+x+s]\[n+ x]} is embedded in D*,

(i) for each j € [n + x] and each P € P;, the subset of D corresponding to ¢ (P) is
the union of two curves of positive length, each of which intersects § exactly once,
at equivalent points in the arcs arc(f(j), f(j) + 1) and arc(g(j), g(j) + 1), and

(iii) for each j € [n + x 4+ s]\[n + x], there is a component of S\¢(G) whose
boundary in S contains ¢ (| P;).

For each j € [o] and k € [2n + 2x], let X x be the set of points in arc(k, k + 1)
corresponding to points in ¢(0;) N S* and let X ; := Uycpppiae) Xjk- By (i), Xk
is a finite set. Note that the elements of {X;: i € [0]} are pairwise disjoint since O
is a set of pairwise vertex-disjoint cycles. Also, property (O5) implies that | X ; x| is
odd for each j € [0] and k € [2n + 2x]. This implies that for all k € [2n + 2x], we
have | X1 x U X2 x| (and hence | X1 U X3]) is even.

Let {z;: j € [|X1 U X3]]} be the enumeration of X; U X» such that if z; = §¢
and zj =$B for some j,k e [| X1 U Xz|land o, B €e Rwith0 <@ < B8 < 2n + 2x,
then j < k. For j €[2], let M; be the subset of D corresponding to ¢(O;).
Each component of M; UM, is a curve C which separates D and contains
exactly two points in X; U X». It follows that each component of D\C contains
an even number of points in X| U X», and hence C contains exactly one point
in each of Zj :={z2j_1: j € [§1X1 UX2|l} and Z := {z2j: j € [$]X1 U X2[1}.
Thus, | X1 N Z1| = | X1 N Z,|.

Let je[n+x] and k,¢ € [| X1 U X2|] be such that zz and z, are equiva-
lent and are contained in arc(f(j), f(j)+ 1) and arc(g(j), g(j) + 1) respec-
tively. Recall that |X;,UX»,| is even for every a € [2n + 2x]. For
each a,b € [|X| U X3|] such that z, € X1, 1V X2,f(j)\{Zk} and zp is the
point in Xy g(j) U X2 4¢j) equivalent to z,, we have that |{zq, zp} N arc(zx, ze)l
is even if and only if j € [r]. Thus, if je[n], then £ —k is odd and
(X1, 7)) U X1,6)) NZ1] = 1(X1, 7y U X1,g)) N Z2|, and if j € [n+ x]\[n],
then € —k is even and |(X1, r(j) U X1,g) N Z1|l = (X1, r(j) U X1,4()) N Z2] is
congruent to 2 modulo 4. Now,

0=1X1NZ|—|X1NZ
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n—+x
=> (lXLf(j) UX1e(h N Z1l = I1X1r(h) Y X150 N Zzl)
j=1
n—+x
=y (lxl,f(/) UXig() N Zil = X1 50) YU X1enp N Zzl)
j=n+1

and therefore x is even. Hence, we may assume that property (O6b) holds, and so
o=3.

For a set O’ of pairwise vertex-disjoint cycles in G, we define an auxiliary multi-
graph H(Q’) whose vertex set is the set of all components of S\  J{¢(0): O € O’}
where for each O € O, there is an edge e between the components that contain O
in their boundary. We remark that if there is only one component whose boundary
contains O, then e is a loop.

Claim If O is a subset of O of size at least 2, then the graph H(QO") has no loop.

Proof Without loss of generality, we may assume that {0}, O,} C @', and it is suf-
ficient to prove the claim when {01, O} = O'. Recall that M ;j is the subset of D
corresponding to ¢ (0;) for j € [2].

Let us 2-colour the components of D\ (MU M>) so that every pointin M UM, ison
the boundary of two components of different colours (this is equivalent to 2-colouring
the bounded faces of S U M| U M, seen as an outerplanar graph). We claim that the
components of D\(M; U M») corresponding to one component of S\¢ (01 U O»)
receive the same colour. It suffices to show that any two points on S\ (M; U M>) that
are identified in S receive the same colour; that is, there is an even number of points
of X1 U X; contained in an arc of S between the two identified points.

Recall that | X ; x| is odd for each j € [2] and k € [2n + 2x], hence | X1 x U X5 k| is
even forall k € [2n 4 2x]. Note that two identified points on S\ (MU M>) can be writ-
ten eitheras £/ ()¢ g8()+1=e forsome j € [n]anda € [0, 1],oras&/ (e gali+e
for some j € [n + x]\[n] and & € [0, 1].

In the first case, let A, := arc(f(j)+a,g(j)+1—a) and note
that Aj,a\{ék: k € [2(n 4 x)]} is the disjoint union

arc(f(j) + o, f(j)+ DVarc(g(j), g(j) + 1 — Ot)UU{aTC(k, k+1): ke [g(H—1NLSDD-
Observe that [(X1 U X3) N Aj 4| is even, because
(X1 U X2) Nare(f(j) + o, f(j)+ DI =[(X1UX) Narc(g(j), g(J) + 1 —a)l.

Similarly, in the second case, we have_that [(X1UXp)Narc(f(j) +o,g(j) +a)lis
even because the assumption that £/ (4% ¢ X U X, implies

| X N (are(f(j) + o, f(j) + 1) Uarc(g(j), g(J) + )| = [Xi 7l

foreach k € [2].

@ Springer



A unified Erd6s—Pdsa theorem for cycles in graphs... 2543

It follows that the components of D\ (M| U M) corresponding to one component
of S\¢ (O U 03) have the same colour. Therefore, H (') is 2-colourable, and hence
contains no loop. O

By property (O6b), we have that s > 1. By property (O4) and (iii), there is a com-
ponent of S\¢ (|_J O) whose boundary intersects each of ¢(0;), ¢(03), and ¢(03),
which means that some vertex of H(QO) is incident with all three edges. If two edges
of H(O) are parallel, say ep, and ep,, then H({O1, O3}) has a loop, contradicting
the claim. It follows that H(Q) is isomorphic to the star K 3.

Without loss of generality, there are points z; € X1 and z» € X»21 such
that X371 C arc(zy, z2). Since | X3 1| is odd, there are points z,, 25 € X1,1 U X2,1 such
that arc(z,, zp) N (X1 U X») is empty and arc(z,, zp) N X3 is odd. It follows that each
of the two components of S\¢ (| ©) whose boundary contains ¢ (03) also contains
either ¢ (O1) or ¢ (0») in its boundary, contradicting that H (O) is isomorphic to K 3.

