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Abstract

This thesis deals with the Nine Dragon Tree conjectures, which concern partition-
ing the edge set of a graph into as few forests as possible while ensuring that one
of the forests is as “sparse” as possible. The well-known Nash-Williams Theorem
states that the edge set of a loopless graph G can be partitioned into k forests if

Y(G) = maxgca, o(H)>1 ve(iH) < k. Thus, [v(G)] is the minimum number of forests

H)-1 —

into which E(G) can be (pairtitioned. The Nine Dragon Tree Theorem generalizes
this relationship: if £, d € Ny and y(G) < k + ﬁ, then G admits a decomposition
into k + 1 forests, where one of the forests F has maximum degree at most d. The
Strong Nine Dragon Tree Conjecture even states that a decomposition can be found
in which each tree of F' contains at most d edges. While the Nine Dragon Tree
Theorem has already been proven, its strong variant remains open in most cases.
In this thesis, we prove it for d < 2(k + 1) and show an approximation for the
remaining cases in which the sizes of the connected components are bounded by
O(d?/k). We also show that, as conjectured by Kim, Kostochka, West, Wu, and Zhu,
there exists a weaker density condition that still implies the stated decompositions.
Analogous conjectures can be formulated for pseudoforests, for which even the
strong variant has already been proven. In this thesis, we show that an even
stronger decomposition is possible in which one of the pseudoforests F is actually
a forest, and its diameter can be further restricted. We prove that the diameter
bounds we establish are best possible, in the case that F'is also required to have
its degree bounded above by any constant.

We further show that, as in the case of the Nine Dragon Tree conjectures for forests,
a weaker density condition exists for the pseudoforest variants that also allows us
to achieve the additional diameter bounds.




Abstract (german)

Diese Arbeit beschéftigt sich mit den Nine-Dragon-Tree-Vermutungen, bei de-
nen es darum geht, die Kantenmenge eines Graphen in so wenige Walder wie
moglich zu partitionieren und zusatzlich einen der Walder so “dinn” wie mog-
lich zu machen. Der bekannte Nash-Williams-Satz besagt, dass die Kantenmen-
ge eines schleifenfreien Graphen G in &£ Walder zerlegt werden kann, wenn
Y(G) = maxgcg w1 e(H)/(v(H) — 1) < k gilt. [y(G)] ist somit die minimale
Anzahl an Waldern, in die E(G) partitioniert werden kann. Der Nine-Dragon-Tree-
Satz verallgemeinert diesen Zusammenhang: Wenn &, d € Ny und v(G) < k+ #g“,
dann besitzt G eine Zerlegung in k + 1 Walder und in einem der Wélder ist der
Knotengrad hochstens d. Die starke Nine-Dragon-Tree-Vermutung besagt sogar,
dass eine Zerlegung existiert, in der jeder Baum in einem der Walder hochstens d
Kanten besitzt. Wahrend der Nine-Dragon-Tree-Satz bereits bewiesen ist, ist die
starke Variante fir die meisten Falle noch unbewiesen. In dieser Arbeit wird sie
fir d < 2(k + 1) bewiesen und fur die restlichen Félle eine Approximation gezeigt,
in der die Grofie der Zusammenhangskomponenten auf O(d?/k) beschrankt wird.
Es wird aufderdem gezeigt, dass wie von Kim, Kostochka, West, Wu und Zhu ver-
mutet, eine schwéchere Dichtebedingung existiert, die ebenfalls die genannten
Zerlegungen impliziert.

Analog lassen sich Pseudowald-Vermutungen aufstellen, von denen sogar die star-
ke Variante schon bewiesen wurde. In dieser Arbeit zeigen wir, dass eine starkere
Zerlegung moglich ist, in der der Pseudowald F' mit kleinen Zusammenhangs-
komponenten ein Wald ist und der Durchmesser noch weiter beschrankt werden
kann. Wir zeigen, dass diese Durchmesserschranken bestmaglich sind, sofern der
Knotengrad in F' durch eine beliebige Konstante beschrankt sein soll.

Wir zeigen aufderdem, dass wie bei den Nine-Dragon-Tree-Satzen fir Wélder eine
schwachere Dichtebedingung fiir die Pseudowaldvarianten existiert, mit der auch
die zuséatzlichen Durchmesserschranken erreicht werden konnen.




Acknowledgement

First of all, I would like to thank my supervisor . Wwho generously
accepted me as an “external” doctoral student and supported me throughout the
entire process. Next, I would like to thank my working group members I
I B ond I for the fun outdoor
team days and insightful discussions during our “Theory Lunch”. A special thanks
goes to I (or providing very useful feedback on the thesis and for
not only regularly organizing the institute’s table tennis tournaments, but also for
being a great training partner.

I am also very grateful to I (or supervising me during my
master’s thesis, where he introduced me to the Nine Dragon Tree Conjectures, and
for also introducing me to I 2nd helping me a lot with my first
paper.

No one has earned more of my gratitude than [, Who selflessly
supported me in so many ways over the past years, invited me to Prague and
Klosterneuburg and from whom I had the chance to learn a lot about all aspects
of academia. I am regularly impressed by the depth of your knowledge and the
dedication and passion you bring to graph theory. This endeavour would not have
been possible without you.

I'would also like to thank [Nl for hosting me at ISTA in Klosterneuburg.
I am extremely grateful to AEB, and in particular NN, (o1 plac-
ing great trust in me when hiring me as a “rookie” in software development, who
was also just starting a PhD. It is far from self-evident how well I was supported
in combining these two things. Of course, I also want to thank my team at AEB
for creating such a warm and open-minded working environment. Experiencing
this kind of “nest warmth” every day also took a lot of stress off my PhD. I couldn’t
imagine better colleagues.

Lastly, I want to thank my family, my friends and my girlfriend I lllll, who
always supported me, put up with me, and calmed me down during stressful
times.







Contents

1 Introduction 1
1.1 Collaboration and Publications . . . ... ... .............. 16
1.2 StructureoftheThesis . ... ... ... ... ... .. .. ........ 16

2 Notation and Preliminaries 19
2.1 Setsand Numbers . ... .. ... .. ... .. ... .. . . ... 19
2.2 LexicographicOrdering . . ... ... ... ... ... ..., 19
2.3 Graphs . . .. .. 19

2.3.1 PathsandCycles. ... ... ... . ... ... ... .. ..... 21
2.3.2 Degrees . . . . ... e 22
2.3.3 ForestsandTrees ... ... ... .. ..., 22
2.3.4 Pseudoforests and Pseudotrees. . . . .. ... .......... 23
235 Matchings. . .. ... ... . . e 23
2.3.6 PlanarGraphs ... ... ... ... .. ... . . e 23

3 Forest Variants of the Nine Dragon Tree Conjectures 25
3.1 AProof of Nash-Williams’ Theorem . ... ................ 25
3.2 Optimality of the Nine Dragon Tree Conjectures .. .......... 27
3.3 Notation and Preliminaries . ... .. ... ... ... .......... 37

3.31 SpecialPaths . ... .. ... ... ... .. .. .. . ... ... 41
3.3.2 Simple Edge Exchanges Between Forests . . . . . ... ... .. 44
3.4 The Nine Dragon Tree Theorem for (k,d)-Sparse Graphs . ... ... 45
3.4.1 Structure of the Exploration Subgraph . . ... ......... 46
3.4.2 The Density Calculation . ...................... 49
3.5 Notation and Preliminaries for the Strong Nine Dragon Tree Conjec-
tureResults . . .. ... ... . . 55

3.6 An Approximate Version of the Strong Nine Dragon Tree Conjecture 58
3.6.1 Non-small Components Do Not Have Many Small Children . 58
3.6.2 Density Calculations . .. ...................... 71

vii




viii

3.7 The Strong Nine Dragon Tree Conjecture ford < 2(k+1) ... ...

3.7.1
3.7.2
3.7.3
3.74
3.7.5

Bounding Relevant Neighbours - The Case x 25 Y o
Bounding Relevant Neighbours - The Case x ) Y oo
Bounding the Number of Relevant Neighbours . . . . ... ..
Bad Components Are Interesting Neighbours . . . . . ... ..
Density Calculations . . ... ....................

3.8 A Lower Bound for a Diameter-Constrained Version of the Nine
Dragon Tree Theorem . ... ... .. ... ... .. .. .......

4 A Diameter Refinement of the Strong Pseudoforest Nine Dragon Tree

Theorem

4.1 Pseudoforests and Orientations. . . . ... ... ... ..........
4.2 Optimality of the Pseudoforest Nine Dragon Tree Theorems . . . . .
4.3 Proof of the Upper Diameter Bounds . ..................

4.3.1
4.3.2
4.3.3
4.3.4
4.3.5
44 Lower
4.4.1
4.4.2
4.5 Lower
4.5.1
4.5.2

Picking the Counterexample . ...................
Density of Ext(K)if Kis(1)-bad ... ..............
Density of Ext(K) if Kis(3)-bad . ................
Density of Ext(K) if K is (2)-,(4)-or(5)-bad . .........
Density of Ext(K)if Kisnotbad . ................
Bound of the Overall Diameter. . . . . ... ...........
Bounding the Diameter . ......................
Bounding the Fractional Arboricity . . ... ...........
Bound of the Diameter of Large Components . . . . ... ...
Bounding the Diameter . ......................
Bounding the Fractional Arboricity . . ... ...........

5 Applications

5.1 (Pseud
5.2 Planar

o-)Forest Decompositions of Graphs with Bounded Degree . .
Graphs With High Girth . . . ... ..... ... .........

5.3 The Game Chromatic Number and the Game Colouring Number . .

54 e-Thin

Spanning Trees in Highly Edge-Connected Planar Graphs . .

6 Open Questions

Bibliography

List of Figures

101
101
103
111
112
117
118
121
126
129
130
133
137
138
140

143
143
147
149
151

155

161

167



Introduction

Decompositions of graphs are a heavily studied area, since if one can decompose
a graph into only a few simple pieces, then one can in some sense deduce that
the entire graph structure is simple. A decomposition can also be helpful in an
algorithmic context. If a problem is (efficiently) solvable on every simple part of
the decomposition, the problem, or at least an approximation of it, may also be
(efficiently) solvable for the entire graph.

In this thesis, we are interested in decompositions that partition the edge set of
a graph. More formally, G4, ..., G} is a decomposition of a graph G if for every
ie{l,...,k}, G;is a graph with V(G;) = V(G), and E(G)), ..., E(G}) is a partition
of E(G). Unless stated otherwise, graphs in this thesis are undirected and may
contain parallel edges and loops. Furthermore, we use the notation v(G) := |V(G)|
and ¢(G) := |E(G)].

One of the simplest classes of graphs is the class of forests, which are just graphs
without cycles. Thus, a natural question is: when can a graph be decomposed
into k forests? This question was answered completely by a beautiful theorem of
Nash-Williams from 1964.

Theorem 1.1 (Nash-Williams’ Theorem [45]). A graph G without loops decomposes
into k forests if and only if for every subgraph H C G with v(H) > 1, we have

e(H
The term ()
e
V@)= max TN
v(H)>1

is called the fractional arboricity of G, and [v(G)] is the arboricity of G. By Nash-
Williams’ Theorem, this is the minimum number of forests into which G can be
decomposed.

Note that if G has a decomposition into & forests, then it is clear that e(H) <
k(v(H) — 1) for every H C G, since v(H) — 1 is the maximum number of edges that
can be contained in a forest with vertex set V(H). However, the other direction




of the proof of Nash-Williams’ Theorem is non-trivial. We will provide a proof in
Section 3.1. We note that for any k € Ny, a decomposition into k forests of a graph
G, or a subgraph H C G with v(‘}g% > k, can be computed in polynomial time; see
[12], [18], [17].

Interestingly, if one asks for a decomposition of a graph into subgraphs that are all
isomorphic to one specific graph, the problem becomes NP-complete very quickly
— even if the specific graph is a forest.

Theorem 1.2 ([11]). Deciding whether a graph has a decomposition into subgraphs
isomorphic to a graph H is NP-complete if H contains a component with at least
three edges.

It seems that Nash-Williams’ Theorem leaves room for improvement. Suppose
we have two loopless graphs G;, G, with v(G;1) = k + 0.001 and v(G2) = k + 0.9.
Then Nash-Williams’ Theorem only guarantees that both graphs have a decom-
position into & + 1 forests. It would be desirable to have a theorem that takes the
fractional part of the fractional arboricity into account, and thus yields a “better”
decomposition for G; than for G,. For a loopless graph G with (G) = k + ¢, where
0 < e < 1is small, we may be able to move as many edges as possible into the %
forests such that the (k + 1)-th forest F has sparse structure. Given that k forests
can contain at most k(v(G) — 1) edges, we cannot in general expect F to have fewer
than ¢(v(G) — 1) edges. However, the following theorem shows that the bound of
e(v(G@) — 1) is achievable and is, of course, optimal.

Theorem 1.3 ([14]). Let G be a loopless graph with v(G) < k + ¢, where 0 < e < 1.
Then G decomposes into k forests and a forest with at most ¢(v(G) — 1) edges, and
the bound of e(v(G) — 1) is best possible.

Note that Theorem 1.3 can be generalized to matroids.

The Nine Dragon Tree Conjectures, which are the focus of this thesis, also aim
to make the (k + 1)-th forest F' as sparse as possible, but they do so by enforcing
structure within each component of F. for this purpose, the following three
sparseness properties — each increasingly stronger — have been proposed.

Let k,d € Np.

We call a graph (k, d)~-decomposable if it has a decomposition into & + 1 graphs,
where £ of them are forests and in the remaining graph, every vertex has degree
at most d.

We call a graph (k, d)-decomposable if it has a decomposition into & + 1 forests,
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where in one of the forests, every vertex has degree at most d.

We call a graph (k,d)"-decomposable if it has a decomposition into % + 1 forests,
where in one of the forests, every component has at most d edges.

Montassier, Ossana de Mendez, Raspaud, and Zhu [41] proposed the following
corresponding conjectures for these properties.

Theorem 1.4 (Weak Nine Dragon Tree Theorem, [27]). Let k,d € Ny, and let G be
a loopless graph with v(G) < k + W"H. Then G is (k,d)”-decomposable.

Theorem 1.5 (Nine Dragon Tree Theorem, [27]). Let k,d € Ny, and let G be a
loopless graph with ~(G) < k + ﬁ. Then G is (k,d)-decomposable.

Conjecture 1.6 (Strong Nine Dragon Tree Conjecture, [41]). Let k,d € Ny, and let
G be a loopless graph with v(G) < k + ﬁ‘l“. Then G is (k,d)*-decomposable.

The interesting name of the conjectures originated as follows: “On the top of the
Longevity Mountain in Kaohsiung, Taiwan, there is a giant banyan tree, called the
‘Nine Dragon Tree’. It resembles a number of dragons resting on the top of the
mountain. Many graph theorists visited this tree and are amazed at the fact that
this tree is far from being acyclic. We would like to associate the conjecture below
with this beautiful tree, whose fractional arboricity remains a mystery.” [41]

Note that Conjecture 1.6 implies Theorem 1.5, which in turn implies Theorem 1.4.
In [41], it was shown that the Weak Nine Dragon Tree Conjecture is already best
possible.

Theorem 1.7 ([41]). Let k € N>, d € Ny. For every ¢ > 0, there exist simple graphs
G such that v(G) < k + ﬁ + ¢ and yet G is not (k,d)-decomposable.

Note that Theorem 1.7 also shows the optimality of Theorem 1.5 and Conjecture
1.6. We provide a brief history of the (partial) resolutions of Theorem 1.4, Theorem
1.5, and Conjecture 1.6. When the conjectures were proposed in 2011 in [41], the
authors proved the Nine Dragon Theorem for the cases (k,d) € {(1,1),(1,2)}.
Slightly before that, an approximation of the Weak Nine Dragon Tree Theorem
with a degree bound of d + 1 was proven by Kiradly and Lau [30]. Another result
towards the (k,d) = (1,1) case of the Nine Dragon Tree Theorem was provided
by Kaiser, Montassier, and Raspaud [28]. Kim, Kostochka, West, Wu and Zhu [29]
proved the Weak Nine Dragon Tree Theorem for d > k, and the Nine Dragon Tree
Theorem for d = k + 1, and the case where k = 1, d < 6. For the case (k,d) = (1, 2),
they also proved the Strong Nine Dragon Tree Conjecture.




Subsequently, Chen, Kim, Kostochka, West and Zhu [9] proved the Nine Dragon
Tree Theorem for k < 2, except for the case where (k,d) = (2,1).

In [53], Yang proved the Strong Nine Dragon Tree Conjecture for d = 1. Note that
in this case, the Nine Dragon Tree Theorem and the Strong Nine Dragon Tree
Conjecture are equivalent.

Finally, Jiang and Yang [27] gave a complete proof of the Nine Dragon Tree The-
orem. This also proved the Weak Nine Dragon Tree Theorem. The proof was
submitted in 2015.

After that, for several years, the Strong Nine Dragon Tree Conjecture was only
proven for the cases d = 1 and (k,d) = (1, 2).

Blumenstock and Fischer [7] implicitly proved the Strong Nine Dragon Tree Conjec-
ture when & = d for simple graphs G in which the pseudoarboricity (we will define
this term later in the introduction) is [v(G)] + 1 (note that the pseudoarboricity of
a simple graph G is either [v(G)] or [y(G)] + 1, see [47]).

Moore [42] proved an approximation of the Strong Nine Dragon Tree Conjecture
in the case (k,d) = (1, 3).

In [38], the author and Moore proved the Strong Nine Dragon Tree Conjecture for
d < k+1 and provided an approximate version for d < 2(k + 1). This result was
part of the author’s Master’s thesis [35].

In this thesis, we prove the Strong Nine Dragon Tree Conjecture for d < 2(k + 1).

Theorem 1.8. The Strong Nine Dragon Tree Conjecture is true when d < 2(k + 1).

This resultimplies that every planar graph with girth atleast5is (1,4)*-decomposable,
see Theorem 5.2.3. In Section 5.4, we discuss an application of this result to so-
called e-thin spanning trees, showing that every planar graph with girth at least 5
contains a 3-thin spanning tree, see Theorem 5.4.3. This result is best possible in
the sense that there exist planar graphs with girth 4 that do not contain an e-thin
spanning tree for any fixed 0 < e < 1.

To date, these are the only cases of the Strong Nine Dragon Tree Conjecture that
have been resolved.

In this thesis, we also prove an approximate version of the Strong Nine Dragon
Tree Conjecture for all k, d € Ny.

Theorem 1.9. Let k,d € Ny, and let G be a loopless graph with v(G) < k + WJH-

Then Gis (k, d+ [k {71 ] (75 — 3[+%])|) -decomposable.
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We note that we have heard that Yang and Zhang have submitted a similar ap-
proximation result in 2024 around the time Moore and the author did. At the time
of submission of this thesis, this result is not yet published.

In [29], a modification of the Nine Dragon Conjectures with a slightly stronger
weaker criterion was proposed. To understand this criterion, we need to provide
some context.

Note that aloopless graph G has v(G) < k+ W‘H if and only if for every non-empty
subgraph H C G, we have

v(H)(k+1)(d+ k) —e(H)(d+k+1) —k* —kd —k —d > 0.

One could ask how much can be added to the left-hand side such that G is still
(k,d)~- (k,d)- or (k,d)"-decomposable. As the term kd + k + d appeared promising,
they defined the following notion in [29].
G is (k,d)-sparse if G is loopless and for every non-empty subgraph H C G, we
have

BH) :=v(H)(k+1)(d+k) —e(H)(d+k+1)—k*>0.

In [29], the following analogue of the Weak Nine Dragon Tree Theorem was sug-
gested.

Theorem 1.10. (k,d)-sparse graphs are (k,d)-decomposable for any k,d € Ny.