We conclude that neither property (O6a) nor property (O6b) holds. Hence, prop-
erty (O6¢) holds and n = x = 0. Let G’ be a graph obtained from G by adding
for each i € [3] a vertex w; with neighbourhood V(|JP;) U{w;: j € [3]\{i}}.
Note that G’ is a planar graph. Since W is connected, there is a (V(01), V(03))-
path P in W that contains some edge e. Note also that for each i € [2]
and j € [3], the cycle O; contains a path in P; by property (O4). Now the
graph obtained from G'[{w1, wy, w3} U V(01 U O, U P)] by contracting all edges
in E(O1 U O2 U P)\{e} is isomorphic to K5, which contradicts the fact that every
minor of a planar graph is planar. O

8.2 Deriving Theorems 1.2 and 1.3

As a consequence of Proposition 8.1, we now straightforwardly obtain Theorem 1.2.

Theorem 1.2 Let A be a subset of an abelian group T such that at least one of the
following conditions fails to hold:

(1) 2ayNA #W@foralla € A,
(2) ifa,b,c el and {(a,b,c) N A # @, then ({a,b) U (b,c) U (a,c)) N A £ (.

Then for every positive integer t, there is a graph Gr 4 ; with a I'-labelling y such that
for the set O of cycles of Gr a,; with y-values in A, there are no two vertex-disjoint
cycles in O and there is no hitting set for O of size at most t.

Proof First, suppose that (2a) N A = ¢ for some a € A. Let Gr 4, be a graph
consisting of a wall W of order at least # + 1 and a crossing W-handlebar P of
size t 4+ 1 such that each row of W contains at most one vertex of | P. Defin-
ing y such that y(e) =0 for all e € E(W) and y(P) =a for all P € P yields
that (Gr.as,y) €C(t+ 1,1+ 1,T, A). It now follows from Proposition 8.1 that
Gr, 4.¢ has no two vertex-disjoint cycles in O. Now consider aset T € V(Gr,4,;) of
size at most 7. Observe that there exist some column C,:V and some W-handle P € P
intersecting two rows RI.W and R}}V such that P U RI.W URY U C,fV is disjoint from T
and contains a cycle in O. Hence, T is not a hitting set for O as desired.
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Now suppose that condition (2) fails and thus there are aj,az,a3 € I' such
that (a;,a2,a3) N A #@ and ({a1, az) U (az,a3) U {a1,a3)) N A =0. By possi-
bly replacing a; with another element of (a;) for each i € [3], we may assume
that (ay +az +az) € A. Let Gr,a; be a graph consisting of a wall W of
order at least # + 2 and three pairwise vertex-disjoint non-mixing W-handlebars
P1, P2, and P3, each of size r+ 1 and each in series. Defining y such
that y(e) =0 for all e € E(W) and y(P)=aq; for all i €[3] and P € P;
yields (Gras y)eCt+1,t+2,T,A). It now follows from Proposition 8.1
that Gr,4,; has no two vertex-disjoint cycles in O. Now let T be a set of at most ¢
vertices of Gr 4 ;. Note that there are two columns C X/ and C g of W and three W-

handles P; € Py, P, € P;, and P3 € P3 such that for the two rows RY and R,fl‘_/ that
intersect P; for each i € [3], we have that | J{P; U R;V U RZ/: ie[3]}U CZ/ U CZ
is disjoint from 7 and contains a cycle in O. Hence, T is not a hitting set for O as
desired. O

The following theorem is a strengthening of Theorem 1.3. The main point is that
for any I"; with the property that every large subwall contains a y;-non-zero cycle, we
do not have to check conditions (1) and (2) of Theorem 1.3 for this coordinate. Note
that in the following theorem, m — m’ is the number of such coordinates. Theorem 1.3
is immediately obtained by taking m’ = m and 6 = 1.

Theorem 8.2 For every three positive integers m, w, and 0, there is a func-
tion fm.wo: N — N satisfying the following property. Let I' = ]—[je[m] I'j be a
product of m abelian groups and let m' € {0} U [m]. For every j € [m], let ; be
a subset of I'j with |Qj| < w and let Aj be the set of all elements g € I' such
that j(g) € T'j\S2;. Let A := () ;¢ Aj and let A" := ()¢, Aj. Suppose that

(1) 2a)NA" #£@foralla € A" and
(2) ifa,b,c € T and {a,b,c) N A" # @, then ({a, b) U (b, c) U {a,c)) N A" £ @.

Jj€lm

Let G be a graph with a T-labelling y such that for each j € [m]\[m'], every wall
in G of order at least 0 contains a cycle whose yj-value is non-zero.> Let O be the set
of all cycles of G whose y-values are in A. Then for all k € N, there exists a set of k
pairwise vertex-disjoint cycles in O or a hitting set for O of size at most fm .0 (k).

Proof We set fi, .0(k) := ]/‘,\n,w(k, k, 6) for the function ﬁl,w as in Theorem 3.3.
Suppose that G has neither a set of k pairwise vertex-disjoint cycles in O nor
a hitting set for O of size at most fi, ».0(k). Then by Theorem 3.3, there exist
a [-labelling ¥’ of G that is shifting equivalent to y and a subgraph H of G
such that (H,y") € C(x,0,T/T;, A+Ty) for some J C [m] and the (I'/Ty)-
labelling y” induced by the restriction of y’ to H. Let W be a wall of order 0,
let ¢ be a positive integer, and let (P; : i € [t]) be a family of pairwise vertex-disjoint
non-mixing W-handlebars with H = W U | J{{JP;: i € [¢]} as in Definition 3.2.
By property (02), every cycle in W is y”-zero and therefore [m]\[m'] C J. By
property (1) and property (O5), we deduce that P; is in series for each i € [¢]. In

2 Instead, we could restrict to I'-labelled graphs such that for each j € [m]\[m'], every subgraph of G of
tree-width at least 6 contains a cycle whose y;-value is non-zero.
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particular, neither property (O6a) nor (O6b) holds. By property (2) and properties (O3)
and (04), we conclude that property (O6¢) does not hold either, contradicting the
assumption that (H,y"”) € C(k,0,T/Ty, A+Ty). O

8.3 S-cycles of length £ modulo z

We now prove a generalisation of Theorem 1.1, which additionally allows us to recover
many known Erds—Pésa type results as discussed in Sect. 1. Recall that for a family S
of sets of vertices, an S-cycle is a cycle containing at least one vertex from each member
of S§. Theorem 1.1 is an immediate consequence of the following theorem by taking
L=1,t=0and S = 0.

Theorem 8.3 Let t, 7, t, and L be integers withz > 1 andt > 0. Let pi” cen pﬁ" be the
prime factorisation of z with p; < piy1 foralli € [n — 1]. The following statements
are equivalent.

e There is a function f: N — N such that for every graph G with a family S of t
subsets of V(G) and every positive integer k, either G contains k vertex-disjoint
S-cycles of length £ modulo z and of length at least L, or there is a set of at
most f (k) vertices hitting all such cycles.

o All of the following conditions hold.

(1) t <2.
(2) If pr =2, then £ =0 (mod p{").
(3) There do not exist 3 — t distinct i € [n] for which £ # 0 (mod p?’).

Before presenting the proof, we present a simple lemma on integers to be used in
the proof.

Lemma8.4 Let K be anon-zerointeger. Letn be a positive integer and for eachi € [n],
let a; be an integer such that |a;| < |K|. Then Y \_, a; K=V = 0ifand only ifa; = 0
foralli € [n].

Proof 1t is enough to prove the forward direction. We proceed by induction on n.
We may assume that n > 1. Since 0= Y7, a;K'~! =a; (mod K), we deduce
that a; =0 and thus ) ;] ,a; K i=2 = 0. By the induction hypothesis, a; = 0 for
alli € [n]. O

Proof of Theorem 8.3 Let m :=t + 2, let w := max{L, z}, and let m’ :=t + 1. For
all je(t], let I'j:=2Z, let I'tyy :=Z,, and let 'y :=Z. Let I := ]_[je[m] r;.
For all je[t], let Q;:={0}, let Q1 =7Z\{¢}, and let ;4 :=[L—1].
For each j € [m], let A; be the set of all g € I' such that m;(g) € I';\Q2;.
Let A := (e Aj and A" := (")) Aj. For any graph G together with a fam-
ily S = (§;: j € [t]) of subsets of V (G), we define a I'-labelling y s as follows. For
each j € [t], let y;j(e) = 1 if e € E(H) is incident with a vertex in S and y;(e) =0
otherwise. For each j € [m]\[t] and e € E(H), let y;(e) := 1. Let yg s be the I'-
labelling of G with7; o yg s = y; forall j € [m]. Let O¢ s be the set of all S-cycles
in G of length £ modulo z and of length at least L. Then the y; s-value of a cycle
of G isin A if and only if itis in Og s.
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Suppose that conditions (1), (2), and (3) hold and let f := fi, .3 of Theorem 8.2.
To apply Theorem 8.2, we verify that the two conditions in Theorem 8.2 are satisfied
for the subset A’ of .

To check the first condition, let g € A’. Then m;(g) # 0 for each j € [f]
and 7,41(g) = £ (mod z). By condition (2), ged(2¢, z) = ged(£, z), which implies
that (2¢) = (£) in Z,. Let x be a non-zero integer such that £ = x(2¢) (mod z).
Then, xm,11(2g) = 2x¢ = £ (mod z).Now forall j € [¢], wehavethatxm;(2g) #0
because 2x #0 and m;(g) #0. We conclude that x(2g) € (2g) N A" and
so(2g)NA" #£0.

Now let us check the second condition. Let gi,g2,83€ " be such
that (g1, g2, g3) N A’ # @. Then there exist integers x1, X, x3 such that

o x17;(g1) + x27m;j(g2) + x37;(g3) # Oforall j € [f] and

o x 17 41(81) + x27r41(82) + x3754+1(g3) = £ (mod 7).
Let [ ={i € [n]: £ # 0 (mod p{*)}. For each i € I, let g; := [Tietnni pjj. For
each i € I, let d; € {g1, g2, g3} such that gcd(mw;+1(d;), pf'i) is minimum. Then, £
is divisible by ged(mri41(d;), p;’), which is equal to ged(gimi41(d;), pi’). Hence,
there exists an integer y; such that

YigiTi+1(di) = £ (mod pi).

Observe that y;g;m:+1(d;) =0 (mod pjj) for all j € [n]\{i}. Let

g:=) (nigid; €T.

iel

Then, m;41(2) =¢ (mod z) and therefore, for every geTl, we
have that m41(g+z¢g)=¢ (modz). Let K be an integer such
that K > max{|7;(g0)l. |[7;(e2)l. |7;(ga)l. Ij@)I} for all jelr]. For
each je[t], there exists c¢; €{g1,g2,83) such that m;(c;) #0,
since x17;(g1) + x27;(g2) + x37;(g3) # 0. By conditions (1) and (3), t 4 1] < 2
and therefore {c;: j € [t]} U {d;: i € I} is a proper subset of {g1, g2, g3}, and by
construction and Lemma 8.4, we deduce that

t
T+ (Kizcjel{cj:jeltUldi:iel})nA.
=1

Therefore, both properties of Theorem 8.2 are satisfied. Let G be a graph and
letS = (S;: j € [¢]) be afamily of subsets of V(G). Let y := yg s and O := Og s
as defined above. Note that since the y,,-value of every edge of G is positive, every
wall in G contains a cycle whose y,,-value is non-zero. Now applying Theorem 8.2,
we conclude that G contains k vertex-disjoint cycles in O or a hitting set for O of size
at most f (k).

Now we prove the converse. Suppose that the first statement holds for some func-
tion f.Letl :={i € [n]: £ %0 (mod pf")}. Let G be a graph consisting of a wall W
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of order at least f(3) + 2 together with a set P=(P;: i e [}U{Q;: j € [t]} of
size |I| +t of pairwise vertex-disjoint non-mixing W-handlebars, each of size at
least f(3) + 1 such that

(1) every NW-path in W has length (|L| + 1)z,

(2) forall j e [t], every W-handle in Q; has length 2z,

(3) for all i € I, every W-handle in P; has length congruent to £ modulo p?i and
congruent to 0 modulo p‘;j for all j € [n]\{i},

(4) if 1 € I and p; = 2, then P; is crossing and has no vertex of the first column
of W, and

(5) every P € B is in series and has no vertex of the last column of W, unless 1 € I,
p1 =2,and P = Py.

For each j e [z], let S;:=V(JQ)\V(W) and let S :=(S;: j € [t]). Recall
that I'(;;) denotes the subgroup {g € I': w;(g) =0forall j € [m — 1]}. Let y be
the (I'/ I'yyy)-labelling induced by yg s and let O := Og s as defined above.
Note that a cycle of G is in O if and only if its y-value is in A 4 I'(;;). Note that
for C(f(3) + 1, f3) +2,I'/ 'y, A+ I'imy), we have that (G, y) satisfies proper-
ties (O1)—(05). In particular, every cycle of G that contains exactly one W-handle
from each P € Pisin O.