Note that not every (&, d)-sparse graph has a decomposition into & + 1 forests: for
@ # H C G, the condition 5(H) > 01is equivalent to

e(H) kd+k+d
SV g YT Sl N N I
o) —1 =Pt IR <d+ WG =1 )

Thus, there may be a subgraph H with v(H) < d 4+ 1 whose density causes G to
have v(G) > k + 1. For example, it was noted in [9] that the graph consisting of two
vertices and & + 2 edges connecting them does not have a decomposition into & + 1
forests, but is (k, d)-sparse if k(d — 1) > 2.

Hence, if we want to relate (k, d)-sparseness to (k,d)- or (k,d)"-decomposability,
then we must additionally require that the graph has a decomposition into & + 1
forests. In [29], the following two statements were conjectured.

Theorem 1.11. Let k,d € Ny, and let G be a (k,d)-sparse graph with v(G) < k + 1.
Then G is (k, d)-decomposable.




Conjecture 1.12 ([29]). Let k,d € Ny, and let G be a (k, d)-sparse graph with (G) <
k + 1. Then G is (k,d)*-decomposable.

Of course Theorem 1.10 implies the Weak Nine Dragon Tree Theorem, Theorem
1.11 implies the Nine Dragon Tree Theorem, and Conjecture 1.12 implies the Strong
Nine Dragon Tree Conjecture.

The results in [29] and [9] towards the (Weak/Strong) Nine Dragon Tree Con-
jectures mentioned earlier were achieved with the relaxed density criterion of
(k,d)-sparseness. Consequently, Theorem 1.10 is proven for d > k, Theorem 1.11
is proven for d = k + 1, the case k = 1,d < 6, and k < 2, except for the case
(k,d) = (2,1), and Conjecture 1.12 is proven when (k,d) € {(1,1), (1,2)}.

In this thesis, we prove Theorem 1.10 and Theorem 1.11 by proving the following,
slightly stronger theorem.

Theorem 1.13. Let k,d € Ny, and let G be a (k,d)-sparse graph. Then G has a
decomposition into k forests and a graph F, where in F, every vertex has degree at
most d and in every component of F, the number of edges on cycles is at most d.
Furthermore, if v(G) < k + 1, then G is (k, d)-decomposable.

Moreover, our results towards the Strong Nine Dragon Tree Conjecture (Theorem
1.8 and Theorem 1.9) also cover (k, d)-sparse graphs with fractional arboricity at
most k + 1.

Theorem 1.14. Conjecture 1.12 is true when d < 2(k + 1).

Theorem 1.15. Let k,d € Ny and let G be a (k,d)-sparse graph with v(G) < k + 1.

Then Gis (k, d+ [k| 41| (7% — 3[+%])]) "-decomposable.

Note that Theorem 1.10, and thus Theorem 1.11 and Conjecture 1.12 are best
possible in the following sense.

Theorem 1.16 ([29]). Let k € N>1,d € Ny. There are simple graphs G such that
Y(G) < k+1, B(G) = -1, B(H) > 0 forall o # H C G, but G is not (k,d)"-
decomposable.

Now, we turn to the pseudoforest analogues of the Nine Dragon Tree Conjectures.
A pseudoforest is a graph in which every component contains at most one cycle.
We call such a component a pseudotree. It is very interesting that everything we
have discussed so far also works with pseudoforests. Note that in what follows,

Chapter 1




we allow graphs to contain loops. We begin with an analogue of Nash-Williams’
Theorem.

Theorem 1.17 ([25], Hakimi’s Theorem). A graph G decomposes into k pseudo-

forests if and only if for every @ + H C G, we have fjgg; < k.

We call the term o(H)

V(G) = S o ()
the fractional pseudoarboricity of G, and [7/(G)] is the pseudoarboricity of G. By
Hakimi’s Theorem, this is the minimum number of pseudoforests into which G
can be decomposed. We will provide a proof of Hakimi’s Theorem in Section 4.1.
We note that in the literature, the term maximum average degree mad(G) := 2-+/(G)
of G is often used instead of fractional pseudoarboricity.
We call a graph (k, d)~-pseudo-decomposable if it has a decomposition into & + 1
graphs, where £ of them are pseudoforests, and in the remaining graph, every
vertex has degree at most d.
We call a graph (k, d)-pseudo-decomposable if it has a decomposition into & + 1
pseudoforests, where in one of the pseudoforests, every vertex has degree at most
d.
We call a graph (&, d)"-pseudo-decomposable if it has a decomposition into & + 1
pseudoforests, where in one of the pseudoforests, every component has at most d
edges.
We can now state the pseudoforest analogues of the Nine Dragon Tree Conjec-
tures.

Theorem 1.18 (Weak Pseudoforest Nine Dragon Tree Theorem, [15]). Letk,d € Ny,
and let G be a graph with v/ (G) < k + W‘IH. Then G is (k,d)~-pseudo-decomposable.

Theorem 1.19 (Pseudoforest Nine Dragon Tree Theorem, [15]). Let k,d € Ny, and
let G be a graph with v'(G) < k + ﬁ;jﬂ. Then G is (k, d)-pseudo-decomposable.

Theorem 1.20 (Strong Pseudoforest Nine Dragon Tree Theorem, [23]). Letk,d €
No, and let G be a graph with~'(G) < k+ﬁg+1. Then G is (k, d)*-pseudo-decomposable.

Obviously, Theorem 1.20 implies Theorem 1.19, which in turn implies Theorem
1.18.

Note that, as in the forest case, Theorem 1.18 is already best possible in the follow-
ing sense.




Theorem 1.21 (cf. [15]). For any k € N4, d € Ny, and ¢ > 0, there exists a simple
graph G with+'(G) < k + ﬁ + ¢, but G is not (k,d)”-pseudo-decomposable.

Not long after the Nine Dragon Tree Conjectures (for forests) were proposed, Fan,
Li, Song, and Yang proved the Pseudoforest Nine Dragon Tree Theorem (and thus
the Weak Pseudoforest Nine Dragon Tree Theorem) in [15].

Several years later, Grout and Moore [23] also proved the Strong Pseudoforest
Nine Dragon Tree Theorem.

Thus, it appears that the pseudoforest case is much simpler than the forest case.
In fact, in this thesis, we strengthen the Strong Pseudoforest Nine Dragon Tree
Theorem even further by adding diameter constraints.

Theorem 1.22. Letk,d € Ny, ¢ := L%J and let G be a graph with~'(G) < k+ ﬁzﬂ.
Then G decomposes into k + 1 pseudoforests, where one of the pseudoforests F

satisfies the following:
* F'is acyclic,
* every component K of F has e(K) < d,
e diam(K) <20+ 2,andifd=1 mod (k+ 1), then diam(K) < 2/ + 1,

* for every component K of F withe(K) > d— z(k—1)+1, we have diam(K) < 2z
for any =z € N,.

Note that Theorem 1.22 implies Theorem 1.20.

The following corollary clarifies which upper bound on the fractional pseudoar-
boricity is necessary in Theorem 1.22 if we are interested in a specific overall
diameter bound.

Corollary 1.23. Letk,q € Ny, let o € {0,1}, and let G be a graph with v/ (G) < k +

qﬂ@ Then G decomposes into k+ 1 pseudoforests, where one of the pseudoforests
k+1

is a forest of diameter at most 2q + a.

Proof. The corollary follows from Theorem 1.22 by letting d :=q(k + 1) + . [

The following immediate corollary shows in which cases we can obtain a star
forest.

Corollary 1.24. Let k € Ny, and let G be a graph with v/(G) < k + 3. Then G
decomposes into k pseudoforests and a star forest, where every star has at most
k + 1 edges.
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This corollary can be applied to graphs with odd maximum degree.

In general, a graph G with maximum degree at most A € Ny — for example
the complete graph on A + 1 vertices — satisfies z%gg < £ for every non-empty
subgraph H C @G, and thus G has a decomposition into (%} pseudoforests by
Hakimi’s Theorem. If A is odd, it is a bit unsatisfactory that Hakimi’s Theorem
does not provide a “better” decomposition than it does for A+1. However, Corollary

1.24 yields an improvement:

Corollary 1.25. Let A € N>, be odd, and let G be a graph in which every vertex
has degree at most A. Then G has a decomposition into % pseudoforests and a

star forest, where every star has at most % edges.

In Section 5.1, we show in Theorem 5.1.6 that this corollary is best possible with
respect to the diameter: there exist simple graphs for which the last pseudoforest
cannot be forced to have diameter 1. We also discuss in Section 5.1 which de-
compositions into forests can be obtained from graphs with bounded maximum
degree.

Now we turn to the question of how good the bounds in Theorem 1.22 are. The
constructions proving the optimality of the Weak (Pseudoforest) Nine Dragon Tree
Theorem have a decomposition in which one of the (pseudo-)forests is a star forest
in which every star has either d or 0 edges, except for one star that has d + 1 edges;
see Theorem 4.2.5 and Theorem 3.2.7. This suggests that a strengthening of the
Strong (Pseudoforest) Nine Dragon Tree Theorem exists, where the trees with at
most d edges can always be transformed into stars with at most d edges. However,
in general, this is not the case.

The following theorem shows that the overall diameter bound of pseudoforest
F in Theorem 1.22 cannot be improved if F is required to have any bound on
the degree. Thus, Theorem 1.22 constitutes an optimal diameter extension of the
(Weak/Strong) Pseudoforest Nine Dragon Tree Theorem.

Theorem 1.26. Letk € N>y, ¢,D € Ny, ¢ > 0, and o € {0,1}. There are simple
graphs G with v(G) < k + % + e that do not have a decomposition into k
pseudoforests and another graph F such that F has maximum degree at most D
and the diameter of every component in F is less than 2¢ + 1 + «. Furthermore, G is

planar if k = 1.

Note that Theorem 1.26 uses v(G) (> +/(G)) as a density bound. Thus, it also pro-
vides a lower bound for a potential diameter refinement of the (Weak/Strong) Nine
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Dragon Tree Theorem (/Conjecture) (for forests). The same holds for the following
Theorem, which shows the optimality of the additional diameter bound for large
components in Theorem 1.22 as a refinement of the (Weak/Strong) Pseudoforest
Nine Dragon Tree Theorem.

Theorem 1.27. Letk,D,d,z € Np,e >0,k > 2, 2 < [%}J There are simple graphs
G with~(G) < k+ ﬁ +e¢, such that, in any decomposition of G into k pseudoforests
and another graph F with maximum degree at most D, F contains a component K
with e(K) > d — z2(k — 1) + 1 and diam(K) > 2(z + 1). Furthermore, G is planar if
k=1

Now, we know that we cannot obtain stars with at most d edges (or other pseu-
dotrees of diameter at most 2) in the last (pseudo-)forest. But what if we do not
care about the number of edges of the components? Unfortunately, we cannot
answer this question for pseudoforest decompositions. But the following theorem
shows that, in general, such a decomposition is not possible in the case of forest
decompositions.

Theorem 1.28. Let k,¢ € N>, and let ¢ =0 mod 4. There is a loopless (multi-)
graph G with~(G) = k + g% that does not have a decomposition into k + 1 forests
in which one of the forests has diameter at most .

Next, we discuss the pseudoforest analogue of (£, d)-sparseness. To the best of our
knowledge, this has not been examined before.
Note that a graph G has v/(G) < k if and only if for every subgraph H C G, we
have

v(H)(k+1)(d+ k) —e(H)(d+k+1) > 0.

We will show that the largest term we can add to the left-hand side such that the
(Weak/Strong) Pseudoforest Nine Dragon Tree Theorems still apply to G is k, and
thus we define

B'(H) := o(H)(k +1)(d+ k) — e(H)(d+ k +1) + &

for any graph H. Furthermore, we call a graph G (k, d)-pseudo-sparse if for ev-
ery subgraph H C G, we have g'(H) > 0. In contrast to the forest analogue,

(k,d)-pseudo-sparse graphs always have a decomposition into & + 1 pseudoforests

k
) 4+ 5my
Skt R <

since every subgraph H of a (k, d)-pseudo-sparse graph satisfies )

e(H
v(H
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k + 1. Hence, we state the pseudoforest analogues of Theorem 1.10, Theorem 1.11,
and Conjecture 1.12 as follows.

Theorem 1.29. (k,d)-pseudo-sparse graphs are (k,d) -pseudo-decomposable for
any k,d € No.

Theorem 1.30. (k,d)-pseudo-sparse graphs are (k,d)-pseudo-decomposable for
any k,d € N.

Theorem 1.31. (k,d)-pseudo-sparse graphs are (k,d)"-pseudo-decomposable for
any k,d € Ny.

We will show that these three theorems are best possible in the following sense.

Theorem 1.32. Let k,d € Ny. There are simple graphs G with 5'(G) = —1 and
B'(H) >0 forall HC G, but G is not (k,d) -pseudo-decomposable.

Furthermore, Theorem 1.22 also applies to (k, d)-pseudo-sparse graphs.

k1|
decomposes into k + 1 pseudoforests where one of the pseudoforests F satisfies the

following:

Theorem 1.33. Letk,d € Ny, £ := Ld—lj and let G be (k,d)-pseudo-sparse. Then G

* Fis acyclic,
* every component K of F has e(K) < d,
e diam(K) <20+ 2, andifd =1 mod (k + 1), then diam(K) < 2¢+ 1,

* for every component K of F withe(K) > d— z(k—1)+1, we have diam(K) < 2z
for any > € N,.

Note that Theorem 1.33 implies Theorem 1.31, which in turn implies Theorem
1.30, which in turn implies Theorem 1.29.

In the rest of the introduction, we explain the proof framework used to establish
the four main theorems of the thesis, Theorems 1.13, 1.14, 1.15, and 1.33. This
framework was first used in the proof of the Pseudoforest Nine Dragon Tree Theo-
rem in [15], then for the Nine Dragon Tree Theorem when d = 1 in [53], then for
the complete resolution of the Nine Dragon Tree Theorem in [27], and later for
the proof of the Strong Pseudoforest Nine Dragon Tree Theorem in [23]. Although
we use the framework for forest decompositions, pseudoforest decompositions,
and decompositions into & forests and a graph that may contain multiple cycles in

1
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a component, we will, for simplicity, refer in the following only to decompositions
into % forests T1,..., T} and another forest ', where F is the forest for which we
aim to obtain certain bounds. We will say that the edges of 71, ..., T} are blue
and the edges of F are red. Furthermore, for simplicity, we will first outline how
the theorems can be proven when the graph has fractional (pseudo-)arboricity
at most k£ + W“H. At the end, we will explain how the results can be extended to
(k,d)-(pseudo-)sparse graphs.

The proof begins by considering a vertex-minimal counterexample graph G and
showing that we may assume 73, ..., T} to be spanning trees (or pseudoforests
with v(G) edges each). This is shown by proving that, for general graphs, edges
between subgraphs in which & spanning trees can be packed can be coloured blue.
For each of the theorems we will define a residue function for F. The smaller its
value, the closer F is to satisfying the respective theorem. An example of a suitable
residue function value of F for the Strong Nine Dragon Tree Conjecture would be
the sum of the number of edges of the components of F' that have more than d
edges. However, note that we will define other residue functions.

We choose a decomposition that minimizes the residue function value. The red
forest of the decomposition will contain a component R* that does not satisfy the
theorem to prove since G is assumed to be a counterexample.

We will choose a vertex of R* and call it ». We orient all the blue edges of the
spanning trees towards r (for pseudoforest decompositions, we do not need to
choose a vertex r and just transform the k pseudoforests into a k-orientation).
After that, we build a tree of red components which is rooted at R*. We obtain this
tree by an exploration of red components starting at R*: a new red component C' is
added to the tree as a child of an already explored component K of the tree if there
is a blue arc from K to C. If we cannot extend the tree of components further, we
stop the exploration and call the induced subgraph the exploration subgraph H. It
has the nice property that every vertex (except for r) has exactly & blue outgoing
arcs. This will let us deduce that f&}f)l <7 +g oL where e, (H) denotes the number
of red edges of H.

Now, our goal is to “push” red edges away from R*. If we manage to do this such
that R* has small child components, then we may find an edge exchange that
reduces the size of R*, and thereby reduces the residue function value of the red
forest, which is a contradiction.

We also want to have a measure to track our progress in pushing away the red
edges from R*. This measurement is a tuple of the red components of the tree,
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ordered by the order in which they are explored by the greedy exploration strategy
that chooses the child with the fewest (red) edges first. We call such an order of com-
ponents a legal order. We compare legal orders of different decompositions using
lexicographic ordering (for an ordering (R, ..., R;) we will use (e(R;),...,e(R:))
for the comparison). An example of such a legal order can be seen in Figure 1.1,
where (k,d) = (1,2) and the goal is to reduce the number of red edges in each
component to at most two. We refine our choice of the decomposition of G by
selecting one that minimizes the residue function, and as a secondary criterion,
has a minimal legal order.

It will be useful to categorize red components into small and non-small com-
ponents, where a small (red) component K has f}g‘g < 5 +g +7- In a sense, these
components are bad, since we aim to derive a contradiction by showing that

er(H) > d
v(H) = d+k+1°

We can ensure that a small child component has a non-small parent: suppose two
small components are connected by a blue arc. This arc can be coloured red, and
in exchange, a red edge closer to the root component R* can be coloured blue. An
example can be seen in Figure 1.2. This will not create a new component violating
the theorem because the components are small, but it will produce a smaller
legal order; therefore, this case cannot happen in our optimal decomposition.
This method is called the special path augmentation since the two edges being
exchanged are connected by a blue directed path.

In order to show that 65(%) > ﬁ;jﬂ, we aim to partition the red subgraph of H into
units such that every unit contains non-small and potentially small components
while still being non-small on average. E.g., for Theorems 1.13, 1.15 and 1.33, a unit
is formed by taking a non-small component together with all of its small children.
If a non-small component has at most £ small children (at most one “generated”
by every spanning tree), then the density of the unit is at least ﬁ, making this
bound very desirable.

The second kind of exchange comes into play when this bound cannot be achieved
resulting in a non-small component K having two small children C; and C; that
are generated by blue arcs e; = (z1,y1) and e = (z9,y2) belonging to the same
spanning tree. It is always possible to exchange one of e;, e, with ared edge e on the
red path in K from z; to z5. Suppose we can exchange e, with e like in Figure 1.3,
where e = vz;. If we are lucky, this exchange reduces the size of K and therefore
also decreases the legal order. For pseudoforests, it is easy to guarantee such an
exchange. Here, it takes relatively little effort to maintain a valid decomposition
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Fig. 1.1: An exploration subgraph with
legal order

(R*,R27R3,{y2},{y1},{21}) with
component sizes (3,0, 2,0,0,0).

® 21
Y2

L1

z1 v Ry I
o T2
° e Ry

R*
° °

Fig. 1.3: The decomposition of Fig. 1.1 af-
ter (xz9,y2) and wvz; switched
colours. A legal order is
(R*aRE’ﬂRQ’{xl}v{yl}’{zl}) with
component sizes (3,2,0,0,0,0).
Edges that have not changed are
drawn with reduced opacity.
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Fig. 1.2: The decomposition of Fig. 1.1 after
performing a special path augmen-
tation, colouring y,z; red. A legal
order is
(R*, Ro, R, {y2}) with component
sizes (3,0, 1,0). Edges that have not
changed are drawn with reduced

opacity.
® 21
Y2

Y1 °
le v Ry
—> Z2
° e Ry
0E—@

T T1 792

Fig. 1.4: The decomposition of Fig. 1.3 after
performing a special path augmen-
tation, colouring x;y; red. This de-
composition does not contain a red
component with more than two
edges anymore. Edges that have
not changed are drawn with re-
duced opacity.



with k& pseudoforests since these simply form a k-orientation. However, for the
forest case, it is much more difficult to maintain ¥ spanning trees, because we
are not allowed to create blue cycles. Moreover, other blue arcs might need to be
reoriented in order to maintain the orientation of the blue arcs towards r. Such
reorientations can fundamentally change the legal order.

Note that in Figure 1.3, the exchange does not decrease the legal order because the
blue path from v to x5 is reoriented by the exchange and thus, R, cannot come after
R* in a legal order. In this case, further exchanges must be made. For example, by
performing a special path augmentation colouring e; red and (ry, r) blue, we can
decrease the size of the root component, thereby improving the residue function
value, see Figure 1.4.