Now we claim that there is no set of vertices of size at most f(3) hitting all
cycles in O. For a set T of vertices with |T| < f(3), there are two columns C
and C’ of W containing no vertex of T, because W has more than |T|+ 2
columns. Similarly, for each P € B3, there is a W-handle Pp € P such that no
vertex of T is contained in Pp or the two rows Rp and R;D that intersect Pp.
Then, (J{Pp U Rp U R}: P € P} U C U C'is disjoint from T and contains a cycle
in O. Therefore, T does not hit all cycles in O.

We deduce from the definition of f that G contains three vertex-disjoint cycles in O.
Hence, (G,y) ¢ C(f(3) + 1, f(3) +2,T'/ 'y, A + I'jyny) by Proposition 8.1. Now
if p; = 2, then since property (O6a) is not satisfied, we have that 1 ¢ 1. Therefore,
condition (2) holds. Now every W-handlebar in ‘B is in series. As property (O6c) is
not satisfied, conditions (1) and (3) hold. m]

8.4 Restriction to graphs embeddable in orientable surfaces

In this subsection, we study the implications of Theorem 3.3 when restricting to the
class of graphs embeddable in a fixed orientable surface.

It is known that large Escher walls are not embeddable on any fixed compact ori-
entable surface (see for example [1]). The following proposition provides a condition
under which no graph in C(«, 6, I', A) is embeddable on a fixed orientable surface.

Proposition 8.5 Let S be a compact orientable surface and let k be an integer such
that every wall of order at least k with a crossing handlebar of size at least k is not
embeddable on S. (If S is the sphere, then k > 3.) Let 6 := k. Let A be a subset of an
abelian group T'. The following statements are equivalent.

(i) Every graph in C(x, 6, T, A) satisfies property (O6a).

@ Springer



2548 J.P.Gollinetal.

(ii) No graphinC(x,0,T, A) is embeddable on S.

(iii) No graphinC(x,0,T, A) is planar.

(iv) Every finite subset X of I' with dex g € A contains a subset Y of size y <2
such that (yY) N A # 0.

Proof By definition of «, (i) implies (ii). Trivially, (ii) implies (iii).

Now suppose that (iii) holds and (iv) does not hold. Let X € I" be a counterex-
ample to (iv) minimizing |X|. Then for every subset ¥ of X of size y <2, we
have (yY) N A = @. If there is a proper subset X’ of X such that (X') N A # @, then
there is a subset X" of (X') with | X”| < | X| such that dex” g € A and each element
of X” is a multiple of some element of X. By the minimality of | X|, the set X has a
subset Y’ of size y < 2 such that (yY’) N A # @. In this case, there is a subset ¥ of X
of size y such that (yY’) C (yY), contradicting the assumption that (yY) N A = @.
Therefore, (X') N A = @ for every proper subset X’ of X.

If |X| >3, then C(x,6,T", A) contains the obstruction (G, y) consisting of
a wall W of order at least & and a family (Py: x € X) of W-handlebars,
each in series, with y(P) = x for all P € Py. Since G is planar, this contra-
dicts (iii). Now suppose |X| =2 and let X = {xy, xp}, where (2x1,2x3) N A = .
If 2x1, x2) N A = @, thenset (g1, g2) := (x1, x2) and otherwise leta and b be integers
such that axy + 2b(x1 + x3) € A and set (g1, g2) := (axz, 2b(x1 + x2)). Observe
that {g1, g2} is a counterexample to (iv) with (2g;, g2) N A = . Now C(x, 0, T, A)
contains the obstruction (G, y) consisting of a wall W of order at least & and
two W-handlebars P; and P, such that P; is nested and P, is in series, and
such that y(P) = g; for all P € P; for each i € [2]. As before, G is planar,
contradicting (iii). Therefore, (iii) implies (iv).

Now suppose that (iv) holds, and let (G, y) € C(x, 0, ", A) which consists of
a wall W and a family ¥ = (P;: i € [¢t]) of W-handlebars as described in Def-
inition 3.2. Let (P;: i € [t]) be a family such that P; € P; for all i € [¢], and
let X = {y(P;): i € [t]}. By property (O4), (Y) N A = ¢ for every proper subset Y
of X and therefore | X| < 2 by (iv). If property (O6b) holds, then | X| > 2 and so by (iv),
we have that (2X) N A # @, which implies that P; is in series for all i € [7] by (O5),
contradicting property (O6b). Thus, G does not satisfy property (O6b). Now G does
not satisfy property (O6c) since this would require |X| > 3. We conclude that G
satisfies property (O6a), and therefore (iv) implies (i). O

By applying Theorem 3.3 with Proposition 8.5, we obtain the following corollary.

Corollary 8.6 Forall positive integers m and w and every compact orientable surface S,
there is a function f: N — N satisfying the following property. Let T’ =[] jerm LJ
be a product of m abelian groups, and for each j € [m], let Q; be a subset of T';
with |2 < . Let A be the set of all elements g € I" such that w;(g) € I'j\Q; for
all j € [m]. Suppose that

(%) every finite subset X of " with dex g € A contains a subset Y of size y < 2 such
that (yY)N A #£ 0.

Let G be a T'-labelled graph embeddable in S with T-labelling y and let O be the set
of all cycles of G whose y-values are in A. Then for all k € N, there exists a set of k
pairwise vertex-disjoint cycles in O or a hitting set for O of size at most f (k).
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Proof We may assume that A # ¢, because otherwise the result is trivial. Let « be
an integer such that every wall of order at least ¥ with a crossing handlebar of size
at least « is not embeddable on S. Let 6 := k. By Theorem 3.3, it is enough to show
that no graph in C(x, 6,/ "y, A+ I'y) is embeddable in S for every J C [m]. By
Proposition 8.5, it suffices to show that condition () holds for the group I'/ I ; and its
subset A + I''; for every subset J of [m]. Let J C [m] andlet X = {g;: i € [s]} bea
finite subset of I'/ "y such that Ziem gi € A+ T.Since A # (4, we can pick a rep-
resentative g; € g; foreachi € [s]sothat ) ; cls] g, € A. Now by condition () there
is a subset Y C [s] of size y < 2 such that (yg;:i € Y) N A # (. By the definition
of A, we have (yg;:i € Y)N(A+Ty) # @, as required. O

Now we show a converse of Corollary 8.6 analogous to Theorem 1.2 for compact
orientable surfaces, namely that whenever condition (x) of Corollary 8.6 fails to hold,
there is a planar obstruction.

Corollary 8.7 Let A be a subset of an abelian group T such that A does not satisfy the
following condition:

(%) every finite subset X of T" with dex g € A contains a subset Y of size y < 2 such
that (yY)N A # (.

Then for every positive integer t, there is a planar graph Gr 4 with a I'-labelling y
such that for the set O of cycles of Gr, a,+ with values in A, there are no three vertex-
disjoint cycles in O and there is no hitting set for O of size at most t.

Proof Let X CT" be a counterexample to (*) of minimum size. Then for all
subsets ¥ C X of size y <2, we have (yY)N A =@. In particular, 0 ¢ A
and (a) N A = @ for all a € X. Furthermore, if a and b are distinct elements of X,
then (2a, 2b) N A = @.

Suppose that | X| > 3. If X has two elements x| and x, such that (x1, x2) N A # 0,
then there are c¢y,cp; € Z such that cjx;+cyxp € A. Since (x()NA =10
and (xp) NA =@, we have both ¢; 20 and ¢, # 0, as well as cjx| # coxo.
Let X' = {c1x1, cax2}). Since (2c1x1, 2c2x2) € (2x71, 2x7), the set X’ is also a coun-
terexample to (), contradicting the minimality of |X|. Therefore X has no two
elements x1 and x; such that (x1, x2) N A # @ and hence A does not satisfy the second
property in Theorem 1.2. Then the graph constructed in the proof of Theorem 1.2 is
planar.

Hence we may assume that X = {x1, x»} for some pair of distinct elements of I"
since condition (x) is trivially satisfied by subsets of I" of size at most 1. As in the
proof of Proposition 8.5, we may assume that (2x1, x2) N A = .

Let Gr 4, be a graph consisting of a wall W of order at least 42 and a
pair ¥ = {P;: i € [2]} of pairwise vertex-disjoint non-mixing W-handlebars each
of size t+ 1, such that P; is nested and P, is in series. Defining y such
that y(e) =0 for all e € E(W) and y(P) = x; for all i € [2] and P € P; yields
that (G, y) € C(t + 1,t + 2, ", A). It now follows from Proposition 8.1 that there are
no three vertex-disjoint cycles in O. Now consider a set T € V(G) of size at most 7.
Since W has at least ¢ + 2 columns, there are two columns CZ/ and CF/ of W having
no vertex of T. For each i € [2], since |P;| = ¢ + 1, there is a W-handle P; € P; such
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that neither P; nor any of the two rows ij.}/ and R,g/ that intersect P; contains a vertex
of T. Now P U R}T U R,?l/ uPU RJ‘Z U RZZ U CX/ U CZ has no vertex in T and
contains a cycle in O. Hence, T is not a hitting set for O as desired. O

For example, cycles that are either odd or of length 16 modulo 30 satisfy an Erdés—
Pésa type property when restricted to planar graphs; to see this, consider

I':=Z3yand A :={1,3,5,...,29} U {16},

and the class of I'-labelled graphs whose edges all have value 1. Let X C T
with dexg € A. We claim that X contains a subset Y of size y <2 such
that (yY)N A #@. Since 0 ¢ A, we have that X is nonempty. If X contains
some a € A, then (a) N A # . If ged(a, 30) | 2 for some a € X, then 16 € (a).
So we may assume that every element of X is even and a multiple of either 3
or 5. Then dex g = 16 (mod 30). Then there is g; € X such that g; £ 0 (mod 3)
and similarly there is g» € X such that go £ 0 (mod 5). Choose a; € {10, 20} so
that a;g1 = 1 (mod 3) and choose a; € {6, 12, 18, 24} so that axg» = 1 (mod 5).
Letm = ayg1 + axg>. Then m is even, m = 1 (mod 3) and m = 1 (mod 5), which
imply that m = 16 (mod 30). Thus, (2g1, 2g2) N A # @ and condition (*) of Corol-
lary 8.6 holds.

However, the cycles that are either odd or of length 106 modulo 210 do
not satisfy an Erd8s—Pdsa type property when restricted to planar graphs. This
is because 120+ 70 4 126 = 106 (mod 210) and for every proper subset Y
of {120, 70, 126} of size y, the subset (yY) of Z,jp has empty intersection
with {1,3,5,...,209} U {106}.

We will now derive the exact characterisation of when cycles of length £ modulo z
satisfy an Erd6s—Pdsa type result in planar graphs.

Theorem 1.5 Let £ and 7 be integers with z > 2, let p?' -« pa" be the prime factorisa-
tion of z with p; < pit1foralli € [n — 1], and let S be a compact orientable surface.
The following statements are equivalent.

e There is a function f: N — N such that for every integer k, every graph embed-
dable in S contains k vertex-disjoint cycles of length £ modulo z or a set of at
most f (k) vertices hitting all such cycles.

e Both of the following conditions are satisfied.

(1) If py =2, then £ =0 (mod p{") or £ =0 (mod z/p{").

(2) There do not exist distinct iy, i2,i3 € [n] such that £ % 0 (mod pia;j) for
each j € [3]. '

Proof LetT" := 7Z, and A := {£} C I'. Given a I'-labelled graph (G, y) with no three
pairwise vertex-disjoint cycles whose y-values are in A, we can construct a graph G
with no three pairwise vertex-disjoint cycles of length £ modulo z by replacing every
edge e € E(G) by a path of length y (e) modulo z. The size of the smallest hitting
set for the cycles of length £ modulo z in the newly constructed graph will equal
the size of the smallest hitting set for the cycles of (G, ) whose y-values are in A.

@ Springer



A unified Erd6s—Pdsa theorem for cycles in graphs... 2551

Conversely, given a graph G, the I'-labelling in which every edge has value 1 has the
property that a cycle has y-value in A if and only if it has length £ modulo z. Thus,
by Corollaries 8.6 and 8.7, it suffices to show that the second statement is equivalent
to condition (x) for I" and A.

First, suppose that the second statement holds. By Theorem 1.1, we may assume
that p; = 2, that £ £ 0 (mod 29!), and that £ = 0 (mod z/2%"). Let ¢ be the mini-
mum positive integer such that 2 { £. Note that < a;. Let X be a subset of " such
thaty .y g =€ (mod z). Since 2’ { £ and 2 | z, there exists g € X such that 2’ { g.
Then ged(g, z) | £ and therefore there is an integer a such that ag = ¢ (mod z), so
condition () holds.