Like in this example, we will always first carry out a number of exchanges of the
second kind, where we exchange edges on the red path between “generating” ver-
tices with generating edges. This can significantly worsen the legal order. But after
that we can apply a special path augmentation where the special path goes back in
the legal order at least to the vertex where the legal order was destructed (in our
example the “destruction” occurred at vertex r, because the blue arc from r; to Ry
was reoriented). Therefore, this final augmentation yields a genuine improvement
of the legal order. Using this technique, we will be able to bound the number of
small children per non-small component.

The proof framework ends with showing that the augmentations are sufficient to
ensure that a unit non-small on average. This is particularly easy in the proofs
of Theorem 1.15 and 1.33, where a unit consists solely of a non-small component
and its small children. For Theorem 1.14, units are formed in a somewhat more
complicated way, and the exchanges involve not only blue arcs between parents
and their small children, but also between parents and their parents (technically,
these need not be the actual grandparents of the small children, but they must
have a blue arc to the parents of the small children).

For Theorem 1.13, we proceed similarly to the proof of the Nine Dragon Tree The-
orem of Jiang and Yang when performing the density calculation. The non-small
components may be very large and have many small children, but only vertices of
degree at least d can generate small children.

In order to guarantee the respective decompositions not only for graphs with frac-
tional (pseudo-)arboricity bounded by % + ﬁ but also for (%, d)-(pseudo-)sparse
graphs, it suffices for the three forest-related theorems to show that the root compo-
nent does not have small children. For the pseudoforest-related theorem, Theorem
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1.33, we cannot enforce more structure around the root component than we can
for other non-small components, but the “bad” properties of the root component
violating Theorem 1.33 will imply enough density such that §'(H) < 0.

Collaboration and Publications

Theorem 1.11 was proven in [40] together with Benjamin Moore and contains a
large part of the proof of Theorem 1.13 in Section 3.4.

Theorem 1.14 (as well as Theorem 5.4.3 as a corollary) was proven in [37] together
with Benjamin Moore.

The proof of Theorem 1.9 (and thus, a major part of the proof of Theorem 1.15 in
Section 3.6) was published in [36] together with Benjamin Moore.

The proof of Theorem 1.22 (and thus a major part of the proof of Theorem 1.33
in Section 4.3) was published in [39] together with Benjamin Moore and Evelyne
Smith-Roberge. This paper also covers Theorem 1.26 and Theorem 1.27.

Apart from that, all results not explicitly designated otherwise are contributions
of the author.

Structure of the Thesis

Chapter 2 introduces important notations that are used throughout the thesis.

In Chapter 3, we prove the aforementioned Nine Dragon Tree results for forests.
Section 3.1 provides a proof of Nash-Williams’ Theorem. In Section 3.2, we review
the optimality of the Nine Dragon Tree Conjectures by proving Theorem 1.7 and
Theorem 1.16. In Sections 3.4, 3.6, and 3.7, we prove Theorems 1.13, 1.14, 1.15,
respectively. Sections 3.3 and 3.5 provide notation and lemmas shared across the
proofs of these theorems. Finally, Section 3.8 covers the proof of Theorem 1.28.

Chapter 4 covers the Nine Dragon Tree results for pseudoforests. Section 4.1
contains basic definitions and facts about pseudoforests and orientations, and
provides a proof of Hakimi’s Theorem. Section 4.2 addresses the optimality of the
Pseudoforest Nine Dragon Tree Theorems and proves Theorem 1.21 and Theorem
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1.32. Section 4.3 proves Theorem 1.33 and Sections 4.4, 4.5 cover the proofs of the
lower bound Theorems 1.26 and 1.27.

Chapter 5 presents a few applications of Nine Dragon Tree results on graphs with
bounded degree, planar graphs with high girth, game chromatic number and
game colouring numbers, and thin spanning trees.

Chapter 6 discusses open questions.

1.2 Structure of the Thesis 17







2.1

2.2

2.3

Notation and Preliminaries

In this chapter, we introduce the notation used throughout the thesis and recall a
few basic results from graph theory.

Sets and Numbers

If Sis a set and a is any object,let S +a:= SU{a}and S —a := S\ {a}.
We denote {0, 1,2,...} by Ny and for n € Ny, we denote {n,n +1,...} by N>,,.

Letn € Zand k € N>;. We use the notation n mod k := n—k | |. Note thatn mod k €
{0,...,k —1}. For ny,ng € Z, we write n; = ny mod k if n; mod k = ny mod k.

Lexicographic Ordering

For n € N>, let X, := {(xl, ceyTp) | T, x, € No} for the following definition of
lexicographic ordering of elements of J,, .., X

Letn,m € N>j, 2 = (z1,...,2,) € Xp, anciy = (Y1,-.-,Ym) € Xpm. FOori € {n+
1,...,max{n,m}},letz; = 0,and for j € {m+1,..., max{n,m}}, lety; = 0. We write
x < yifthereisani € {1,...,max{n,m}} such that for all j € {1,...,i}, we have
z; = yj, and z; < y;. Furthermore, we write z < y if + <y and z # y. Note that this
defines a total order for the elements of |, .., X

Graphs

A mixed (multi-)graph G is a tuple (V(G), E(G)), where V(G) is a set of objects
and E(G) is a multiset in which every element is either a multiset {u, v} with
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u,v € V(Q), or a tuple (u,v) with u,v € V(G).

Ifv e V(G),wecallvavertex of G. If e € E(G), we call e an edge of G. Furthermore,
we write ¢(G) := |E(G)| and v(G) := |[V(G)|. If u,v € V(G), we also call the (multi-)
set {u,v} an undirected edge and write uv. We also call e = (u,v) an arc, and call u
the tail of e and v the head of e. Furthermore, we call vv and (v, v) a loop. If an edge
is contained more than once in F(G), we call it a parallel edge (of G). If G does not
contain a loop, we call it a loopless graph. If G is loopless and does not contain
parallel edges, we call it a simple graph. If G does not contain any arcs, we call it
an undirected graph or just graph. If G does not contain undirected edges, we call
it a directed graph or a digraph.

We say that a graph G is isomorphic to a graph H if there is a bijection ¢: V(G) U
E(G) — V(H) U E(H) such that ¢(V(G)) = V(G), for every undirected edge e =
{u,v} € E(G), we have that ¢(e) = {¢(u), ¢(v)}, and for every arc f = (u,v) € E(G),
we have that ¢(f) = (¢(u), ¢(v)).

Let G be a mixed graph, and let v € V(G). We say that w € V(G) is a neighbour
ofvin G if vw € E(G), (v,w) € E(G) or (w,v) € E(G). Let U C V(G). We say that
w € V(G) is a neighbour of U in G if w is a neighbour of a vertex v € U.

Let G, H be mixed graphs. We say that H is a subgraph of G, denoted by H C G, if
V(H) C V(G) and E(H) C E(G). We let @ denote the empty graph (o, @). Let V'’
be a set of vertices and E’ be a set of edges. We write

« GUV' = (V(G)UV', E(G)),

(V(
s G\V':= (V G)uV' {zy € E(G )|x,y§£V’}),
* GUE := (V(G), E(G)UE').
« G\ E = (V(G G)\ E).

For a single vertex v or a single edge e, we write G + v := GU {v}, G — v := G\ {v},
G+e:=GU{e},and G —e:= G\ {e}.

Let Gy, G, be mixed graphs. We let G; N G := (V(G1) NV (G2), E(G1) N E(G2)).
Let G be a mixed graph and let V/ C V(G). We call G[V'] := (V', {zy € E(G) | z,y €
V'}) the subgraph of G induced by V'. We also write E(X) := E(G[X]) and e(X) :=
e(G[X]) if it is clear from context which graph G is underlying.

Let G be a mixed graph and let V3, V5 be sets of vertices. Let E;(V1, V) denote the
set of edges and arcs of £(G) that have one end-vertex in V; and the other one in
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2.3.1

V2. We will just write E(V;, V2) when it is clear from context which graph G we
refer to. We also write e(V7, V3) := |E(V3, Va)].

Let n € N>;. The complete graph on n vertices is the simple graph G with v(G) =n
and E(G) = {zy | z,y € V(G),x # y}.

Let G be a graph and let X, Y C V(G) such that X UY = V(G). G is bipartite on X
and Y if E(G) = E¢(X,Y ). Furthermore, we call G the complete bipartite graph on
XandY if E(G)=X xY.

Paths and Cycles

Forn € N>, we calla graphisomorphicto ({vi,..., v}, {(vi,vit1)]i € {1,...,n—1}}),
where v; # v; if i # j, a directed path or dipath (from v to v,) and use the notation
[v1,...,v,] for it. We call the same graph, but with undirected edges, a path and
use the same notation [vy,...,v,] for it. It will be clear from context whether the
path is undirected or directed.

If P is a (directed) path, we call e(P) the length of P.

A subgraph P of a graph G is called a Hamiltonian path (of G) if P is a path and
V(P) =V(G).

Let G be a mixed graph and let G’ be the (undirected) graph obtained from G by
replacing every arc (u,v) by uwv. We call G connected if for every u,v € V(G), there
isapath P C ¢’ from u to v in G’. If G is not connected, we call it disconnected.
We call a graph G n-edge-connected if n is the minimum number such that there is
an edge set £’ C E(G) with |E’| = n such that G \ F’ is disconnected.

Let u, v be two vertices of a connected (undirected) graph G. Let dist(u, v) denote
the minimum length of all paths from u to v. We call max, ycy () distg(u,v) the
diameter of G and denote it by diam(G). If G is not connected and C is the set of
components of G, then we call maxcee diam(C') the diameter of G.

A cycle is a loop, an undirected graph isomorphic to [vy, . ..,v,] + v,v; Or a directed
graph isomorphic to [vy, ..., v,] + (vn,v1). We call a graph G cyclic if a subgraph of
G is a cycle.

A cycle with exactly n € N>, edges is called an n-cycle.

A subgraph C of a graph G is called a Hamiltonian cycle (of G) if C is a cycle and
V(C) = V(G). The girth of a graph G is the smallest number g € N>; such that a
g-cycle is a subgraph of G. If G is acyclic, the girth of G is oc.

2.3 Graphs 21
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Degrees

Let G be a mixed graph and v € V(G). Note that, in the following, the cardinalities
of multisets (not sets) are considered. If G is undirected, we let deg(v) := [{uv €
E(G)lu € V(G)—v}|+2-|{vv € E(G)}| and call this number the degree of vin G. If G is
directed, we denote the outdegree of v in G by deg/,(v) := |{(v,u) € E(G)|u € V(G)}|,
and we denote the indegree of v in G by deg(v) := [{(u,v) € E(G)}|. For X € V(G),
we write degy (v) := deggx(v), deg (v) := dngGr[X] (v), and degy (v) := degx (v) if
it is clear from context that G is the underlying graph.

For A € Ny, a graph G is A-regular if every vertex v € V(G) has deg.(v) = A.

Forests and Trees

A forest is a graph that is not cyclic. A connected forest is called a tree.

First, note thatif 7'is a tree, then e(7") = v(T) — 1. Furthermore, for any two vertices
u,v of a tree, there is a unique path from « to v. In a tree 7" with undirected edges
and u,v € V(T), let P”(u,v) denote the unique path in 7 from u to v.

Let 7' be a tree and r € V(T'). We may call T" a tree with root r. In this context, let
u,v € V(T) such that u € V(PT (v,r)). Then we call u an ancestor of v in T, and we
call v a descendant of v in T. Note that v is a descendant of v and v is an ancestor
of v.

We call v a leaf of T if v is its only descendant.

We call a vertex of 7" that is not a leaf of 7" an inner vertex of T.

We call ¢(PT (v,r)) the depth of v in T and denote it by depthy(v).

A subtree T' of a rooted tree T with root ' is the subgraph of 7" induced by ' and
all of its descendants in 7'. For a tree 7' that has its edges directed towards a root
vertex, and z,y € V(T) such that z is a descendant of y in 7, we let P (x, y) denote
the unique directed path from z to y in 7.

We call a graph isomorphicto ({c, 41, .., 4.}, {cl;|i € {1,...,n}}) a star with centre
c. Note that a star is a tree.
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2.3.4

2.3.5

2.3.6

Pseudoforests and Pseudotrees

A pseudotree is a connected graph having at most one cycle. Note that if G is a
pseudotree, then ¢(G) € {v(G) — 1,v(G)}.

A pseudoforest is a graph in which every component is a pseudotree.

For a detailed discussion of k-orientations (k € Ny), which are closely connected to
pseudoforests, see Section 4.1.

Matchings

A matching M of a graph G is a subgraph M C G such that every vertex v € V(M)
has deg,,(v) < 1.
We call M perfect if every vertex v € V(M) has deg;,(v) = 1.

Theorem 2.3.1 (Tutte’s Theorem (1947), [50]). A graph G has a perfect matching
if and only if for every U C V(G), we have that G \ U has at most |U| components
whose number of vertices is odd.

Planar Graphs

A graph that can be drawn on the plane without any edges crossing each other
is called a planar graph. We call such a drawing a planar embedding of G. For a
formal definition of these terms, we refer to [10].

Theorem 2.3.2 (Euler’s Formula). Let G be a connected planar graph and let
[ € N> be the number of faces of a planar embedding of G. Then v(G) —e(G) + f = 2.

For g € N>, we let P, denote the set of planar graphs with girth at least g.
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3.1

Forest Variants of the Nine
Dragon Tree Conjectures

A Proof of Nash-Williams' Theorem

In this section, we present an (implicit) proof from [27] of Nash-Williams’ Theorem,
which was already stated in the introduction.

Theorem 1.1 (Nash-Williams’ Theorem [45]). A graph G without loops decomposes
into k forests if and only if for every subgraph H C G with v(H) > 1, we have

e(H
T < k

Proving this theorem is actually only a byproduct of the proof. We are interested
in this proof technique because it enables us to show that vertex-minimal coun-
terexamples to Theorems 1.13, 1.14, 1.15 have a decomposition into %k + 1 forests,
where £ of them are spanning trees. This was also done in [27] for the Nine Dragon
Tree Theorem.

For k£ € Ny, a maximal k-colouring of a loopless graph G is a decomposition
(Fy,...,Fg, A) of G such that Fy,. .., F; are forests and there is no e € E(A) such
that there is a decomposition of (F} U...U F}) + e into k forests.

In the following let (F1,. .., Fj, A) be a maximal k-colouring of a loopless graph G.
A component tree of a maximal k-colouring of an undirected graph G is a rooted
tree where each vertex v is associated with a vertex set X, C V(G) and with an
index t(v) € {1,...,k} such that:

* The root r has X, = V(G).

« If a vertex v has children, then F;,[X,] is disconnected and for every com-
ponent C of Fy,[X,], v has exactly one child associated with C and these are
the only children of v.
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Furthermore, an edge e = ujus € E(G) is between two children of v € V(T) if v has
two children associated with vertex sets X;, X, such that v; € X; and us € Xo.
The next lemma implicitly shows how we can obtain a maximal k-colouring of a
graph.

Lemma 3.1.1. Let T be a component tree T of a maximal k-colouring (Fi,. .., Fy, A),
then no edge of E(A) is between two children of a vertex of T.

Proof. Suppose the lemma is not true and that there is an edge ¢ between two
children of a component tree vertex v with depth h. We prove the lemma by
showing that there is another component tree 7" of another maximal k-colouring
of G having an edge between two children of a vertex with depth #' < h. Using
this argument several times we obtain a contradiction since the depth is lower-
bounded by 0.

Let i := ¢(v) and note that F; + e contains a cycle C' or otherwise (Fi,..., Fj, A)
would not be a maximal k-colouring. There is an ancestor v # v of v such that
V(C) is contained in X,. If we choose v with maximum depth, there is an edge
¢/ € E(C) between two children of u. Note that F] := (F; — ¢’) + e is a forest,
and since the vertex sets of the components of F; are the same as in F;, we have
that (Fy,...,F,_1, F/, Fit1,..., Fy, (A —e) +¢') is a maximal k-colouring of G, which
completes the proof. O

A component tree 7' of a maximal k-colouring is maximal if for the associated
vertex set X, of any leaf v, F;[X,] is connected for every i € {1,...,k} (and thus,
we cannot add children to retrieve another component tree).

Corollary 3.1.2. LetT7 = (Fi,..., Fi, A) be a maximal k-colouring of a graph G, let
T be a component tree of T, and let e € E(A). Then there is a leaf vertex ¢ of T such
that e € E(G[X/]).

Proof. Letujus:=ceandlet/y,..., ¢, betheleavesof 7. Note that U?legj =V(Q).
Thus, there is a leaf ¢ such that u; € X,. If 7 is the root of 7, then uy € V(G) = X,. If
¢is the root of 7, then by Lemma 3.1.1, we have that u; € X,. O

Lemma 3.1.3. Ifa loopless graph G has a maximal k-colouring T = (Fi,..., Fy, A)
such that A # @, then v(G) > k.

Proof. LetT be a maximal component tree of 7 and let e € E(A). Let ¢4,...,¢, be
the leaves of 7. By Corollary 3.1.2, there is a leaf vertex ¢ of 7' such that e € E(G[X/]).
As G does not contain loops, e has two distinct end-vertices, and thus, | X,| > 2.
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Since 7' is maximal, we have that F;[X,, ] is a spanning tree for everyi € {1,...,k}
and every j € {1,...,n}. Thus, e(G[X,]) > S0, e(F[Xd]) + [{e}] = k(| Xe|-1)+1. O

We are now able to prove Nash-Williams’ Theorem.

Proof of Theorem 1.1. If G does not have a decomposition into & forests, then it
has a maximal k-colouring such that A # @, and by Lemma 3.1.3 we have y(G) > k.
If v(G) > k, then it has a subgraph H with e¢(H) > k(v(H) — 1). Since an acyclic
subgraph of H has at most v(H) — 1 edges, there is no decomposition of G into k
forests. O

Optimality of the Nine Dragon Tree Conjectures

In this section, we discuss the optimality of the Nine Dragon Tree Conjectures.
Recall Theorem 1.7 and Theorem 1.16 from the introduction.

Theorem 1.7 ([41]). Let k € N>y, d € Ny. For every e > 0, there exist simple graphs
G such that v(G) < k + ﬁ + ¢, and yet G is not (k,d)”-decomposable.

Theorem 1.16 ([29]). Let k € N>1,d € Ny. There are simple graphs G such that
v(G) < k+1, (G) = -1, B(H) > 0forall o # H C G, but G is not (k,d)” -
decomposable.

We will present the proof of Theorem 1.16 from [29] with more rigorous reasoning,
and with the same construction, we will reprove Theorem 1.7.

Note that all results will only discuss the optimality of the weak variants of the
conjectures, i.e. Theorem 1.4 and Theorem 1.10. The optimality for the stronger
versions will immediately follow.

When the Nine Dragon Tree Conjectures were proposed, the optimality was justi-
fied by the following theorem.

Theorem 3.2.1 ([41]). Let k,d € N>,. There are simple, arbitrarily large graphs
G and edges ¢* € E(G) such that v(G — e*) = k + ﬁgﬂ, however; there are vertices
v € V(G) such that G does not have a decomposition into k forests and a graph F,
where in F, every vertex has degree at most d and v is isolated. Furthermore, v and
e are incident.
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In fact,demanding one vertex to be isolated in the degree-/component size-constrained

graph is not a restriction.

Theorem 3.2.2 ([41]). Letk,d € Ny, let G be aloopless graph with v(G) < k+ #z“,
and let v € G. If the (Weak/Strong) Nine Dragon Tree Conjecture is true, then there
is a decomposition satisfying the respective conjecture, and furthermore, in the
degree-/component size-constrained graph of the decomposition, v is isolated.

Proof. Let C be one of the three mentioned conjectures and let C be true.