Suppose instead that the second statement does not hold. Let J C [n] be the set
of indices j such that pjfj 1 £. By the Chinese remainder theorem, for each j € J,

there exists an integer g; such that g; = £ (mod p?j) and g; =0 (mod pZ") for
allk € [n]\{j}. Let X := {g;: j € J}, and note that 3,y g = ¢ (mod 2).
If Y is a proper subset of X, then for each j € J with g; € X\Y, we have p?" 12

and p{;" | g for all g € Y, and therefore £ ¢ (Y). This implies that if |J| > 3, then
condition (x) of Corollary 8.7 fails. Thus we may assume that |J| < 2. Hence (1) fails,
andwehave py =2, #0 (mod p{'),and¢ # 0 (mod z/p{").Inparticular,|J| = 2
and we have J = {1, m} for some m € [n]\{1}. Let ¢ be the minimum positive integer
such that 2" 1 €. Then 2’ | 2g; by definition and 2 | 2g,, since 2%! | g, So, £ ¢ (2X),
which implies that condition (x) of Corollary 8.7 fails, as required. O

When considering surface embeddings of graphs, it is also natural to consider
the homology classes of cycles. For graphs embedded in a fixed compact surface,
Huynh, Joos, and Wollan obtained a half-integral Erd6s—Pdsa result for the non-null-
homologous cycles of the embedding [11, Theorem 6], and an integral Erd6s—Pésa
result for these cycles when the surface is orientable [11, Corollary 41]. They did this
by considering a different type of group labelling, where the two orientations of each
edge are assigned labels that are inverse to each other.

Since in our setting we do not distinguish between the two orientations of an edge,
we are unable to directly apply our results to homology classes in the first homology
group with coefficients in Z. However orientations can be ignored when considering
the first homology group with coefficients in Z,, and so our results are applicable.
Note that for a closed orientable surface, the set of simple closed curves homologous
to zero for the Zy-homology is exactly the same as for the Z-homology. This follows
the universal coefficient theorem (see [10]), which allows us to relate the Z-homology
with the Z,-homology by taking all coefficients modulo 2. We then apply a classical
result which states that no simple closed curve has Z-homology class kh for any
integer k > 2 and any non-zero element % of the Z-homology (see for example [19]).

The following elementary observation allows us to encode the Z,-homology classes
of cycles in our group labelling setting (see [9, Proposition 3.5] for a proof). A sub-
graph H of G is called spanning if V(H) = V(G). A graph H is called even if every
vertex of H has even degree. For a graph G, let C(G) denote the cycle space of G
over Zj, which is the vector space of all spanning even subgraphs H of G with the
symmetric difference of edge sets as its operation.
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It is easy to observe the following by taking y (e) = O for all edges in a fixed
spanning tree of each component.

Observation 8.8 Let G be a graph, let T be an abelian group, and let ¢ : C(G) — T be
a group homomorphism. Then there is a I"-labelling y of G such that y(H) = ¢ (H)
for every even subgraph H of G.

We also need the following lemma. Let x (S) denote the Euler characteristic of a
surface S.

Lemma 8.9 (See Diestel [6, Lemma B.6]) Let S be a compact surface and let C be a
finite set of pairwise disjoint circles in S. If

e S\ JC has a component Dy whose closure in S meets every circle in C and
e no circle in C bounds a disk in S that is disjoint from Dy,

then |C| <2 — x(S).

We now obtain a strengthening of the integral Erd6s—Pdsa result of Huynh, Joos,
and Wollan for graphs embedded in a fixed orientable surface [11, Corollary 41].

Corollary 8.10 Let S be a compact orientable surface with Z,-homology group T and
let A be a set of Zy-homology classes of S. There exists a function f: N — N such
that for all k € N and every graph G embedded in S, there exist k vertex-disjoint cycles
whose Z;-homology classes are in A or a hitting set of size at most f (k) for the set of
cycles whose Zy-homology classes are in A.

Proof We will apply Theorem 3.3 with m:=1, w:=|"\A|, [:=T,
and 1 :=T'\A. Let ¥ and 0 be integers such that k > 2 — x(S) and no graph
containing a wall W of order at least & and a crossing W-handlebar of size « is
embeddable in S, and let f (k) := f1 ,(k, k, 0). Let G be a graph embedded in S, and
let y be a I"-labelling of G such that y (H) is the Z,-homology class of H for every
even subgraph H of G (see Observation 8.8).

Suppose for a contradiction that there are neither £ vertex-disjoint cycles whose
Z»>-homology classes are in A nor a hitting set of size at most f (k) for these cycles.
By Theorem 3.3, for some y’ shifting-equivalent to y, there is a subgraph H of G
and a subset J of [1] such that (H,y") € C(k,6,T/T;, A+T}) for the (I'/Ty)-
labelling y” induced by the restriction of ¥’ to H. Note that I'/ T is not the trivial
group by properties (O3) and (O4) of Definition 3.2, hence J = (. Let W be the wall
in H and let 3 be the family W-handlebars in H described in Definition 3.2. By our
choice of k and 0, there is no crossing W-handlebar of size k in H, so by property (06),
some W-handlebar P in ‘B is in series. Consider the set S of cycles in the union of the
first and last column of W together with |_J P, and note that |S| = «. By Lemma 8.9,
there is a cycle O in S whose image in S bounds a disk, and hence y (0) = y'(0) = 0.
But now by property (O2), every path P € P contained in O satisfies y'(P) =0,
contradicting properties (O3) and (O4). m]
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8.5 Vertex-labellings

Let I" be an abelian group and let G be a graph. A I'-vertex-labelling of G is a func-
tionv: V(G) — T. By slight abuse of notation, we use the analogues of terminology
from the I'-(edge-)labellings for I'-vertex-labellings (for example v-value) without
further explanation.

We discuss how to translate our results on edge-labelled graphs to vertex-
labelled graphs. On the one hand, given an abelian group I" and a I'-(edge-)labelled
graph (G, y), as discussed in [9] we can construct a ['-vertex-labelled graph (G, v)
by subdividing each edge of G and setting v(v) = y (e) for the subdivision vertex v
of the edge e, and setting v(v) = O for every vertex v € V(G). Now the cycle O’
of G’ obtained from a cycle O of G by subdividing each edge of O has the prop-
erty that y (O) = v(0’). From this one can easily derive vertex-labelled analogues of
Theorem 1.2 and Corollary 8.7.