Let G’ be the graph obtained by taking d+1 copies Gy, ..., G441 0f G and identifying
the copies of v. Let H C G’ and fori € {1,...,d + 1}, let H; = H N G,. Note that
U(e;]H)Zl <k+ W"H for every i € {1,...,d + 1}. Furthermore, let « = 1 if v € V(H),
and « = 0 otherwise. Then

d+1 d+1

e(H; e(H;
S B
v(H)—1 d+1 T d+l B d+k+1

’U(Hl) + ;(U(Hz) — a) -1 Z:I(U(HZ) — 1)
Thus, by C, G’ has a decomposition into % forests and a graph F, where in F, every
vertex has degree at most d. Thus, in F, v is adjacent to vertices of at most d copies
of G, which completes the proof. O

Using the technique of the proof of Theorem 3.2.2, a more direct lower bound to
the Weak Nine Dragon Tree Conjecture can be proven, that is also mentioned in
[38].

Theorem 3.2.3. Let k,d € N>,. There are simple graphs G and edge sets S C E(G)
with |S| = d+1suchthatv(G\S) = k+ ﬁzﬂ, however, G is not (k,d)-decomposable.

Proof. For k,d € N>y, let G’ be a graph, v € V(G) and e* € E(G) as described
in Theorem 3.2.1. Let G’ be the graph obtained by taking d + 1 copies of G and
identifying the copies of v. Let S be the set of copies of e*. Analogously to the proof
of Theorem 3.2.2, it can be proven that v(G \ S) = k + ﬁﬂ.

Furthermore, if there was a decomposition of G’ into % forests and a graph F,
where in F, every vertex has degree at most d, then this also holds for v and thus,
in at least one of the d + 1 copies, it has degree 0. But this is a contradiction to
Theorem 3.2.1. O
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The authors of [41] also stated Theorem 1.7 as a corollary of Theorem 3.2.1 without
providing a proof. Note that the statement of Theorem 3.2.3 does not directly
imply Theorem 1.7: even if G is very large, its densest subgraph could be of small
size and contain one of the edges of S. In this case, v(G) approaching & + ﬁ
arbitrarily closely is not guaranteed.
We will prove Theorem 1.7 properly using the construction that was used in [29]
to prove Theorem 1.16.
Recall that

B(H) :=v(H)(k+1)(d+k) — e(H)(d+k+ 1) — k?

for a non-empty graph H.

Before we turn to the actual proof, we consider the edge cases k¥ = 0 and d = 0. For
the case k£ = 0, we need the following technical lemma.

Lemma 3.2.4. Let G be a loopless graph and k € Ny. Then G is (k,0)-sparse if and
only if (G) < k.

Proof. Itis clear that G is (k,0)-sparse if v(G ) k.

(()Tf < kforall H C G withv(H) > 2.

eH

Thus, let G be (k,0)-sparse and hence,

Suppose that there is a subgraph A with - k. Then we have that

which is a contradiction. O
Lemma 3.2.5. Theorem 1.7 and Theorem 1.16 are true for d = 0.

Proof. Letk € N>; and let G be a simple graph with v(G) > <t that is decom-
posable into £ — 1 Hamiltonian paths P, ..., P,_; and a Hamiltonian Cycle C. It is
clear that such a graph can be constructed. We have that ¢(G) = k(v(G) — 1) + 1
and thus, (G) = —1. By Nash-Williams’ Theorem, G is not decomposable into
k forests and thus, it is not (k,0) -decomposable. Note that G is the only sub-
graph that is not decomposable into £ forests, since for every V' C V(G), each
of A [V'],..., Pr—1[V'],C[V’] is acyclic. Thus, v(G) = (G) <k-+e and by Lemma

o(G)—
3.2.4, we have that 5(H) > 0 for every @ # H C G. O

Lemma 3.2.6. Theorem 1.16 is true for k = 0.
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Proof. Letd € Ny. Let G be a star with d+ 1 edges. Then 8(G) = (d+2)d— (d+1)? =
—1,8(H) >0forall o # H C G and G is not (0, d) -decomposable since its centre
has degree d + 1. O

Note that Theorem 1.7 does not hold for £ = 0 since there is no graph G with
0 < v(G) < 1 since the graph with two vertices connected by an edge has fractional
arboricity 1.

Now, we turn to the actual proof from [29] and define a graph G that satisfies
Theorem 1.7 and Theorem 1.16.
Because of Lemma 3.2.5 and Lemma 3.2.6, we let k,d € N>;. Furthermore, we

lett € N>y with ¢ > k£ + 1, and s := ¢(d + k) — k + 1. Additionally, for the proof of

_dk__ € . .
Theorem 1.7, we lete > 0 and ¢ > Mareiath e define a bipartite graph G on

e(d+k+1
the set of vertices X = {zg,...,z5-1} (a;ld+Y) = {yo,...,y-1}. The edge set of G is
formed by the edges z;y;, .. ., 21y for everyi € {0,...,s — 1}, where the indices
of the vertices of Y are always understood to be taken modulo ¢, including the rest
of the section. G is depicted in Figure 3.2.1 for fixed values of k, d, and ¢.

Note that v(G) = s + t, ¢(G) = s(k + 1), and thus

e(G)  s(k+1)
v(G)—1 s+t—1
Ck(td4k)—k+1)+td+k)—k+1
td+k+1)—k
td + 1
td+k+1)—k
d+ 1
d+k+1-%

=k+

In order to get a better understanding of the structure of GG, we show that there is
a decomposition of G that is almost (k, d)"-decomposable.

Theorem 3.2.7. G has a decomposition into k forests and a star forest only con-
sisting of stars with exactly 0 or d edges, except for one star which has d + 1 edges.

Proof. We describe the decomposition G by colouring its edges with colours
{0,...,k}. k, which we will also call “red”, will be the colour of the forest with the
star components. We describe the colouring by considering the incident edges
of each vertex of X. For this purpose we partition X into R = {zo,...,Za—1},
B =uz4,...,xs—9and Z = {z,_1}. Note that the colouring is depicted in Figure 3.2.2.
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Fig.3.2.1: Gwhenk=1,d=1,t=3.

First, we consider R: fori € {0,...,dt — 1} let z;y; be coloured red and let the other
k incident edges to x; have all the colours of {0,...,k — 1}.

For B, note that the index of every vertex of B can be written as oy ; := dt+b(t—1)+1
whereb € {0,...,k—1}andi € {0,...,t—2}. Letz,, ,9a,, aNd 24, ;Ya, ,+1 be coloured
with colour b and let the £ — 1 remaining edges incident to z,, , be coloured with
all the colours of {0,...,b—1,b0+1,...,k—1}.

Finally, we consider Z = {z,_1} =: {z}. Let 2/ := y,_;. We colour 2z’ red and we
colour all remaining edges incident to z with all the colours of {0,...,k — 1}. This
completes the description of the colouring, which we will call f in the following.

Let F be the red subgraph of G induced by f. Note that in F every vertex of Y is the
centre of a star with exactly d edges except for 2/, which is the centre of a star with
d + 1 edges. The leaves of the stars are exactly the vertices of R U Z. Furthermore,
the vertices of B are isolated in F.

In order to prove the theorem, it remains to show that for every s € {0,...,k — 1}
the graph B, induced by colour b of f is acyclic.

Suppose that there was a cycle C'in B,. Note that V; := {24, 4, - - -, Tay,,_,} UY is the
set of vertices that have degree at least 2 in B;. Thus, C' C G[V;]. However, G[V,] is
the path [ya, o, Tay s Yay 1) Tap1s - -+ > Yoy 1o Tap,—2s Yo _o+1], Which is a contradiction.
Thus, B, is acyclic. O

In the rest of the section, we will prove Theorem 1.7 and Theorem 1.16. Before
we examine the density of G, we prove that the desired decomposition is not

possible.

Lemma 3.2.8. G is not (k,d) -decomposable.
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Fig. 3.2.2: The colouring of G described in the proof of Theorem 3.2.7 in the case where
k =2,d = 2,t = 3. For simplicity’s sake, only a few edges that are crucial for the
proof are depicted.

Proof. Note that since every vertex of X has exactly ¥ + 1 neighbours and G is
bipartite, we have that ¢(G) = (k + 1)s = (k + 1)t(d + k) — k? + 1. Removing the
edges of a graph from G, where every vertex has degree at most d results in a
graph whose number of edges is at least

e(G)—dt =kt(d+k)+th—k*+1=k(s+t—1)+1=k((G)—1)+1.

Thus, the resulting graph cannot be partitioned into % forests. O
Next, we quickly calculate 5(G).
Lemma 3.2.9. 5(G)= -1

Proof. We have that

BG)=(s+t)(k+1)(d+Ek)—s(k+1)(d+k+1)—k?
= (k+1)((d+ k)t — s) — k*
= (k+1)(k—1)—k?
= 1.

O]

Let H* be a non-empty subgraph of G minimizing /. Note that by the definition of
B, we have that H* = G[V (H")].
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For the proof of Theorem 1.7, we define a similar function for subgraphs # C G
with V(H) > 1.

Bi(H) := (v(H) — 1) (k+1) <d+k—k;1> —e(H) <d+k—lz+1>.

d+1

Note that §,(H) < 0 if and only if ) >y TE

v(H)—-1 =

In particular, ,(G) = 0.

Similarly to the definition of H*, we let H; be a subgraph of G with at least two
vertices minimizing g;. We also have that H; = G|V (H})].

In the next four lemmas, we show simple cases in which we can add or remove a
vertex and its adjacent edges to increase the density.

Lemma 3.2.10. Every vertex of H* has degree at least k + 1 in H*.

Proof. Suppose to the contrary that there is a vertex v € V(H*) that has degree at
most kin H*. If V(H*) = {v}, then §(H*) = k+kd+d > —1, which is a contradiction
to Lemma 3.2.9. Thus, V(H*) > 1. Let H := H* — v. Then

BH*)—BH)> (E+1)(d+k)—(d+k+ 1)k =d,

which is a contradiction to the minimality of H*. O
Lemma 3.2.11. Every vertex of H; has degree at least k + 1 in H;.

Proof. Suppose to the contrary that there is a vertex v € V(H;) that has degree at
most k in H;. By the definition of 3;, H; contains at least two vertices.
If v(H}) = 2, then e¢(H;) < 1 since G is simple, and thus we would have

Bi(H?) = (k +1) (d+k—k;1> _<d+k_’;‘+1>

-1 1
:kd—1+k2-tT+k%

> 0,
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which is a contradiction to the minimality of H;* since 5;(G) = 0.
Thus, v(H;) > 3. Let H := H; — v. Then

k—1 k
Bi(H{) — Be(H) > (k + 1) <d+k—t> —k<d+k—t+1>
S Lk Sy
BUEEY
t
which is a contradiction to the minimality of H;". O

Lemma 3.2.12. Ifk+1neighboursofv € V(G) areinV(H*), then v is also contained
inV(H").

Proof. Suppose to the contrary that v is not in V/(H*), and let H := H* + v. Then
BH)—-BH")<(k+1)(d+Ek)—(k+1)(d+k+1)=—-k—1,
which is a contradiction to the minimality of H*. O

Lemma 3.2.13. Ifk+1neighboursofv € V(G) areinV(H;), then v is also contained
inV(H}).

Proof. Suppose to the contrary that v is not in V(H;), and let H := H; + v. Then

Be(H) — Be(H) < (k+1) <d+k—k;1>—(k+1) <d+k—l:+1>

:(k:+1)(1—1>,

which is a contradiction to the minimality of H;". O

Forie {0,...,t — 1}, let X; be the set of vertices of X whose neighbours in G are
exactly v;, ..., y;1x- The indices of X, are always meant to be taken modulo ¢. Note
that X, ..., Xy is a partition of X. With the help of the previous four lemmas,
we are now in position to prove that G is its densest subgraph. After that, proving
Theorem 1.7 and Theorem 1.16 will be easy.

Lemma 3.2.14. H* =G and H; = G.

Proof. LetH € {H*,H;}. Note thatif Y C V(H), then H = G by Lemmas 3.2.12,
3.2.13. Thus, suppose that there is a vertex of Y that is not in V(H). Note that by

Chapter 3




the definition of g and 3;,, we have V(H) # @. Thus, YNV (H) # o (ifz € XNV (H),
then the £ + 1 neighbours of z in Y are also in V(H) by Lemmas 3.2.10, 3.2.11).
Thus, o # Y N V(H) ¢ Y and furthermore, there are integers /,» such that
0<¢<r<2-1andys,1,y+1 € V(H) and for every i € {¢,...,r}, we have
that y; ¢ V(H). Note that this situation is depicted in Figure 3.2.3. By Lemmas
3.2.10, 3.2.11, we have that X, , NV (H),..., X, NV (H) = @. Thus, the only neigh-
bours of y,_; in H are in X, ;_;, and again by Lemma 3.2.10, 3.2.11, atleast k + 1
vertices of X, ,_, are in V(H). Thus, y;—x_1,...,y-1 € V(H). Analogously, we
have that y,11,..., 94141 € V(H).

We obtain H’ C G from H by adding vertices y,, . . ., - and the verticesof X, ,,..., X,,
and adding all edges that are incident to X, ¢,..., X, in G.

Note that we add y := r» — ¢ + 1 vertices from Y. To determine the number of
vertices we add from X, we need to analyze our previous partition of X a little bit
more.

Note that s mod ¢t =t — k + 1 =: m. Furthermore, | X;| = [¢] ifi € {0,...,m — 1} and
| Xi| = |2]ifi € {m,...,t—1}. Thus, at most k — 1 of the sets of vertices X,..., X;_;
have exactly || vertices. Furthermore, note that [¢] = d+ k — |42 | = d + k since
t > k. Thus, when obtaining A’ from H, the number of vertices added from X is

= Z | X

i=0—k
> (r—(0—k)+1) ﬂ —(k—1)
— (y+k)(d+k)—k+1.

Furthermore, the number of added edges is (k + 1)z.
For H = H*, we have that

BH') - BH*)=(k+1)(d+k)(z+y)— (d+k+1)(k+ 1)z
=(k+1)((d+k)y — )
<(k+1)(-(d+kk+k—1)
——@+1xu+k—nk+n
<0,
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which is a contradiction to the minimality of H*.
For H = H}, we have that

) = D) = o )b+ ) (a4 k= 20 ) e )

(
:(h+U<—x +y<d+k+1u—k0>
v
t

<(k+1) <t_tl((y+k)(d+k)k+1)+ (t(d+k:)+1k))

k
d+k—t+1)

= (k+1) (y(d+k+1—k)—t_tl(k(dJrk)—kJrl))

y<t—1(t—1)(k+1)

. (d+1—(kd+ k> —k+1))

t—
<
<0,

which is a contradiction to the minimality of H;".

NN

Fig. 3.2.3: An example of / and r in the proof of Lemma 3.2.14. The black vertices and
edges are from H. The red vertices and edges are the ones we add to obtain H'.

Now, we just have to combine the previous lemmas to prove Theorem 1.7 and
Theorem 1.16.

Proof of Theorem 1.7. G is not (k, d) -decomposable by Lemma 3.2.8.
By Lemma 3.2.14, we have that G is the only subgraph of G with at least two

vertices minimizing 3;, and $;(G) = 0. Thus,

e(G) d+ 1 d
=kt —— L <kt ———
v(G) -1 d+k+1-% d+k+1
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since t > —Zhi—.

O]

Proof of Theorem 1.16. By Lemma 3.2.9, we have that (G) = —1. By Lemma
3.2.14, G minimizes 3 and we have that there is no other (non-empty) subgraph of
G that also minimizes g. Thus, 5(H) > 0for all @ # H C G.

Furthermore, by Theorem 3.2.7, we have that there is a decomposition of G into
k + 1 forests and thus, v(G) < k + 1. Finally, G is not (k,d) -decomposable by
Lemma 3.2.8. O]

Notation and Preliminaries

In the following sections, we prove Theorems 1.13, 1.14, 1.15. Since the framework
for these proofs is the same, we use this section to define terms and prove lemmas
used in all of the three proofs.

We begin by showing that the theorems hold in the trivial cases £ = 0 or d = 0 by
proving this for the two strongest variations that imply all the others.

Theorem 3.3.1. Conjecture 1.12 and Theorem 1.13 are true if k =0 or d = 0.

Proof. Let G be aloopless graph. First, let G be (0, d)-sparse where d € Ny. Thus,
we have that 2%% < ﬁ‘l for all o # H C G. This implies that G is acyclic and every
component has at most d edges, which proves Conjecture 1.12 and Theorem 1.13
for k = 0.

Now, let G be (k,0)-sparse where ik € Ny. By Lemma 3.2.5, we have that v(G) < k+1,

and thus, the theorem follows by Nash-Williams’ Theorem. O

Note that the Strong Nine Dragon Tree Conjecture (Conjecture 1.6) is even more
trivial for £ = 0 or d = 0: if d = 0, it is equivalent to Nash-Williams’ Theorem. In the
case where k = 0, the condition (G) < fj_l holds only if ¢(G) = 0 since the graph
with two vertices connected by an edge is a spanning tree and thus has fractional
arboricity 1.

Because of Theorem 3.3.1, we will assume &, d € N>; in the following sections.

Lemma 3.3.2 ([27]). A vertex-minimal counterexample graph G of Theorem 1.13,
1.14 or 1.15 has a decomposition into k + 1 forests, where k of them are spanning
trees.
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Proof. Let G be a vertex-minimal counterexample graph of Theorem X, where
X €{1.13,1.14,1.15}. Let T = (11, ..., T}, F') be a maximal k-colouring of G. Let T’
be a maximal component tree of 7 and suppose that the lemma is not true. Thus,
the root of 7" is not a leaf. Let [4,...,[, be the leaves of 7. By Corollary 3.1.2, we
have that E(F) C |J_; E(G[X},]). Since G is a vertex-minimal counterexample to
Theorem X, there are decompositions 71, ..., 7, for G[X,,],...,G[X,], respectively,
each of which satisfies Theorem X.

We define the decomposition (77,..., T}, F’) of G such that E(F”) is the union of
the edges of the (k + 1)-th subgraphs of 7;,...,7, and for: € {1,...,k}, let E(T) be
the union of the edges of the i-th forests of 7, ..., 7, and additionally contain all
edges of 7; that are not contained in F(G[X;,]) U...U E(G[X,,]). It is easy to verify
that (77,...,T}], F') also satisfies Theorem X, which is a contradiction. O

Note that G does not contain loops, as Theorems 1.13, 1.14, 1.15 also do not allow
loops.

For each of the Theorems 1.13, 1.14, 1.15, we will define a residue function p that
maps the (k + 1)-th “constrained” subgraph of a decomposition to a value indicat-
ing how close the subgraph is to satisfying the respective theorem. The smaller
the value, the closer the constrained subgraph is to satisfying the theorem. For
example, in the case of proving Theorem 1.14, a forest with exactly one component
K having more than d edges will have a smaller residue function value than a
forest with two components K, Ky with e(K) < e(K), e(K3).

Among all decompositions of G into k spanning trees and a graph F, we choose one
in which  minimizes p. We call this minimal value p*. For each of the Theorems
1.13, 1.14, 1.15, we will carefully choose a vertex » € V(G) that lies in a “bad”
component of F, i.e., a component with too many edges, or containing a vertex
with too high degree, or having too many edges in cycles. r will later be a root
vertex for different kinds of trees that we will construct from G.

For each Theorem 1.13, 1.14, 1.15, we will also define what a root component is.
This subgraph of G will always be the component of the constrained subgraph
containing r. It will also always be a bad component.

We only want to consider decompositions of G in which the constrained subgraph
contains a root component. Thus, we define F to be the set of decompositions
(Ty,..., Ty, F) of G such that Ty, ..., T} are directed spanning trees of G where the
arcs of 71, ..., T} are directed towards » and F' is an undirected graph containing
a root component. Furthermore, for Theorems 1.14 and 1.15, we require F to
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be a forest (and we require F to be a forest as well). We let 7* C F be the set of
decompositions (71, ..., Ty, F)) € F such that p(F) = p*.