On the other hand, the approach to translate positive results is slightly more elaborate
than in [9]. The following lemma is a straightforward consequence of the fundamental
theorem of finitely generated abelian groups, but the reader can extract a proof of it
from the proof of [9, Lemma 3.4].

Lemma 8.11 For every finitely generated abelian group T, there exist an abelian
group T and an injective homomorphism ¥ : T' — T whose image is 2T". O

Given an abelian group I' and I'-vertex-labelled graph (H, v), we say that a
wall W of H is v-homogeneous if every cycle in W has v-value zero and for
every W-handle P in H there is some gp € I' such that v(O) = gp for every
cycle O with P € O € P U W.Inthis case we define uw , (P) := gp. The following
definition is the analogue of Definition 3.2 for vertex-labellings.

Definition 8.12 For positive integers « and 6, an abelian group I', and A C T,
let C'(k, 0, T, A) be the class of all I"-vertex-labelled graphs (G, v) having a wall W
of order at least & and a nonempty family (P;: i € [¢]) of pairwise vertex-disjoint
non-mixing W-handlebars each of size at least « such that

(O'1) G is the union of W and | JJ{{JP;i: i €[]},

(0'2) W is v-homogeneous,

(0'3) Zie[z]“'W»U(Pi) € A for any family (P;:i € [t]) such that P; € P; for
alli € [z],

(0'4) foreachi € [t], we have (uw v(P): P € Ujcppy PiYNA =0,

(0'5) if Zje[t] ZPer f(P)uw.,(P) € A for a function f: Ujem P; — Z, then
for each i € [t], P; is in series or Zpepi f(P) is odd, and

(O’6) at least one of the following properties holds.
(O’6a) The number of crossing W-handlebars in (P;: i € [¢]) is odd.
(O’'6b) At least one but not all W-handlebars in (P;: i € [¢]) are in series.
(O’'6¢) At least three W-handlebars in (P; : i € [¢]) are in series.

Observe that if (G, y) € C(x,0,T, A) and v is a I'-vertex-labelling of G such
that v(O) = y(0) for every cycle O of G, then (G, v) € C'(k, 0, T, A). With this
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definition, we can obtain vertex-labelled analogues of all of the results in this paper
which reference edge-labellings. To illustrate this, we now prove the following ana-
logue of Theorem 3.3. The proofs of the analogues of other results are almost verbatim
the original proofs with Definition 8.12 and Theorem 8.13 in place of Definition 3.2
and Theorem 3.3, so we omit them.

Theorem 8.13 For all positive integers m and w, there is a function fm,w: N> 7Z
satisfying the following property. LetT = [] jerm L be a product of m abelian groups,
and for every j € [m], let Qj be a subset of I'j with |2;| < w. For each j € [m],
let Aj = Trj_l(Fj\Qj) CTland A := ﬂje[m] Aj. Let G be a graph with a T"-vertex-
labelling v and let O be the set of all cycles of G whose v-values are in A. Then for
every three positive integers k, «, and 0, at least one of the following statements is
true.

(i) There are k vertex-disjoint cycles in O.
(ii) There is a hitting set for O of size at most ]",\n’w(k, K, 0).
(iii) There is a subgraph H of G such that for some J C [m] and for the
(T'/ T y)-labelling v’ induced by the restriction of v to H, we have (H,V') €
C'(k,0,T/T;, A+ T ) and H contains a half-integral packing of « cycles in O.

Proof Let ]/‘;“,) be as in Theorem 3.3. For each i € [m], let ' := (Q; U {v;(v): v €
V(G)}). Since T/ is finitely generated, by Lemma 8.11, there exist an abelian
group I'/ and an injective homomorphism v;: I/ — I'/ whose image is 2I';.
Let I'” be the subgroup [[;c(,, T/ of T', let I := [[; ¢, I'j» and let ¢ : T — T
such that 7; (¥ (g)) = v¥;(m;i(g)) for all i € [m] and g € I'. For each i € [m],
let Q@ := ¥; (), let A] := ﬂf](l*lf\Qg), and let A" := ("), c(n) Ai-

Since ¢(I'"”) = 2T/, there is a function f: V(G) — I’ with 2 f (v) = ¥ (v(v)) for
every v € V(G). For every edge vw € E(G), let y (vw) := f(v) + f(w). Then y is
a I''-(edge-)labelling of G and for every cycle O of G, we have

y(O)= > yow) = Y (fO+f)= Y 2f@)=y0).

vweE(0) vweE(0) veV(0)

In particular, O is exactly the set of cycles whose y-values are in A’. Thus, if neither
condition (i) nor condition (ii) is satisfied, then by Theorem 3.3 we have that for some
[-labelling y" which is shifting equivalent to y, there is a subgraph H of G such
that for some J C [m] and for the (I'"/T";)-labelling y” induced by the restriction
of y'to H,wehave (H,y") € C(«x,0,T"/T’,, A" + T'’}) and H contains a half-integral
packing of « cyclesin O. Let v’ be the (I'/ T y)-vertex-labelling induced by the restric-
tion of v to H and let ¢": I'/I"; — I'’/ T, be the injective homomorphism induced
by . Since y and y’ are shifting equivalent, we have ¥’ (v'(0)) = y”(O) for every
cycle O of H.

Let W be the wall of order at least 8 in H as in Definition 3.2. Given a W-handle P
of W in H and a cycle O in W U P, property (02) implies that y”(0) = y"(P)
if PC O and y”(0) =0 if O C W. It follows that W is v-homogeneous, and
that ¥/ (uw,,(P)) = y”(P) for every W-handle P in H. From this, it immediately
follows that (H,v') € C'(x,0,T /Ty, A+ T'y), as required. O
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8.6 A negative result for finite allowable subsets of infinite groups

The following theorem shows that if the set of allowable values of cycles is a nonempty
finite subset of an infinite abelian group, then a (1/s)-integral analogue of the Erd&s—
Pésa theorem fails for every positive integer s.

Theorem 8.14 Let A be a nonempty finite subset of an infinite abelian group T'. For
integers s > 2 and t > 1, there is a graph G with a T'-labelling y such that

e forevery set of s cycles of G whose y -values are in A, there is a vertex that belongs
to all of the s cycles,

e there is no hitting set of size at most t for the set of all cycles of G whose y-values
are in A, and

e no vertex belongs to s 4 1 distinct cycles whose y-values are in A.

Proof Let o € A. We claim that there is an infinite set {g;: i € N} of elements
of T such that for all integers k" with 0 < k' < s(¢ 4+ 1) and for all distinct finite
subsets S1, S» € N, we have

Kat+d ai—) g ¢A M

ieS) JjES

Indeed, if T has an element g’ of infinite order, then we may choose a suf-
ficiently large multiple g of g’ so that no non-zero element of (g) is in the
finite set {o/ —k'a: o’ € A, 0 <k’ < s(t + 1)}. Then {2ig: i € N} satisfies (1). If
every element of I" has finite order, then we may sequentially choose an arbitrary
element g; ¢ (AU {g;: 1 <j <i—1})foralli € N. This proves the claim.

We will construct a graph by constructing s(z + 1) edge-disjoint cycles with the
property that any set of s of them share a common vertex but no vertex is contained
in more than s of them.

Let V be the set of subsets of [s(r + 1)] of size s, let W := [s(t + 1)] x [(S(t;tli_l)],
and let G be the complete bipartite graph with bipartition (V, W). For
each i € [s(t + 1)], let O; be a cycle of G whose vertex set is exactly the union
of {i} x [(s(t ;r_l)fl)] and the set of vertices in V containing i. Let ¢; be an arbi-
trary edge of O;. Observe that E(0;) N E(O;) = @ for distinct i, j. Let y be a
I'-labelling of G assigning each edge in E(G)\{e;: i € [s(t + 1)]} a distinct value
in {g;: i € N}, and for each i € [s(¢ + 1)] assigning e; the value o — y(O; — ¢;).
Each vertex of G is contained in at most s cycles in {O;: i € [s(z 4+ 1)]}, so every
hitting set for {O;: i € [s(t + 1)]} has size at least ¢ 4 1, and by construction, for
every set of s cycles in {O;: i € [s(¢ + 1)]}, there is a vertex in V that belongs to all
of the s cycles and no vertex is in s + 1 distinct cycles in {O; : i € [s(¢ + 1)]}.

We will finish the proof by showing that the set O of all cycles of
G whose y-values are in A is equal to {O;:i € [s(t++ 1)]}. By defini-
tion, y(0;) =a € A for each i € [s(t + 1)]. Now suppose that O is a cycle
in O. Let I :=={i e[s@t+1)]:e; € E(O)}, let F:=E(O)\{e;:i €I}, and let
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F':=UJ;;(E(O)\{ei}). Then

y(0)=) (@—y(Oi—e)+ Y ve)=Ila+Y ye) - yle,

iel ecF ecF ecF’

so by (1), we have F = F’. Since O is a cycle and cycles in {O;: i € [s(t + 1)]}
are edge-disjoint, we deduce that |/| =1 and O = O; for some i € [s(t + 1)].
Hence, O = {0;:i € [s(t + 1]}. O

8.7 Open problems

We now discuss some interesting directions for future research in this area.

Problem 1 Characterise subsets A of an abelian group ' admitting a func-
tion f: N — N such that for every positive integer k, every I"-labelled graph (G, y)
contains k vertex-disjoint cycles whose y-values are in A or a hitting set of size at
most f (k) for the set of cycles of G whose y-values are in A.

As seen in Theorem 8.14, for an infinite group, such a set A needs to be infinite as
well. This problem is already interesting for the group Z.

As a surprising negative result, for every positive integer ¢, there is a Z-labelled
graph (G, y) withno two vertex-disjoint cycles with y-value atleast 0 and no hitting set
of size at most ¢ for these cycles. Let G be the graph with vertex set {v; : i € [41 4 4]},
where each vertex with an even index 2i is adjacent to all vertices with odd indices j
for which j < 2i + 1. Let y be the Z-labelling of G which assigns value t + 3 to the
edge vy;vp;41 forall i € [2¢ + 1] and value —1 — ¢ to all other edges. In every cycle
of this graph, both edges incident with the vertex of highest index in the cycle and
both edges incident with the vertex of lowest index in the cycle have value —1 — ¢,
so there are at least two more edges of value —1 — ¢ than of value ¢ + 3. From this, it
is easy to verify that any cycle of y-value at least 0 has length at least 2¢ + 4 and the
construction satisfies the desired properties. This construction can easily be adapted
to apply to cycles of y-value at least L for any integer L. This is in contrast to the
case of cycles of length at least L, where Thomassen [21] showed that an Erdés—Posa
result holds. Thus we also present the following variant of Problem 1.

Problem 2 Characterise sets A of positive integers admitting a function f: N — N
such that for every positive integer k, every graph G contains k vertex-disjoint cycles
whose lengths are in A or a hitting set of size at most f (k) for the set of cycles of G
whose lengths are in A.

The construction presented above can be also adapted to show that a (1/s)-integral
analogue of the Erd6s—Pdsa theorem fails for cycles of non-negative values in Z-
labelled graphs for every positive integer s. Interestingly, we know of no natural
example where a half-integral analogue of the Erdés—Pésa theorem fails but some
fractional analogue of the Erd6s—P6sa theorem holds. In fact, we conjecture the fol-
lowing. For a subset A of an abelian group I" and a I"-labelled graph (G, y), let (’)é_y
be the set of all cycles whose y-values are in A.

@ Springer



A unified Erd6s—Pdsa theorem for cycles in graphs... 2557

Conjecture 8.15 Let I" be an abelian group, let A C T', and let s > 4 be an integer.
If there is a function f: N — N such that for every I'-labelled graph (G, y) and
every positive integer k, there exist either k cycles in (’)é, y such that no vertex isin s of

them or a hitting set for Oé’y of size at most f (k), then there is a function f': N — N

such that for every T -labelled graph (G', y') and every positive integer k, there exist
either k cycles in Oé/ V' such that no vertex is in three of them or a hitting set for

Oé,’y, of size at most f'(k).

If we strengthen this conjecture to allow restricting the class of I'-labelled graphs
considered, then there are examples for which this strengthening fails. In other words,
there exist a subset A of an abelian group I" and a class C of I'-labelled graphs for
which the following statement is false.

Ifthereis afunction f : N — Nsuchthatforevery (G, y) € C and every positive
integer k, there exist either k cycles in Oé y such that no vertex is in s of them or a

hitting set for 0é y of size at most f (k), then there is a function f': N — Nsuch
that for every (G', y') € C and every positive integer k, there exist either k cycles
in C’)é, Y such that no vertex is in three of them or a hitting set for Oé, y of size
at most f' (k).

Moreover, whenever A is a nonempty finite subset of an infinite abelian group I,
the above statement is false by Theorem 8.14. However, we do not know of any
counterexample to the above statement for which there is a class G of graphs such that
C is the class of all I'-labelled graphs (G, y) with G € G.
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