Let T = (Th,...,T}, F) € F. We say that the arcs of 71, ...,T} are blue, and the
(undirected) edges of F are red. We define E(T) := E(Ty) U--- U E(T) U E(F).
Furthermore, we let R(7) := F, and for any v € {1,...,k}, we let B,(T) := T,. For
any induced subgraph H of (V(G), E(T)), we call the connected components of
R(T)[V(H)] red components of H and let E.(H) denote the set of red edges of H,
aswell as e, (H) := |E,(H)|. Furthermore, a blue (directed) path in T is a directed

-----

The exploration subgraph Hy of T € Fis the subgraph of the mixed graph (V(G), E(T))
that is induced by the vertex set consisting of all vertices v for which there is a
sequence of vertices r = z;,...,2; = v such that for alli € {1,...,1 — 1} we have
We now want to exaftﬁne the density of the red subgraph of an exploration sub-
graph. For a graph H, let

B(H) :=d-v(H) — (d+ k + 1)e(H).

Lemma 3.3.3. Let H := (V(Hy), E.(Hr)). Then B(H) > —k(d + 1).

Proof. Note that every vertex of V(H) — r has exactly k£ outgoing blue arcs, and
the heads of these arcs are again in H by its definition. r, on the other hand, does
not have any outgoing blue arcs. Thus, e(H) = k(v(H) — 1) + e,(H). We have that

0<B(H)
=(d+k)(k+1)v(H) —e(H)(d+k+1)—k?
= (k(d+k+1)+d)v(H)—e(H)(d+k+1)—k(v(H) = 1)(d+k+1) -k
=d-v(H)—e(H)(d+Ek+1)+k(d+Ek+1)—k?

= B(H) + k(d+1).

O]

Now we turn our focus to the notion of legal orders, which are orderings of the
red components of an exploration subgraph that loosely tell us in what order we
should augment the decomposition.

Let 7 € F,andleto = (Ry,...,R;), t € N>1, be a sequence of all red components
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in Hy. We say o is a legal order for T if R; is a root component, and furthermore,
for each j € {2,...,t}, thereis an i; < j such that there is a blue arc (z;, y;) with
x; € V(R;;) and y; € V(R)).

Note that we are generally not interested in the number of components in the
legal order. Thus, when defining a legal order o = (R, ..., R;), it is understood
that ¢ is a new variable that is integral and positive.

We will compare legal orders for possibly different decompositions of F using
lexicographic ordering, as defined in Section 2.2: let 7,7’ € F and suppose that
o= (Ry,...,Ry) and o’ = (R},..., R}) are legal orders for 7 and 77, respectively.
We write o < o' if (e(R1),...,e(Ry)) < (e(R}),...,e(Ry)).

For any {(z;,y;) | j € {2,...,t}} chosen as described above in the definition of
legal orders, we obtain an auxiliary tree of T and o from R(7) by removing a
minimal number of edges until the graph is acyclic, and then adding the arcs
{(zj,y;) |7 € {2,...,t}}. Note that an auxiliary tree is, in fact, a tree.

Let Aux(7,0) denote the set of auxiliary trees of 7 and o. We always consider
auxiliary trees to be rooted at . Note that in the blue spanning trees of decompo-
sitions of F, the arcs are directed towards r while in an auxiliary tree, blue arcs
are directed away from the root r. Let W € Aux(7,0) and j € {2,...,t}. Let n;(W)
and 7, (W) both denote the blue arc of W whose head is in R;. Furthermore, we
denote this head vertex by w;(W) or wg, (W).

Suppose o = (Ry,...,R;) is alegal order for 7 € F. If v € V(R;), we write i, (v) := j.
For U C V(Hy), we define i,(U) := min,ep i,(v) (in particular, i, (&) = oo) and
for any subgraph H C Hy we leti,(H) := i,(V(H)). Moreover, for 7,7’ € F, let
A(T,T’) denote the set of vertices v for which there is a blue arc (v,u) € E(B,(T))
for some b € {1, ..., k}, but this arc is not contained in E(B,(7")).

With this, we are in position to fully define our counterexample decomposition.
As already outlined, G is a (loopless) vertex-minimal counterexample graph to
Theorem 1.13, 1.14 or 1.15. Furthermore, we pick a legal order ¢* = (Rj,..., R}.)
for a decomposition 7* € F* such that there is no legal order o with ¢ < ¢* for
any 7 € F*. We also let R* := R} and fix an auxiliary tree W* € Aux(7*,0%). We
fix these definitions for the rest of the chapter.

Letje {2,...,t*}, (z,y) = n;(W*), and let K, and K, be the components in R(7™)
of z and y, respectively. We say that K, is the parent of i,. On the other hand,
we call K, a child of K, (that is generated by (z, y)). Note that by this definition,
every red component of Hy«, except for R*, has a unique parent component.
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Furthermore, note that the definition of children and parents also makes sense for
decompositions and legal orders other than 7* and «*. However, we will not need
these terms for other contexts and therefore, they always refer to 7* and o*.

For the rest of the chapter, let £ := | 4= | = [;4;] — 1. We call a graph K small if K
isatree and e¢(K) < ¢. Note that e(K) < ¢if and only if ¢(K) < 1#{1’ which yields

the following observation.
Observation 3.3.4. A connected graph K is small if and only if 3(K) > 0.

Let K denote the set of non-small red components of Hy.

Special Paths

We will now review the special path augmentation from [27], which has already
been discussed in the introduction.

Leto = (Ry,...,R;) bealegal order for 7 € Fandlet W € Aux(T, o). We call a blue
directed path P = [vg, v1,...,u] € Upeq,. xy Bo(T) that is contained in Hy special
with respect to 7,0, W and (v;_1,v;) if vy;_; and v; are in different components of
R(T), is(v;) > iy(vo), and furthermore vy needs to be an ancestor of v;_; in W if
both vertices are in the same component of R(7).

For two special paths P = [v,v1,...,v] and P' = [v,v],...,v,] with respect to
T,0,W and (v;—1,v;), we write P < P" if i, (vg) < is(v]), Or if iy (vo) = i, (v}) and in
W, vo is an ancestor (with respect to the root r) of v}

We call a special path P with respect to 7,0, W and (z,y) minimal if there is no
special path P’ # P with respect to 7,0, W and (z, y) such that P/ < P.

Note that for every special path P’ with respect to 7,0, W and (z, y), there exists
a minimal special path P with respect to 7,0,W and (z,y) such that P < P'.
Furthermore, note that if we have a minimal special path P = [vy, v1, ..., v;] with
respect to 7,0, W and (v;—1, v;), we have vy # r because r has no outgoing blue arc
by construction. Therefore, v, has a parent vertex in W, which we denote by v_;.
Note that the edge v_1v¢ is red because of the minimality of P and since all blue
arcs in W are directed away from r in the auxiliary tree.

The following lemma describes which modifications to the decomposition can be
made if a minimal special path exists and how they change the legal order. An
illustration of these modifications can be seen in Figure 3.3.1.
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Fig. 3.3.1: An example of the augmentation of a minimal special path with three segments
in the proof of Lemma 3.3.5.

Lemma 3.3.5 (cf. Lemma 2.4 from [27]). Leto = (Ry,...,R;) be a legal order for
T=(T,..., T, F) € Fand let W € Aux(T, o). Furthermore, let P = [vg, vy, ...,
be a minimal special path with respect to 7,0, W and (v;—1,v;). Let ig := i, (vp).
Then there is a decomposition 7' = (T},...,T},F’) of G such that 17, ..., T} are
spanning trees rooted at r whose arcs are directed to the respective parent vertex
and we have that

(1) F' = (F+Ul_1’U[) — V_10.
(2) io+(A(T,T")) = io.

(3) If F' contains a root component, then T' € F and there exists a legal order
o' = (Ry,...,Ry) for T" with R, = R; for all j < iy and e(R;)) < e(R;,), where
Rgo is the component of v_; in F'. Thus, ¢’ < o. Furthermore, there is an
auxiliary tree W' € Aux(T',0') such that nj(W’) = n;(W) forall j € {2,...,i0}.

Proof. We define the segments of a special path to be the maximal subpaths that
are part of one of the £ spanning trees. Let P consist of the segments P, ..., P,
where P; = [vs(j_l), ..., vs;] € Ty, Furthermore, let the label of P be (so,...,8n—1)-
We choose P such that it is a minimal special path with respect to 7,0, W and
(v—1,v;) starting at vy and minimizing the number of segments and subject to that,
minimizing the label with respect to lexicographic ordering.
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Claim 3.3.5.1. Forevery j € {1,...,n}, vs,_, is the first vertex on P which has a
directed path in Ty, to v(,, _1).

Proof. Suppose to the contrary that there is a vertex v; with i < s(;_;) thathas a
path P in Tj, to v, ). By replacing the subpath from v, to v(,,_1)in P by P,
we obtain a minimal special path P’ with respect to 7,0, W and (v;_1, v;) starting
at vo. If i < s(;_9), we have that P’ has a smaller number of segments than P,
which is a contradiction. If ; > 5(j—2), We have that the label of P’ starts with
(50, -+ -5 8(j—2), Vi, 85, - - -, 5n), Which is lexicographically smaller than the label of P,
which is again a contradiction. (End of proof of the claim) &

Claim 3.3.5.2. The unique path in Ty, (in an undirected sense) between v, -1 and

1, contains P;.

)
Us

Proof. Suppose to the contrary that there is a path (in an undirected sense) from
Us;_,,—1 t0 a vertex v of V(P) — v(s;—1) not containing v(,, ). As every vertex of
V(P) — v, -1) has an outgoing arc in P; and no vertex has two outgoing arcs in
Ty,, we have that there must be a directed path from VUs;_py—1 tO 0, which is a
contradiction to Claim 3.3.5.1. (End of proof of the claim) B

For j € {0,...,n},lete; = v(,,_1yvs;. Note thateg = v_1v0 and e, = v;_1v;. We modify
the decomposition (71, ..., Tk, F) in the following way: we let F’ := (F + ¢g) — en,
and modify 77, ..., T} in the following way to finally obtain 77, ..., 7} (first, we will
describe the edge exchanges ignoring orientations and after that we explain how
the added edges have to be oriented): for j € {1,...,n} add e¢;_; and remove ¢;
from Tj,. Furthermore, orient every edge that is in P when ignoring orientations
such that there is a directed blue path [v;_1,...,v_1] in the resulting decomposition.
By Claim 3.3.5.2 this procedure results in 77, . .., 7} being spanning trees since in
every exchange, we remove an edge from the cycle which was created by the edge
that was added. Furthermore, as every vertex of P (still) has exactly one outgoing
arcin every tree 77, ..., T, we have that all arcs in these trees are directed towards
the root . Note that (1) holds for F’. Since P is a minimal special path, we have
that i,-(ip) < i,+(v;) for every i € {0,...,1}. Thus, (2) holds. Since v_; is the parent
of vp in W, we have that v_; is in the component of w;, (W) in R;, — v_jvo. Thus, o’
and W' exist as described in (3), and (3) follows. O
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Simple Edge Exchanges Between Forests

In the rest of the section, we formalize the obvious condition in which we can
exchange a blue arc with a red edge. In certain cases, we also need to fix the
orientation of other blue arcs if we perform such an exchange.

Definition 3.3.6. Let 7 € F,lete € E(B,(T)) for some b € {1,...,k} and ¢ €
E(R(T)). If (By,(T) — e) + €' is a spanning tree and (F — ¢’) + ¢ does not contain a
cycle containing e (ignoring orientations), we say that ¢’ can be exchanged with e,
and say that e <» ¢’ holds in 7.

The next lemma is obvious and we omit the proof, but it usefully characterizes
when e «» ¢/. However, we refer the reader to Figure 3.3.2 for an illustration.

Lemma and Definition 3.3.7. Letu € V(G) — r, «' be the parent vertex of u in
By(T) for someb € {1,...,k} and e = vivy € E(R(T)) such that (R(T ) +uu') — e does
not contain a cycle containing uu/'.
Then, the following are equivalent:

(1) (u,u’) <> eholdsinT.

(2) The edge (u,v’) lies in the unique cycle (ignoring orientations) of B,(T) + e.

(3) Up to relabelling vy as vs, vy is a descendant of v in B,(T) and v is not.

Furthermore, if these conditions are met, then after exchanging (u,v’) and e between
By(T) and R(T), orienting e towards vy, removing the orientation of e and reorienting
the path PB(T) (v, u), the resulting decomposition is again in F, and we say we obtain
the resulting decomposition from T by performing (u,u’) < e.

The next lemma shows a case in which we can exchange edges.

Lemma 3.3.8. Letb e {1,...,k}. Let K be a component of R(T). Let u,v € V(K)

such that v is not a descendant of v in B,(T*). Let [v1, ..., v,] be a path from u to v in
K. Let (u,u') € By(T™).

Then thereisa j € {1,...,n — 1} such that (u, ) <> vjvji1, where v; is a descendant
of uin By(T™).
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Proof. Letj e {1,...,n} be minimal such that for all ;' € {1,...,}, v; is a descen-
dant of u in B,(7*). Note that j exists and j < n since v is a descendant of « in
B, (T*) and v is not.

0

/Oﬂ

V1 UQ\ 'U7

V2 V2

U2

Fig. 3.3.2: An example where we have (uy,u}) < v1v] and (us, u}) < vavh.

The Nine Dragon Tree Theorem for (k, d)-Sparse
Graphs

In this section, we prove Theorem 1.13, building on Section 3.3.

Theorem 1.13. Let k,d € Ny, and let G be a (k,d)-sparse graph. Then G has a
decomposition into k forests and a graph F, where in F, every vertex has degree at
most d and in every component of F, the number of edges on cycles is at most d.
Furthermore, if v(G) < k + 1, then G is (k, d)-decomposable.

We start by defining a few objects for this section which were introduced in Section
3.3 in a more abstract sense.

We begin by defining the residue function p for this section.

For a graph F' C G, let 7(F) := (1) (F), ..., 71(F)), where 7;(F) is the number of
components K of F whose number of edges contained in a cycle of K is exactly i.
For a graph F C G, et §(F) := (¢ (F), - - ., 0a+1(F)), where §;(F) is the number of
vertices v of F with degp(v) = i.

Let p(F) := (7(F),6(F)). We compare the values of = and § using lexicographic
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ordering, and we also use lexicographic ordering to compare values of p(F).
With the help of p, we obtain the graph F, as described in Section 3.3. Next, we
discuss how r is picked out of V(G) and how a root component is defined in this
section.

We call a graph H very cyclic if it has more than d edges contained in a cycle of H.
If I has a very cyclic component R, then we pick r from one of the cycles of R. In
this case, a root component is a cyclic graph containing r.

Otherwise, if ' does not have a cyclic component, we choose » with maximum
degree in F. Note that in this case we have deg #(r) > d, and furthermore, in every
decomposition 7 € F*, R(7) does not contain a very cyclic component.

Structure of the Exploration Subgraph

In this subsection, we will use the augmentation techniques presented in Section
3.3 to show some properties of the exploration subgraph. We will use these proper-
ties in the next subsection to show the contradiction that the exploration subgraph
of our counterexample graph is too dense.

We start by showing the consequences of the definition of r, p and root components
in this section are for the special paths lemma (Lemma 3.3.5).

Corollary 3.4.1 (cf. Lemma 2.4 from [27]). Leto = (Ri,...,R:) be a legal order
for T € F* and let W € Aux(T, o). Furthermore, let P = [vy, v1, ..., v be a minimal
special path with respect to T, o, W and (v;—1, v;) such that p(R(T ) + vi—1v;) = p*. Let
i0 = i5(v0)-

Then there is a decomposition T’ of G such that

(1) T e F~
(2/) ’R,(T,) = (R(T) + 'Ul—l'Ul) — V-1709.
(3') v_jvo is notin a cycle of R(T).

(4') There exists a legal order o' = (R, ..., R},) for T" with R, = R; for all j < i
and e(R] ) < e(R;,), where R, is the component of v_, in R(T"). Thus, ¢’ < o.

Furthermore, there is an auxiliary tree W' € Aux(T’,0’) such that n;(W') =
nj(W) forall j € {2,...,i}.
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Proof. From Lemma 3.3.5, we obtain the decomposition 7’ = (17,..., T}, F'), and
show that the corollary holds for 7.

Note that (2') trivially holds. Furthermore, the component of » in F” is a root
component, or otherwise we had that v_;vy € R;, and thus p(F’) < p*, which is a

contradiction.
Thus, (3) from Lemma 3.3.5 holds for 77, which implies (1') and (4’). Finally, (3)
holds since otherwise, we had 7(R(7")) < 7(R(T*)). O

Lemma 3.4.2 (Corollary 2.5 from [27]). Let K be a red component of Hy~, and let
C be a small child of K generated by (z,2") € By(T™). Then degg 1+ (z) > d.

Proof. Suppose to the contrary that deggr+)(z) < d. Then p(R(T*) + z2') = p*
since degg(7-y(z') < e(C) < £ < d. Let P be a minimal special path with respect to
T* 0%, W*and (x,2’). By Corollary 3.4.1, we obtain a contradiction to the minimal-
ity of o*. O

Corollary 3.4.3. Let K be a small red component of Hr~. Then K does not have
small children.

Letb € {1,...,k}, and let z,2' € V(Hr-). We call = a B,(T*)-generating vertex
(with respect to z') if there is a red small child component in H7+ generated by
(z,2") € E(By(T™))

Next, we will show that in a cycle of K, there can be only one B,(7*)-generating
vertex.

Lemma 3.4.4. Let K be a red component of Hy+, let L C K be a cycle, and b €
{1,...,k}. Then, at most one vertex of L is a BB,(T *)-generating vertex.

Proof. Suppose that z € V(L) is a B,(7*)-generating vertex with respect to 2,
andy € V(L) — z is a B,(T*)-generating vertex with respect to y’. Without loss of
generality, let y not be a descendant of = in B,(7*). By Lemma 3.3.8, there is an
edge uv on a path from z to y in K such that (z,2’) +» uv. We obtain 7 from 7* by
performing (z,z’) <> wv. Note that 7(R(7")) < 7(R(7*)) since uv is contained in a
cycle of K and the small child generated by (z,2') does not contain a cycle. But
this is a contradiction to the minimality of 7*. O

In general, we are not able to prevent that there are two B,(7 *)-generating vertices
in K. However, it will be enough to show that they cannot be neighbours in K.
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Lemma 3.4.5 (Lemma 2.6 from [27]). Let K be a red component of Hy-, let xy €
E(K),andletb € {1,...,k}. Then, x and y cannot both be B, (T *)-generating vertices.

Proof. Suppose to the contrary that z is a B,(7*)-generating vertex with respect
to 2/, and y is a B,(7*)-generating vertex with respect to y/'.

Withoutloss of generality, let y not be a descendant of x in B, (7*). We obtain 7 from
T* by performing (z,z") <» xy. Note that the exchange only affects these two edges,
and no further blue arcs are reoriented. We have that zy is not contained in a cycle
by Lemma 3.4.4. Furthermore, note that degg 1 (z) = degg(7+)(2), degg () (2') < d
and degg (1) (y) = degr(r+)(y) — 1. Thus, p(R(T)) = p*. Note that =,y # r since r does
not have outgoing blue arcs in 7*. Thus, the component of » in R(7) is (still) a
root component and 7 € F*. Let K, and K, be the components in R(7) of z and ,
respectively. Furthermore, let C,» be the component of 2/ in R(7*).

Case1: K = R*and r € V(K,), or K # R* and wg(W*) € V(K,):
Thenthereisalegalorderoc = (Ry,...,R;) for T with R; = R} foralli € {1,..., i, (K)—
1} and R; . (k) = Ky. Thus, o < ¢*, which is a contradiction.

Case2: K =R*andr € V(K,)NV(K),or K # R* and wg(W*) € V(K,) NV (K):
Then there is a legal order ¢ = (Ry,...,R;) for 7 such that R, = R} for all i €
{1,..ig«(K) =1}, R, . (k) = K, and R, , ()41 = K,. Furthermore, there is W ¢
Aux(T, o) such that n;(W) = n;(W*) forall j € {2,...,i,«(K)}. Let P = [vy, ..., v]
be a minimal special path with respect to 7,0, W and (y,y’). Note that P < [z,y, /]
and thus, i, (vo) < iy(z). Letig := iy~ (vo) = is(v0).

Note that degg (7 (y) = degr(7+)(y) and degr 7+ (y') = deggr(r+)(y') + 1 < d. Thus,
p(R(T) + yy') = p*. We apply Corollary 3.4.1 to 7,0, W, P and obtain a legal order
o' = (R},...,R,) for a decomposition 7’ € F* such that R, = R; = R} for all
i€ {l,...,i0 — 1} and e(R] ) < e(R;,). Furthermore, we obtain W’ ¢ Aux(7",0’)
such that n;(W’) = n;(W) forall j € {2,...,i}, and vov_; is not contained in a cycle
of K.

Ifip < i,(K.), we have that ¢’ < o*, which is a contradiction.

Thus, ig = i, (K.) = i,+(K). By Lemma 3.3.5, we have that R; is the component of
v_g and wg, (W) = wg (W*) in K, —v_jv0, and thus Rgo does not contain a vertex of
V(Cy) +x. Hence, e(R; ) < e(K,NK) < e(K) = e(R}). Thus, again we have ¢’ < %,
which is a contradiction. O
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Finally, we show two augmentations for root components. They are necessary so
that Theorem 1.13 holds for (k, d)-sparse graphs (with v(G) < k£ + 1) and not just
for graphs with +(G) < k + 4.

Lemma 3.4.6. Let degp-(r) > d, b € {1,...,k}, and let z € V(R*) be a B,(T*)-
generating vertex. Then z # r, and xr ¢ E(R*).

Proof. Letz € V(R*) be a By(T*)-generating vertex with respect to z'.

We have that x # r since r has no outgoing edges in B,(7™).

Now suppose that zr € E(R*). We obtain 7 from 7* by performing (z,z") <> zr.
We have that 7(R(7)) < 7(R(T*)) since the red component of 2’ does not contain

a cycle.

Furthermore, we have that degg (7 (2') = deggr (=) (z')+1 < d, degr () () = degr (- ()
and degg(7)(r) = degg(r+)(r) — 1. But this implies that p(R(T)) < p(R(T*)), a con-
tradiction. O

Lemma 3.4.7. Letr be contained in a cycle of R*. Then thereis no B,(T*)-generating
vertex in a cycle of R*.

Proof. Suppose to the contrary that there is a B,(7*)-generating vertex = with
respect to 2/ such that z is contained in a cycle of R*.

Note that = # r since r does not have outgoing blue arcs in 7*.

Let [v1,...,v,] be a path from z to » in R*. By Lemma 3.3.8, we have that there is a
j€A{l,...,n— 1} such that (z,2’) <> vjvji1.

We obtain 7 from 7* by performing (z,z’) < v;vj+1. Note that v;v;; is either
contained in a cycle or = and r are in different components of R(7). In both cases
we have that 7(R(7)) < 7(R(T*)), which is a contradiction to the minimality of
P(R(T*)). O

The Density Calculation

In this section we show that our exploration graph is not (%, d)-sparse by contra-
dicting Lemma 3.3.3. For x € V(H7+) and its component K in R(7*), let C(z) be the
set of small children of K that are generated by an arc whose tail is z. Furthermore,
for any red subgraph 17 C Hr,let C(H) := C(V(H)) := U ey () C(z) and

Ext(H):= (V(H)u |J V(C), EH)U |J E()).
CeC(H) CeC(H)
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Now, observe the following partitioning of the red subgraph of the exploration
subgraph, which is justified by Lemma 3.4.3 and the fact that R* is not small.

Observation 3.4.8. (V(Hr+), E,(H7)) = Ugex Ext(K).

We aim to show that (K) < 0 for all K € K. We will use the same counting
argument as in [27], but we extend it so that it can deal with cyclic components.
Furthermore, we will show that 3(R*) < —k(d + 1) in order to find a contradiction
to Lemma 3.3.3.

We will do this by induction on the size of K. For a subgraph L C K and a vertex
xz € V(L), we only want C(z) to be part of Ext(K) if all neighbours of z in K are in
V(L). Thus, for L C R(T*) and = € V (L), we define

Cr(z) =

C(z) 1if deg;(z) = degr(+(2),
I} otherwise.

As before, for L' C L, we let C (L") := CL(V(L')) := U ey (1 Cr(z) and

Ext (L) == (V(Zhu |J V(©), EZ)u ] E(©)).
CceCr (L) CceCr (L)

Note that for a red component K of Hy-, we have C = Cx and Ext = Extg.

For better structure, we derive a tree L from L.

In order to construct L, we define an equivalence relation on V (L), where x and y
are equivalent if and only if = = y or if there is a cycle in L containing = and y. We
denote the equivalence class of = € V(L) by z.

We obtain L by removing the edges between vertices of the same equivalence class
and then identifying the vertices of each equivalence class. Note that L is a tree
(if L had a cycle, the vertices on the cycle would be in the same equivalence class
and we would have contracted the cycle).

Note that C; (v) < k for every v € V(L) by Lemma 3.4.4 and since every vertex has
at most k£ outgoing blue arcs in 7*.

Let X be the set of vertices v of L for which C,(v) # 2.

Before we come to the main induction lemma, we need the following lemma and
corollary as preparation.

Lemma 3.4.9. Let H be a connected graph. Then 3(H) < d.
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Proof.
BH) < d- (e(H)+1) = (d+k+1)e(H) < d.

The following corollary follows directly from Lemma 3.4.9 and Lemma 3.4.2.

Corollary 3.4.10. Let L C K be connected such that for every v € V (L), we have
deg; (v) < d. Then B(Extr (L)) < d.

Lemma 3.4.11 (cf. Claim 2.8 from [27]). Let L be a connected subgraph of a red
component of Hy~ containing a vertex v € V(L) with deg(v) > d.

B(ExtL(L)) < 0.
Proof. We prove the lemma by induction on | X7 |.

As the base case, suppose that | X;| < 1. Note that e(L) > d since L contains a vertex
of degree at least d. Furthermore, |C(L)| < k. We have that

B(Extr (L)) = d(v(L) + > o(C)) - d+/<:+( )+ e(c

CGCL ) CGCL )
< ( )+ 14+ (e ) (d+k+1( )+ > e(C
CeCr( ) CeCr(L)

<d(1+1CL(L)|) — (k+1)e(L)
<d(1+k)— (k+1)d

I
o

Next, suppose that | X;| > 2.

We consider L to be rooted at any vertex s of X;.

Let z € X; such that there is no 2/ € X; with #’ # z that is a descendant of z in L.
Let y be the parent of z in L. Without loss of generality, we let z and y be the
vertices such that zy € E(L).

Case 1: Cr(z) # Cp(x):

Let M, be the subtree of L with root z. Let M be the subtree of L obtained by
taking the component of 4 in L — z and adding vertex z and edge zy.

Note that E(L) = E(M) U E(M,) and V(M) NV (M,) = {z}.

Let M C L be the subgraph corresponding to A, and M, C L be the subgraph
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corresponding to M, such that E(L) = E(M) U E(M,) and V(M) NV (M,) = {z}.
By the choice of z, we have that C.,(M,) = Cr(z). Since C(z) # Cr(x), we have
that there is a vertex 2’ € z with 2’ # x and deg,, (') > d by Lemma 3.4.2. Thus,
e(M,) > d, and v(M,) < e(M,) since M,[z] contains a cycle.

Furthermore, 5 € V(M) and for every vertex s’ € 5, we have that deg,,(s') =
deg; (s'), and thus we can apply the induction hypothesis to /. We have that

BlExtr (L)) = f(Bxtar (M) +d(v(Ma) = 1+ 3 0(0)) = (d -+ k+1)(e(M) + 3 e(C
cecr(My) CeCr(My)
gd@u@)_1+§:@«n+1g (d+k+1< )+ e(C
CeCr(z) CeCr(2)

<d(-1+CL(z)]) — (k + 1)e(M,)
<d(=1+k)— (k+1)d
—2d.

Case 2: C(z) = Cr(x )'

We let N := L\ V(M,) and N, := (V(M,) + y, E(M,) + zy). Note that E(L) =
E(N)UE(N,) and V(N) N V(N,) = {g}.

Let N C L be the subgraph corresponding to N, and N, C L be the subgraph
corresponding to N, such that F(L) = E(N) U E(N,) and V(N) NV (N,) = {y}.
Note that 3(Exty(N)) < d by the induction hypothesis (if N contains a vertex v
with degy (v) > d), or by Corollary 3.4.10 (if N does not contain such a vertex).
Since @ # Cr(Z) = Cr(x) and deg; (r) = degy, (x), we have that degy_(z) > d by
Lemma 3.4.2, and thus, e(N,) > d.

By the choice of z, we have that C.(N,) = Cr(Z +y) = Cr({z,y}). Note that we have
Cr({z,y}) < k by Lemma 3.4.5.

B(Extr (L)) = B(Exty(N ))+d< )= 1+ o ) d+k+1( 2+ > el )

CeCr(Nz) CeCL(Nz)

§d+d( o)+ D (el ) (d+k+1 ( 2+ e(C

CceCr({z, y}) ceCL({=, y})
<d(1+Co({a.yhl) = (k + De(y)
<d1+4k)— (k+1)d

=0.
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In the following two lemmas, we show that Ext(R*) is even denser by exploiting
Lemma 3.4.6 and Lemma 3.4.7.

Lemma 3.4.12. Ifdegp.(r) > d, then B(Ext(R*)) < —k(d + 1).

Proof. Let N, be the set of neighbours of » in R*, and let R := R*[N, + r]. Further-
more, let Ry, ..., R, be the components of R* —r. Note that E(R), E(Ry), ..., E(Rn)
is a partition of E(R*), and furthermore, v(R*) = v(R)+Y_1", (v(R;)—1). By Lemma
3.4.6, we have that Extg-(R) = Extr(R), and for every i € {1,...,m}, we have that
Extp- (R;) = Extg, (R;).

Thus,

B(Ext(R*)) = d - v(Extg«(R")) — (d + k 4 1)e(Extg- (R*))

- d(v(R) v Z(’U(EX’ERZ. (R;)) — 1)) (d+ k1) (e(R) n Z e(Extp, (Ri)))
Cor. 3.4.10, - -
Lemm%3.4.11 d. (e(R) n 1) B (d k4 1) . e(R)
— (k+1)e(R)
—(k+1)(d+1)

—k(d +1)— 1.

Lemma 3.4.13. J3(Ext(R*)) < —k(d+1).

Proof. By Lemma 3.4.12, we have that R* is very cyclic, and r is contained in a
cycle of R*.

Again, we construct a partitioning of F(R*). Let 31, ..., 5, be all the vertices 5 of R*
with [s| > 1. Fori € {1,...,n}, let S; := R*[3;].

Let Ry, ..., R,, be all maximal connected subgraphs of R* containing at least one
edge such that no edge is contained in a cycle of R*.

Note that E(S;),..., E(Sy), E(R:),..., E(R,,) is a partition of F(R*), and we have
that

n m

v(RY) =) (0(Si) = 1) + Y (v(R) = 1).

i=1 =1
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By Lemma 3.4.7, we have that Extg-(S;) = S; for everyi € {1,...,n}.

Leti € {1,...,m}and v € V(R;) with degp.(v) # degg, (v). Then, by the construction
of R;, v is contained in a cycle of R* and thus, is not a B,(7*)-generating vertex for
any b € {1,...,k} by Lemma 3.4.7. Hence, Extp~(R;) = Extg, (R;).

Now, we are in position to prove the lemma:

B(Ext(R*)) = d - v(BExtg+(R*)) — (d + k + 1)e(Extg- (R¥))

:m(i +Z (Extg, (R —1))

=1

Cor. 3.4.10, n - n
Lemm%3.4.11 d. <Z(€(Si) . 1)) —(d+E+1)- <Z e(&-))

i=1
=—dn—(k+1) Z e(S;)
=1
<—d—(k+1)(d+1)
—k(d+1)—1—2d.

We are now in position to prove Theorem 1.13 by showing that the counterexample
graph G is not (k, d)-sparse.

Proof of Theorem 1.13. Let K € K such that every vertexv € V(K) hasdegy (v) <
d. Then by Lemma 3.4.2, there is no B,(7*)-generating vertex in K for any b €
{1,...,k}. Thus, 3(Ext(K)) = 3(K) < 0 by Observation 3.3.4. Hence, by Lemma
3.4.11, for every K € K, we have that B(Ext(K)) <0.

Recall that by Lemma 3.4.13, we have that 3(Ext(R*)) < —k(d + 1).

Let H := (V(Hp~), E.(H7+)). By Observation 3.4.8, we conclude that

B(Ext(H)) = B(Ext(R™) + > BExt(K)) < —k(d+1),

KekK—-R*

which is a contradiction to Observation 3.3.3. O

Chapter 3




3.5

We note that Theorem 1.13 is not true if we allow loops. For k,d € N>, the graph
G with one vertex and L%J + 1 loops is (k, d)-sparse, but its only vertex has degree
greater than d.

Notation and Preliminaries for the Strong Nine
Dragon Tree Conjecture Results

In this section, we do a few preparations for the following two sections, in which
we prove Theorem 1.14 and Theorem 1.15.

Letd :=d+ [k| &5 (75 — 355 ])] = d+ [k6(z5 — 3(+ 1))]. Furthermore, let
D := d in the context of proving Theorem 1.14, and let D := d’ in the context of

proving Theorem 1.15.
The following fact will be useful throughout the rest of the chapter:
Observation 3.5.1. 2/+1<d<d.

Proof. 1tis clear that 2¢ + 1 < d holds. For the second inequality, note that if ¢ = 0,
we have d = d. If / > 1, we have that d > k + 1 and thus, ;[;%4]| < 3%, which

yields d < d'. O

For Theorem 1.14 and Theorem 1.15, we define the residue function value p(F)
of a forest F as (p,(q)—1(F), po(@)—2(F), - - -, pp+1(F)), where p;(F) is the number of
components of F' having i edges. We compare the function values using lexico-
graphic ordering.

As described at the beginning of Section 3.3, we choose a decomposition of G into
k spanning trees and a forest ' minimizing p. Since G is a counterexample graph,
F contains a component with more than D edges. We pick such a component, call
it R*, and define that R C G is a root component if and only if R = R*. Thus, this
definition of R* is compliant with the definition R* := R} from Section 3.3. The
next lemma shows how we pick » from V(R*). The idea is that r lies at the centre
of R*.

Lemma 3.5.2. The component R* contains a vertex r such that for every edge
e € E(R*) that is incident to r we have that the component of r in R* — e has at least
¢+ 1 edges.
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Proof. For every v € V(R*) let a(v) € Ny be the maximum number such that for
every edge e € F(R*) thatis incident to v we have that the component of v in R* —e
has at least a(v) edges.

Let v € V(R*) such that «(r) is maximized over all vertices. Suppose that the
lemma is false, and thus a(r') < ¢. We will show that a neighbour of +’ has strictly
larger «. Let »”’r' € E(R*) such that the component of ' in R* — 7”7/ has exactly
a(r') edges. We show that a(r”) > a(r’). First, note that the component of »” in
R* —r"r" has at least

e(R) —(a(r)+1)>d +1—-({L+1)>L+1>ar)

edges by Observation 3.5.1. Now, let z € V(R*) such that vz € E(R*) and = # r’.
Then the component of »” in R* — r”x has at least a(r’) + 1 edges, contradicting our
choice of . O

With this definition of », we can prevent R* from having any small children, as
the following lemma shows.

Lemma 3.5.3. The component R* does not have small children.

Proof. Suppose to the contrary that R* has a small child C generated by (z,2) €
E(By(T*)) for some b € {1,...,k}. By Lemma 3.3.8, there is an edge uwv on the
path in R* from x to r such that (z, z’) <+ uwv. We obtain 7 from 7* by performing
(x,2") <+ wv. The component K, of » in R(7) contains at least ¢ + 1 edges by the
definition of » in Lemma 3.5.2. For the component K, of z in R(7), we have

e(Kz) < e(RY) — {uv}] — e(K;) + {za'}| + e(C) < e(R7).

Since K, is a proper subgraph of R*, we have that p(R(7)) < p*, which is a contra-
diction. O

Now, we turn to a few applications of Lemma 3.3.5 involving special paths.

Lemma 3.5.4. Leto = (Ry,...,R:) bealegalorder for T € F,and W € Aux(T,o).
Ifthere is a special path P = |vy, ..., v;] withrespectto T,o, W and (v;_1,v;) such that
e(R;) <e(R})foralli e {1,...,i,(vo)} and n;(W) = n;(W*) for alli € {2,...,is(v)},
then p(R(T) + vi—1v;) > p*.

Proof. Suppose to the contrary that such a path P exists, and furthermore, p(R(7)+

vi_1v;) = p*.
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First, suppose that i,(vy) = 1. Then for the partition 7’ = (17, ..., T}, F’) we obtain
by applying Lemma 3.3.5 to 7,0, W, P, we have p(F’) < p(R(T)) < p*, which is a
contradiction.

Thus, i, (vo) > 1 and thus, R* is a component of R(7). Hence, we can apply (3) from
Lemma 3.3.5 and obtain a legal order smaller than o*, which is a contradiction. O

The next lemma is the counterpart to Lemma 3.4.2.

Lemma 3.5.5. Let K be a red component of Hr~, and let C be a child of K that is
generated by (z,y). Then ¢(K) + e(C) > D.

Proof. Suppose to the contrary that e(K) + ¢(C) < D. Since iy «(y) > io+(x), we
have that [z, y] is a special path with respect to 7*,¢*, W* and («, y). Furthermore,
p(R(T*) + zy) = p*, but this contradicts Lemma 3.5.4. O

Lemma 3.5.6. Let C be a small red component of Hr-. Then C does not have small
children, and thus every small red component of Hr- has a parent component that
is not small.

Proof. Let C be a small red component of Hy-. If C does not have a parent
component, then C = R*, which is a contradiction since e(R*) > D + 1 > £.

Thus, let K be the parent of C. By Lemma 3.5.5, we have that e(K) > D — ¢(C) >
D — ¢ > ¢+ 1byObservation 3.5.1, and hence K is not small. O

We now outline how we will show that the counterexample graph is not (%, d)-
sparse. Let C be the set of small red components of H7-. For both Theorem 1.15
and Theorem 1.14, we will characterize the structure of H7- and ¢*, and in the end,
we will be able to assign small components to non-small components such that
the high density of the non-small component compensates for the low density of
the small components. We will find a function f that is forbidden by the following
lemma. This will yield the desired contradiction to prove the theorems.

Lemma 3.5.7. There is no function f : C — K — R* such that for all K € K — R*,
we have

B+ Y B <o.

Cef~1(K)
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Proof. Suppose that such a function f exists, and let H := (V(Hy~), E.(H7~)).
Then

—(k+1)e(R")

<d-(k+1)(d+1)
=—k(d+1) -1,
which is a contradiction to Lemma 3.3.3. O

An Approximate Version of the Strong Nine Dragon
Tree Conjecture

In this section, we prove Theorem 1.15, building on Section 3.3 and Section 3.5.

Theorem 1.15. Letk,d € Ny and let G be a (k, d)-sparse graph with v(G) < k + 1.

Then G is (k, d+ [k| 41| (7% — 3[+%])|) T-decomposable.

Non-small Components Do Not Have Many Small Children

In this subsection, we fix b € {1,...,k} and a non-small red component K # R* of
Hy-. Our goal is to show that K has at most /41 small children generated by 5,(7*).
In fact, we will show a slightly stronger statement, which is Lemma 3.6.8. Let us
give some intuition for the approach before delving into the technical details. We
will assume that K has too many small children. First, we perform edge exchanges
as defined in Definition 3.3.6. These exchanges will cut off a part of K and link it
with a small child. After we have done this a sufficient number of times, every
part will be linked to at most one small child, which will guarantee us that no part
will have more than e¢(K) edges. If the exchanges have not messed up the legal
order before K, then we will have arranged that the component of wg (W*) has
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less than e(K) edges, which immediately gives us a smaller legal order than o*. If
the legal order is jumbled by the exchanges, we will have arranged that there is a
blue arc to a small child of K, which we have not exchanged and which is the end
of a minimal special path whose start is so far back in the legal order where it is
still equal to o*. If we augment this minimal special path we will retrieve a smaller
legal order than o* as we previously did. We will later call the second to last vertex
of this path (which is in K and has an arc to a small child) a special vertex. More
specifically, each intermediate decomposition will have a such a special vertex,
even if we are not aiming to perform a special path augmentation, yet. However,
it might change after an exchange operation and pass its “special” properties to
another vertex.

Another challenge lies in not accidentally reorienting generating edges while
performing edge exchanges. Since a blue directed path ending at a “generating
vertex” (i.e. a tail of a generating edge) is reoriented by the exchange operation
introduced in Lemma 3.3.7, we aim to make an edge exchange with a generating
vertex that does not have another generating vertex as a descendant. In Lemma
3.6.6, this vertex will be called z or it will be the special vertex v,.. However, for
technical reasons, we might have to take another vertex (which will be called y)
for the exchange, which also has the nice property of not reorienting generating
edges. When we are forced to perform an edge exchange with v,, we will arrange
that after the exchange there is a blue path from v, to another generating vertex,
which will then meet all the criteria for being a special vertex in the resulting
decomposition. When it comes to not reorienting generating edges, we will actually
make an exception: during the phase of edge exchange operations, our goal is to
decrease the size of the largest component that stems from K. In the worst case we
can only split one edge from it (i.e. the edge that is exchanged with a generating
edge). Thus, if we split off a generating vertex that is not v, from the largest
component together with at least another vertex, then we can allow ourselves to
not consider this vertex for future operations, since more progress than expected
has already been made, and thus, we may also reorient it. This is covered by
(5) in the following “Definition of Valid Intermediate States”. In this part of the
subsection, we describe which properties intermediate decompositions before the
minimal special path augmentation should have. Of course, these properties also
hold for 7*. In the second part of the subsection, we then fully describe and prove
the augmentation steps we just encountered.
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Definition of Valid Intermediate States

Let ¢’ € {0,...,¢}. By Xy (K) we denote the set of vertices x such that there is a
small child of K having at most ¢’ edges that is generated by (z,2') € E(By(T™)).
If not described otherwise, 2’ denotes the parent of x € X, (K) in B, (7*).

Let C(K) denote the set of small children of K. For ¢ € {0,...,¢} let Cx(K) denote
the number of small children of K having at most ¢ edges.

The following definition will help us describing which vertices may be reoriented
by performing edge exchanges. This might not be clear straightaway, but we will
give an intuition afterwards.

Definition 3.6.1. Let 7 € F and U C V(K). Furthermore, for v € V(G) let
A(v) denote the set of descendants of v in B,(7). For every u € U, let T,,(U, T) be
the subtree of B,(7) with root v and vertex set A(u) \ (U A(v)). Let

Ip(K) = minge x,, (k) fo* (To(Xe (K), T7)).

u'€ (UﬂA(u)) —u

Note that in Definition 3.6.1, we have that V(7,(U, 7)) and V (T, (U, T)) are disjoint
for any distinct vertices u, v’ € U. Later, we will use this definition with U C X, (K)
and our setup will guarantee that when performing (u,v’) <+ e, where u € U, then
only blue arcs of 7,(U, T) will be reoriented and in particular, no other “child-
generating” arcs will be reoriented whose tails are in U.

Let ¢ € {0,...,¢}, T € Fand a € Xy(K). In the following paragraphs, we enumer-
ate nine conditions (1), ..., (9) which all need to hold such that we may call (7, a)
a valid intermediate state for K and ¢'. For better readability we will sometimes
use the notation 7, := (7, a).

Let £(7) be the set of components of R(7)[V (K)], and for every L € £(T) let L be
the component of R(7) containing L.

(1) All components of R(7*) that are not from C(K) U {K} are also components
of R(T), Ucec, (k) £(C) € E(R(T)) and the remaining edges of R(7) form a
subset of F(K) U UxeXZ/(K){x‘T,}'

(2a) If Zy(K) < i,(K), then there is a legal order (R,...,R;) for 7 such that
R, = Rf foralli € {0,...,Zy(K)}, and there is a W € Aux(7,o) such that
nj(W)=mn;(W*)forall j € {2,...,Zy(K)}.
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(2b) If Zp(K) = i,+(K), then there is a legal order (Ry,..., R;) for 7 such that
R, =Rfforallie{l,...,i,-(K)— 1}, and thereisa W € Aux(T, o) such that
ni(W)=mn;(W*) forall j € {2,...,i,+(K)}.

(3) mingex,, (k) o (To(Xe (K),T)) > Lo (K).

(4) Forall L € £(T), L contains at most one edge of |, X ( Kytza'}.

Note that at most one component of £(7) has at least max{d’,e(K)} — ¢ edges (or
otherwise e¢(K) > 2(max{d’,e(K)} — ¢) + 1 > max{d’,e(K)} by Observation 3.5.1).
We denote this component by K'(7) if it exists and otherwise we let K'(7) be the
subgraph of K not containing any vertices, denoted by &.

(5) For all z € Xu(K) N V(K'(T)), we have that (z/,z) ¢ E(B,(T)) (and thus,
(x,2") € E(By(T)) or za’ € E(R(T))).

In the following, we define special vertices. They are linked to special paths in the
following way: our augmentations will finally resolve in a valid intermediate state,
which might have a special vertex v,. If so, we will do a special path augmentation
in the proof of Lemma 3.6.7, where the minimal special path ends with (v,,v}).
By the definition of special vertices, this minimal special path will start relatively
close to R* with respect to o*. As all our other changes on the decomposition will
be later in the legal order, the special path augmentation will provide a smaller
legal order than o*, which will be the desired contradiction.

Let S(T) be the set of vertices s € Xy (K) NV (K'(T)) with (s,s’) € E(By(T)). Fur-
thermore, let w(K) := wg (W*).

Definition 3.6.2. Let v, € X,(K) and define S,, := S(T) + v. (only for the scope
of this definition).

o If 7, (K) < i« (K), we call v, special for T if (v, v]) € E(By(T)) and
io+(Tv. (0., T)) = Lo (K).

* If 7y (K) = io+(K), we call v, special for T if (v.,v}) € E(B,(T)) and
w(K) € V(T,, (S, T))-

(6a) If there is a special vertex for 7, then « is a special vertex. In this case let

Vs = Q.

(6b) If there is no special vertex for 7, then Z, (K) = i,«(K) and a = w(K).
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(7) Let L € £(T) contain a. Then L does not contain an edge of UxeXZ/(K){xx/}
and thus, L = L.

Note that some of the notations defined in the following paragraphs are illustrated
in Figure 3.6.1. If a is a special vertex for 7, let 5(7,) := S(T) + v, and S(7y) :=
S(T) — vs.

If there is no special vertex for 7, let 5(7;) := S(Ta) := S(T).

If there is a vertex ¢ € X, (K)NV(K'(T)) such that ¢t € E(R(T)), then we say that
t extends K'(T) in T. Note that if (4) and (7) hold for 7,, then there can be at most
one such vertex and this vertex is not «. If there is a vertex extending K'(7) in 7,
we let u(7,) be this vertex, and otherwise we let u(7,) := a. Note that if (4) and (5)
hold for 7,, u(7,) always exists and is unique.

(8) If K'(T) # o, then u(T,) € V(K'(T)).

(9) If u(7,) extends K'(7) in T, then PB(7)(u(T,),r) either does not contain a
vertex of S(7,) or the first vertex on this path which is in S(7,) is v..

n |
—> xIs

w(Ta) i

T2 é T

I ]
VA

Fig. 3.6.1: A part of a valid intermediate state 7, where only the changes to components
involving K are shown, such that we have the following properties:

s V(K)=V(K'(T)) U V(K).
o Xo(K) ={x1,...,x5,u(Ta), v}

© S(Ta) = {x1, 32,23} = S(Ta).
° g 7:1) = {1'17.’172,!1}3,’1}*}.
* u(7,) extends K'(7)in 7.
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If conditions (1),...,(9) are met, we call 7, a valid intermediate state for K and ('
and denote the set of all valid intermediate states for K and ¢’ by Fx . It is routine
to check that Fx , is not empty: we state this as an observation.

Observation 3.6.3. If7Z,(K) < i,«(K), let a* € Xy (K) be a vertex minimizing
o+ (T (X (K), T*)). If Iy (K) = io+(K), let a* be a special vertex for T* if one exists,
and otherwise let o* = w(K).

Then (T*,a*) € Fg o and thus, Fx o # 2.

In the rest of the subsection, if we say (i) holds for (7,a), (i) always refers to
the respective item in the definition of valid intermediate states. Note that for
i €{1,...,5}, we might just say that (i) holds for 7 since in these cases, (i) does not
depend on a.

Augmenting Valid Intermediate States

In Lemma 3.6.6, we will show that we can perform an edge exchange that gives us
a “better” valid intermediate state. Before we turn to this lemma, we show that
after any obvious edge exchange, (1), (2a), (2b) and (3) will still hold in the new
decomposition.

Lemma 3.6.4. Let? € {0,...,¢}, (T,a) € Fxp and x € S(T,). Furthermore, let
v be a descendant of x in B,(T) and v' not be a descendant of x such that vv' €
E(K)N E(R(T)). Then (1), (2a), (2b) and (3) hold for the decomposition T’ that can
be obtained from T by performing (z, ') <> vv'.

Proof. Itis clear that (1) holds for 7’. Now, we prove that (2a) and (2b) hold for
T'. First, observe that since (3) holds for 7;, we have i, (P (v,z)) > Iy (K).
First, let Zy (K) < i+ (K). Since io+ (K UlUcce, (1) C) > Lo (K) and g« (PP (v, 2)) >
Ty (K), there is a legal order (R!,...,R;,) for 77 such that R, = R; = R; for all
i €{0,...,Zy(K)} and hence, (2a) holds for 7.

£ Zy(K) = g+ (K), theNio- (K UUcec, (1) C) = io+ (K) and g« (PP (v, 2)) > i+ (K),
and thus, there is a legal order (R!, ..., R;,) for 7’ such that R, = R; = R} for all
i €{0,...,i,+(K)— 1}, and there is a W’ € Aux(7”,0’) such that n;(W’) = n;(W) =
nj(W*)forall j € {2,... i, (K)}.

Hence, (2b) holds for 7.

Finally, suppose (3) does not hold for 7’. Thus, there is a vertex z with i« (2) < Zp (K)
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that has a path in B,(7’) to some vertex of X, (K), but it does not have such a
path in B,(7). Let (u,v’) be the first arc on this path that is not in B,(7”). Then
u € V(PB(T) (v, z)) and thus, ~ has a path to z in B,(7), which is a contradiction. [

Lemma 3.6.5. Let (' € {0,...,¢} and T, € Fx p. Then P57 (u(T,),r) either does
not contain a vertex of S(7,) or a is special and the first vertex on this path which is
in S(7T,) is a.

Proof. The lemma trivially holds if «(7,) = a is special. If u(7,) extends K'(7) in
T, then the lemma holds since (9) holds for 7. If u(7,) = a« = w(K) is not special,
then 7, (K) = i,-(K) and there is no special vertex for 7 by (6a). Thus, w(K) is not
a descendant of any vertex of S(7,). O

After these preparations, we turn to the main augmentation lemma.

Lemma3.6.6. Let/ € {0,...,¢}and T, € Fxp suchthat S(T,) # @ and K'(T) # @.
Then thereis atuple (T',d') € Fk p such that K'(T') € K'(T).

Proof. 1If ais special for 7, then let a =: v,. Consider the tree @ with vertex set
S(T.) + r where two vertices v;, v are linked by an arc (v;,v2) whenever v, is a
descendant of v9 in B, (7). Observe that @ has at least two vertices which are not a
since S(7;) # @. Let Q be rooted at r such that every vertex has a directed path to
r. If a is special for 7 and the only leaf in @, then let = be the parent of « (in this
case (Q is a path from « to r). Otherwise, let = be a leaf of ). Note that = ¢ {u(7,),7}
and furthermore, if « is special we have = # v,. Since (8) holds for 7,, we have that
u(T,) € K'(T), and as = € S(7y), it follows that both = and «(7,) are in K'(T).

Let PX'(T) (u(Ty), ) = [v1, . ..,va). Fori € {2,...,n},let L; and L} be the components
of K'(T)—w;—1v; containing v; and v;_1, respectively. Note that the notations defined
in the following are illustrated on the left side of Figure 3.6.2. Let i be minimal with
the property that P5(7) (v;, r) visits a vertex of V(L;) N S(7;) before it reaches any
vertex of {v,,r}. Note that i exists since z € V(L,) N 5(7,), and we have v; # u(7;)
by Lemma 3.6.5 and thus, i > 2. Let v := v; and v’ := v;_1, and note that P5(T)(/ r)
either does not contain a vertex of S(7,), or the first vertex on this path which is
in S(7,) is v, (if i = 2 and thus, v' = u(7,), this is true by Lemma 3.6.5). Let L := L;
and L’ := L. We split into cases depending on how many edges L’ has.

Case 1: e(L') < max{d,e(K)} — ¢ — 1:
Let y be the first vertex on P%(7)(v,r) thatis in V(L) N S(Ty).
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Fig. 3.6.2: 7, (left side) and 7. (right side) in Subcase 1.1 in the proof of Lemma 3.6.6.
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Subcase 1.1: v is not a descendant of y in 5,(7):

Note that ¢’ is a neighbour of v in the red path from «(7;) to v, while 3/ shall denote
the parent of y in B,(7*). We obtain 7 from 7 by performing (y,y’) <» vv’ (which
reorients P (7)(v,y)), and show that 7/ := (7", a) € Fg ¢, and that 7 satisfies the
lemma. Note that 7/ is depicted on the right side of Figure 3.6.2.

Note that (1), (2a), (2b) and (3) hold for 7’ by Lemma 3.6.4. Hence, we focus on the
remaining conditions.

To see that (4) holds for 77, first observe that since (4) holds for 7, we only need to
check the condition on the components L and L' affected by the exchange. Observe
if there is a vertex z € Xy (K) NV (K'(T)) such that zz' € E(R(T)), then z = u(7,)
since (4) holds for 7. Since «(7,) isin L’ and y is in L, we have that (4) also holds
for 7.

Note that either K'(7") = @ or K'(7’) = L. As (5) holds for 7 and since y is the only
vertex of X, (K)NV (L) contained in P2(7)(v,y), we have that (5) also holds for 7.
Thus, S(77) = (S(Ta) N V(L)) — y if K'(T) # @.

Next, we want to show (6a) and suppose that « = v, is special for 7. Since
P53 (v,y) C T,(S(T.), T) and the vertex set of the supergraph is disjoint from
V(T,.(S(T.), T)), we have that 7, (S(7,), T) C T, (S(7), T'). Thus, v, is also special
for 77 and (6a) holds for 7.

Now we consider (6b). Suppose that « = w(K) is not special for 7 and thus, there is
no special vertex for 7 and Zy (K) = i, (K). Then P5(T)(w(K),r) does not contain
a vertex of X, (K) and in particular, it does not contain z. As all tails of the arcs of
E(By(T")) \ E(By(T)) are descendants of z, we have that PB(7) (w(K),r) C By(T").
Thus, there is no special vertex for 7'. Hence, (6b) holds for 7.
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We show that « ¢ V(L) and thus, (7) holds for 7, if u(7,) extends K'(7) in 7, then
a is not contained in K’(7) since (7) holds for 7. If, on the other hand, we have
u(Ta) = a, then a € V(L'). Thus, (7) holds for 7.

Note thatif o # K'(T") = L, then «(7,) = y extends L in 7’ and thus, (8) holds for
7. Furthermore, note that P%(7")(y, ) contains (v, v'). By the definition of v and
v’, we have that (9) holds for 7.

Thus, 7, € Fx and furthermore, since K'(7’) € {L, @}, we have that K'(7") C
L C K'(T) — vv/, which completes the claim in this case.

0—)0/.

-0 . ) .
A e = - A .
e ; Re
-® sl . A
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w(Te) +Y) s T u(Ts) i |
T2é ?J*I‘ %25 y‘.b L
o /l\ L o /l\ L
Fig. 3.6.3: 7, (left side) and 7, (right side) in Subcase 1.2 in the proof of Lemma 3.6.6

Subcase 1.2: v’ is a descendant of y in 5,(7):

This case is depicted in Figure 3.6.3. In this case, it follows that a« = v, is special
for 7 and P%(7)(+/,y) contains v,. Note that v is not a descendant of v, in B,(7) or
otherwise B,(7) contains a cycle. Thus, we may obtain 7’ from 7 by performing
(vs,v.) < v'v (Which reorients PB(7)(v/ v,)) and show that (77, y) is a valid inter-
mediate state for K and ¢ and satisfies the lemma. Note that (1), (2a), (2b) and (3)
hold for 7 by Lemma 3.6.4.

Now we prove (4) holds. As (7) holds for 7,, we have that the component of v,
in R(7’) contains exactly one edge of | J,. X x)tz2'}, which is v,v, and thus, (4)
holds for 7.

Note that if K'(7") # @, then K'(7") = L. As (5) holds for 7 and since v, is the only
vertex of X, (K)N V(L) contained in P3(7)(+/, v,), we have that (5) also holds for
T

We have that V (T, (S(7,),T)) € V(T,,(S(7,), T")) since in B,(7") there is a path from
v, to y going over (v, v) and this path does not contain any vertices of S(7;) — .
Thus, y is a special vertex for 7' and (6a) holds for 7,. As there is a special vertex
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for 77, (6b) trivially holds for 7;’ .

Note that if K/(7) contains an edge of {J,cx,, (x){z2'}, then u(7,), which is in Z,
extends K'(7) in 7. Since y € V(L), we have that (7) holds for 7.

Using the same argument, we have that there is no vertex extending L in 77, and
thus, u(7,) =y € V(L). Hence, (8) and (9) hold for 7.

Thus, 7, € Fk ¢ and furthermore, since K'(7") € {L, @}, we have that K'(7") C
LCK(T)—wv.

Case 2: e(L') > max{d',e(K)} — ¢':

Recall that PX'(7) (u(T,),z) = [v1,...,v,). Letj € {1,...,n} be maximal such that v;
is not a descendant of = in B,(7) or P5(7)(v;, r) visits v, and after that it visits z.
Note that j existsand i — 1 < j <n.Let v :=v;y; and v’ := v;. Furthermore, let M/
and M’ be the components in K'(7) — o0’ of x and u(7,), respectively. Note that
e(M'") > e(L'). We note that the edge exchange operations in the following two
subcases are similar to the ones in the Subcases 1.1 and 1.2.

Subcase 2.1: ¢’ is not a descendant of = in B,(7):

We obtain 7 from 7 by performing (z,z’) <+ v’ and show that (77, a) is a valid
intermediate state for K and ¢’ and satisfies the lemma.

Note that (1), (2a), (2b) and (3) hold for 7’ by Lemma 3.6.4.

Since zx is not in the component of «(7;) in R(7"), we have that (4) holds for 7.
Note that K'(7’) = M’'. As (5) holds for 7 and since by the definition of = and v we
have that x is the only vertex of X, (K) NV (M) contained in P5(7) (5, z), we have
that (5) also hold for 7.

Analogously to Subcase 1.1 it can be proven that (6a) and (6b) hold for 7.

We show that a ¢ V(M) and thus, (7) holds for 7.: if u(7,) extends M in 77, then a
is not contained in K’(7) since (7) holds for 7. If, on the other hand, we have that
u(Ta) = a, then a € V(M’). Thus, (7) holds for 7.

Observe that (8) holds for 7, since u(7.) = u(7,) € V(M’).

Finally, suppose that (9) does not hold for 7/ and let (z,2’) be the first arc on
PB(T)(u(T,), r) that is not on P57 (u(T,),r). Then (z,7') is in PB(T) (5, z). As (9)
holds for 7;, we have that a = v, is special for 7 and v, € V/(PB3(T)(u(T,), z)). Since
ve ¢ V(PP (3,2)), we have that v, is in PB(7)(u(T,),z) C B,(T’) and thus, (9)
holds for 7.

Thus, 7, € Fk » and furthermore, K'(7") = M' C K'(T) — ov'.

Subcase 2.2: ¢’ is a descendant of = in B,(7):
Then o = v, is special for 7 and P5(7)(¢’, z) contains v,. Note that 7 is not a
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descendant of v, in B,(7") or otherwise B,(7) contains a cycle. Thus, we may obtain
7' from T by performing (v, v,) +» v'v and show that (77, x) is a valid intermediate
state for K and ¢ and satisfies the lemma.

We have that (1), (2a), (2b) and (3) hold for 7" by Lemma 3.6.4.

As (7) holds for 7,, we have that the component of v, in R(7") contains exactly one
edge of U, x,, (x){z2}, and thus, (4) holds for 7"

Note that K'(7') = M’. Since v, is a descendant of x in B,(7), we have by the
definition of x that there are no vertices of 5(7;) on P%() (%, 4,), the path that is
reoriented in 5, (7). Thus, since (5) holds for 7, we have that (5) also holds for 7.
We have that V (T, (S(T.), T)) € V(T:(S(T}), T")) since in B,(7’) there is a path from
v, to z going over (¢/,7) and this path does not contain any vertices of S(7;) — z.
Thus, z is a special vertex for 7’ and (6a) holds for 7. and furthermore, (6b) trivially
holds for 7.

Note that if K/(7) contains an edge of |, v, x){#2'}, then u(7,), which is in A7,
extends K'(7)in 7. Since z € V (M), we have that (7) holds for 7.

Using the same argument, we have that there is no vertex extending M in 77, and
thus, u(7)) = z € V(M). Hence, (8) and (9) hold for 7.

Thus, (77, z) € Fi » and furthermore, K'(7") = M’ C K'(T) — ov'. O

In the following, let ax := max{d' — e¢(K), 0}.

Lemma 3.6.7. Let ¢ < {0,...,0}. If |Cy(K)| > ¢' — ax + 2, then there is a tuple
(T,a) € Fgp sSuchthat K'(T) = @.

Proof. Recall that by Observation 3.6.3 we have that 7, # @. Suppose the
lemma is not true and let (7, a) € Fx  such that e(K’(7)) is minimal. By Lemma
3.6.6, we have that $(7,) = @. As (4) and (5) hold for 7, we have that X, (K) n
V(K'(T)) C {a,t} where ¢ is a vertex such that ¢’ € E(R(T)). Since (7) holds for 7,
we have that | X, (K)NV(K'(T))| < 1. Thus, | Xy (K)\ V(K'(T))| > ¢' — ax + 1 and
e(K'(T)) <e(K)— (¢ —ax+1) <max{d,e(K)} — ¢, which is a contradiction to the
definition of K'(T). O

Note that the lower bound of |C, (K)| cannot easily be lowered. In the “worst case”,
the size of K’ is only decreased by one edge in every exchange operation. An
example for this can be seen in Figure 3.6.4.

Finally, we show that the decomposition 7 from Lemma 3.6.7 either already con-
tradicts the minimality of o*, or there is a special path with respect to 7, o, W that
we can use to retrieve a decomposition having a smaller legal order than o*.
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Fig. 3.6.4: An example where ¢/ = 2, ax = 0,|C2(K)| = 3 showing the tightness of Lemma
3.6.7 when applying the augmentations of Lemma 3.6.6 starting with 7* on the
left and progressing to the right with every operation suggested by the proof
of Lemma 3.6.6. Note that every vertex on the dotted red paths is supposed to
have a path to «(7," ). After the two augmentations we have that K'(7”) # @ has
e(K) — 2 edges.

Lemma 3.6.8. Foreverybec {1,....k}and? € {0,..., ¢}, the number of children of
K generated by B,(T*) each having at most ¢’ edges is at most ¢/ — ay + 1.

Proof. Let/? €{0,...,¢} and suppose that K has ¢ — ay + 2 children, each with
at most ¢ edges. Thus, by Lemma 3.5.5 we have ¢(K) > d — ¢ and ax < /.
By Lemma 3.6.7 there is a tuple (7,a) € Fg such that for every L € £(7) we
have e(L) < max{d',e(K)} — ¢ — 1 < e(K). If a is special for 7, let v, := a. Let
R’ :=R(T) + v} if a is special, and R’ := R(T) otherwise.

Claim. p(R') < p*

Proof. Let A be the set of components of R’ that contain a vertex of K. Note that
every component L € A has e¢(L) < max{d’,e(K)} including the component of v,
(if @ is special for 7) since (7) holds for 7,. If e(L) < max{d’,e(K) — 1} for every
L € A, we have that p(R') < p*. Thus, suppose that there is an L € A4 such that
e(L) = e(K) > d'. Then |[E(L) N E(K)| > e(K) — ¢ — 1 and thus, |(E(K) N E(R')) \
E(L)| < ¢ since at least one edge of E(K) is coloured blue in 7. Thus, for every
L' € A\ {L} we have that e(L’) < ¢ + (/' + 1) < d’ by Observation 3.5.1 and the

claim follows. (End of proof of the claim) &

Suppose that « = w(K) is not special for 7. Note that since (7) holds for 7,, the
component of w(K) in R(7) is contained in £(7) and thus has less than e(K') edges.
Since (2b) holds for 7, there is a smaller legal order than o* for 7, which is a
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contradiction.

Thus, « is special for 7. Let ¢ and W be as mentioned in (2a) and (2b). Note
that there is a minimal special path P := [v, ..., v with respect to 7,0, W and
(vi,v%) such that iy« (vg) < io+(To, (S(Ta), T)) = Zp(K). If Iy (K) = i,+(K), then
PB(T)(w(K),v,) preceded by ni,.x)(W7) is a special path and thus, we even have
io+(v9) < Zp(K) — 1 1n this case. But this contradicts Corollary 3.5.4. O
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3.6.2 Density Calculations

In Lemma 3.6.8, we managed to bound the number and size of small children to
such an extent that the function mapping small children to their parents contra-
dicts Lemma 3.5.7. This contradiction will prove Theorem 1.15.

Before we can prove the theorem, we need one technical lemma.

Lemma 3.6.9. For any K € K — R*, we have that

4
Yo @ (k+1)e(C) <k Y (d—(k+1)i

CeC(K) i=aK

Proof. Let G be the set of functions g: {0,...,¢} — {0,...,¢} with g(i) = 0 if
i < ag,and ZJ —ap 9() < (i —ax + 1)k foralli € {0,...,¢}.

Note that the function ¢ — |Cy(K)|is in G by Lemma 3.6.8. Thus, in order to prove
the lemma, it suffices to show that for every g € G, we have

J4
A(g)rz'zg()(d (k+1)i Z — (k+1)i

Note that the inequality holds if ¢(i) < k for everyi € {0,...,¢} sinced—(k+1)¢ > 0.
Let ¢* € G maximize A and suppose that ¢* does not satisfy the inequality. Let
J1 €40,...,¢} be minimal such that ¢*(j;) > k. Then thereis a j, € {ak,...,j1 — 1}
with ¢*(j2) < k since g* € G.

Letg: {0,...,¢} — {0,...,¢} be the function such that ¢'(j1) = ¢*(j1) — 1, ¢'(j2) =
9*(j2) + 1, and ¢'(i) = ¢*(4) for all : € {0,...,¢} \ {j1,72}. Note that ¢ € G, and
furthermore,

(99) = (¢ (1) —9'G0) (d = (k+1)j1) — (9" (J2) — ¢’ (j2)) (d — (k +1)j2)
(g") — ( (k:+ Dj1) + (d = (k+1)j2)
(9")
(9")

which is a contradiction to the minimality of A(g*). O

Now, we are able to prove Theorem 1.15.
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Proof of Theorem 1.15. Let f: C — K — R* be the function that maps small
red components of Hy« to their respective parent component. We show that f

contradicts Lemma 3.5.7, which proves Theorem 1.15.
Let K € K — R*. Note that (K
a small child. Then ax < ¢ by Lemma 3.5.5. We have that

BE)+ Y BO)

) < 0 by Observation 3.3.4. Now, suppose that K has

CeC(K)

CEC(K)
d,< )+ 1+ Z ) (d—l—k+1)((K)+ 3 e(c))
CeC(K
=d— (k+1)e(K) + Z (d - (k +1)e(C))
CeC(K)
Lemma3.6.9d (k+1) _aK _|_k;z k+1

<d—(k+1)<d+k€<kil—£+21>_a[<>

+k:(€—a1(+1)d—k:(k+1)<€(€+l)_C;‘K(O‘K—l))
= (k4 Dok — haed + k(e + 1) XK=
Zakk<1+(k+1)(2aK_1)—d>+aK
SaKk‘<1+(k+1)2(£_1>—d>+OéK
SaKk<1+d_1_2(k+1)—d>+aK

d+k
= —OéKkT —l—aK
<0.

But this contradicts Lemma 3.5.7.
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3.7 The Strong Nine Dragon Tree Conjecture for
d<2k+1)

In this section, we prove Theorem 1.14, showing that (k, d)-sparse graphs with
v(G) < k + 1 are (k,d)-decomposable for d < 2(k + 1), building on Section 3.3 and
Section 3.5.

Recall that the Strong Nine Dragon Tree Conjecture for d < k+ 1 was proven in [38]
by the author and Moore. Furthermore, Theorem 1.15 reproves this case. Thus, for
the rest of the section, welet £k +1 < d < 2(k + 1) (and we still let £ > 1 due to 3.3.1).
In particular, d > 3. Thus, we have ¢ = 1, so that small components either have
zero or one edge. The techniques we use for this case build on the same ideas from
[38] and from the previous section: we bound the number of small children as in
Lemma 3.6.8. For d < k + 1, where ¢ = 0, this bound suffices to prove the Strong
Nine Dragon Tree Conjecture. But this is not the case if d > k + 1, where ¢ = 1. For
example, a non-small component K with e(K) = d can have k children with zero
edges and k children with one edge. Then, 5(K) +2cec(x) B(C) = k(d—(k+1)) > 0,
which prevents us from contradicting Lemma 3.5.7 using the function f that maps
small children to their parents, as in Section 3.6.

We will not be able to bound the number and sizes of small children further. How-
ever, we will introduce new augmentations that are less local, and introduce a
new counting argument to eventually find a function f that contradicts Lemma
3.5.7.

The idea is the following. Suppose K is “bad”, meaning it has two children gener-
ated by B,(7*), one with zero edges generated by (z,2’), and one with one edge.
Then we can force a certain structure on K, which allows us to isolate z from K,
link x to another component K’, and then use (z,2’) in a “usual” edge exchange
with a red edge from K’. In this case, we will call K an interesting neighbour of
K', and K’ can “use” K for similar augmentations as if K was a child of K’ with
one edge.

Finally, the idea of the counting argument is that the child of K with one edge is
not assigned to K, but to K’ (and it might be reassigned to another component K"
if K’ is an interesting neighbour of K” and so on).

Now, let us start with the formal definition of interesting neighbours. Note that
the terms and the situation described in the following is depicted on the left side
of Figure 3.7.1.
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Let K be a red component of Hy- and let x € V(K). If « has degree 1 in K, then let
ng be its only neighbour in K. If (z,2") € E(B,(7*)) and 2’ # r, then let 2” denote
the parent of 2’ in B,(7%).

Let K be a red component of Hy- and =z € V(K). Letb € {1,...,k} such that
(xz,2") € E(By(T*)), where 2’ # r has exactly one incident red edge z'n,, within its
red component L # K in Hy-. Furthermore, let the red component in Hy- of z”
not contain an edge and be a child of L. Moreover, suppose there is a directed path
from n,/ to x in B,(7*). Then we say L is an interesting neighbour of K generated by
(x,2") (or generated by B,(T*)). Furthermore, we call a red component a relevant
neighbour of K if it is a small child of K or if it is an interesting neighbour of K.

2'"e e
.,.‘.’].’]/x/ Tx/ "~.:’:L’],’l I:L,/
----------- 2> L

> R

Fig. 3.7.1: An interesting neighbour generated by (z,z’) in 7* and in 7.

Observation 3.7.1. Let C be an interesting neighbour of K generated by (x,x’).
Then e(C) > d by Corollary 3.5.5 (as =" has no incident red edges) and thus, a relevant
neighbour cannot be both interesting and small.

We introduce more notation that will be useful when performing exchanges. Let
C; be a relevant neighbour of K generated by (z, 2/).

If C, is interesting, we have that n,/ is a descendant of = in B,(7*) and 2’ is not.
In this case, let 7, denote the decomposition we obtain from 7* by performing
(x,2') <> npa'. Note that 7, is depicted on the right side of Figure 3.7.1.

If C,, is small, then we let 7, := T*.

Furthermore, we let (z,7') := (z,2’) if C, is small, and (z,z’) := («/,2") if C, is
interesting. Note that (7, z') always generates a small child.

Moreover, we let ¢, = 0if ¢(C,) = 0, and ¢, = 1 otherwise. If C, is interesting, then
letC! .= C, — 2.

The next lemma is a generalization of Lemma 3.5.3, and is the first showcase on
how we can treat interesting neighbours in the same way as small children with
one edge.

Lemma 3.7.2. The component R* does not have relevant neighbours.
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Proof. Note that the decompositions of this proof are depicted in Figure 3.7.2.
Suppose to the contrary that R* has a relevant neighbour C, generated by (z,2’) €
E(By(T*)) for some b € {1,...,k}. Let P = [z1,...,z,] be the path from = to » in
R(Tz). Leti € {1,...,n} such that «; is the first vertex on P that is not a descendant
of z in By(7,). This vertex exists and 7 > 1 since z is a descendant of z in B,(7,) and
r is not. We obtain 7' from 7, by performing (z,z’) <+ x;—12;. The component K,
of r in R(7’) contains at least two edges by the way we chose r in Lemma 3.5.2.
For the component K, of z in R(7’) we have

e(Kz) <e(R*) — {zi1mi}] — e(K,) + {za'} + ¢z < e(R).

Since K, is a proper subgraph of R*, we obtain a contradiction to the minimality

of p*. O
x/% - x/
PO Q@ rrnnn ;‘:'_‘_ ST P S ""
x Ti—1 Ty "7, T Ti—1 x; T
(L'//.' .......... x// ..........
.,...7.’1,:/ T%I «,...’[.’Lm/ x/
ey A—)I . e HA "
P a._.,;‘:'_ .... @enrnnnnnnnnannnnnnnns A .._).,........*q'_'. ....
T Ti—1 x; "7t T Ti—1 x; r

Fig. 3.7.2: The decomposition 7, and 7" in the proof of Lemma 3.7.2: in the first row, we
have the case where R* has a small child and in the second row, R* has an
interesting neighbour.

Lemma 3.5.4 shows in which cases we can improve the legal order by a special path
augmentation. We will very often perform such an augmentation after performing
other edge exchanges. The next lemma simply states other conditions under which
we can apply Lemma 3.5.4. These conditions may look a bit artificial at first glance,
however, they will be very easy to check and will save us a lot of time.

Recall thatfor 7,7 € F, A(T,T’) is the set of vertices v for which there is a blue arc
(v,u) € E(By(T)) for some b € {1, ..., k}, but this arc is not contained in E(B,(7")).

Lemma 3.7.3. Let T € F be a decomposition containing a blue arc (a,a’). Let A
be the set of vertices which have a blue directed path to a in T and let B be the set
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of all the vertices of A(T*,T) which are not in A. Let i5 := i,~(A) and let L be the

component of w; ,(W*) in R(T). We have that p(R(T) + aa’) > p* if the following
conditions are met:

) iy<(a’) > ia.
b) iz« (B) > ia.
¢ IfL# R;, and e(L) = e(R;)), then L contains a vertex of A.

d) If the component of a vertex v € V(R},) N V(L) in R(T) contains more than
e(R;,) edges, thenv € A.

Proof. Suppose to the contrary that p(R(7) + aa’) = p* (recall that by definition
of p*, p(R(T) + ad’) < p* never occurs).

By b), there is a legal order ¢ = (Ry, ..., R;) for T with R; = R} for alli < i, and
R;, = L, and furthermore, there isa W € Aux(T,s) with n;(W) = n;(W*) for all
je{2,...,ia}.

Furthermore, we have that w;,, (W*) ¢ A, since otherwise the tail ¢ of »,, (W*),
which has i,«(t) = i4 — 1, would also be in A. Hence, (L) < e(R},) by d). In fact,
e(L) = e(R;,) as otherwise we obtain 5 < ¢*, contradicting our choice of o*.

Note that by the definition of i4, there is a vertex of A in V(R;,). Considering c),
we have that L always contains a vertex of A.

Thus, we can complete & after L by traversing a blue path in 7 from a vertex of
V(A)NV(L)to o’ going over a, and adding every red component to & that is not yet
in 5. We obtain i5(a’) > i4 by a). Thus, there is a minimal special path starting at L
with respect to 7, 7, W and (a, @), which is a contradiction to Lemma 3.5.4. O

We can now generalize Lemma 3.5.5 by considering the case where C is an inter-
esting neighbour of K.

Lemma 3.7.4. Let K be ared component of Hy- and C,. a relevant neighbour of K.
Then e(K) > d — ¢, and in particular, K is not small.

Proof. By Lemma 3.5.5, we know that if the lemma is not true, then e(K) < d — 2
and C,, is an interesting neighbour of K. Let C, be generated by (z,2') € E(By(T*))
for some b € {1,...,k}. We want to find a contradiction to Lemma 3.7.3 and choose
T := T, and (a,d’) := (', 2"). Note that B = @ since all vertices in A(7*,7) belong
to the path PB(7")(n,/, x), but this path is reoriented in B,(7;) and B,(7,) also
contains the arc (n,/, 2’), and thus, all of these vertices have a blue path to 2’ in
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By (T.), and so cannot be in B. Thus, b) holds and it is also clear that a) holds. Let
K’ be the component of = in R(7,) + 2’2" and note that C/, is also a component of
this forest. We have ¢(C%) = e(C,) — 1 and e(K’) = e(K) + |{za’, 2’2" }| < d. Thus, d)
holds and p(R(7:) + 2’2") = p*. As 2/ € A, we also have that c) holds contradicting
Lemma 3.7.3. O]

We are looking for exchanges improving the legal order if a red component has
two relevant neighbours generated by edges (z,2’'), (y,4’) of the same tree. The
next lemma shows that we can find an edge e on the red path from x to y that can
be exchanged with either (z,z’) or (7, 7). It also distinguishes between two cases
depending on properties of the red path between z and y. These cases can be seen
in Figure 3.7.3.

Lemma 3.7.5. Letbec {1,...,k}, let K # R* be ared component of Hr- and let x
and y be vertices of K. Furthermore, let C,, be a relevant neighbour of K generated
by (z,2') € E(By(T*)), and let y not be a descendant of z. Let y' # ' be the parent
vertex of y in B,(T*). Furthermore, let x4, ..., x,| be the path from z to y in R(T*).
Then one of the following two cases applies:

» Thereisani € {1,...,n— 1} such that z; is a descendant of x in By(T,) and x;+1
is not. Thus, (z,z') <» x;x;4+1 holds in T,. Furthermore, x;., is a descendant of y
in Bb(lrx)

In this case we say that x @ y holds with edge (z;,x;1)-

« It does not hold = ©% y. Thereisani € {1,...,n—2} such that x; is a descendant
of z in By(T,) and x;+1 1S not and i is maximal with this property. Thus, (z,z’) <
z;z;41 holds in T,. Furthermore, thereisa j € {i+2,...,n} such that z; is a
descendant of y in By(7,) and x;_; is not and j is minimal with this property.
Thus, we have (y,y') <> xjz;—1 in T,. In this case we say that = (Lb; y holds with
edges (v, xit1), (zj—1, ;).

Proof. Suppose it does not hold z @ y. Note that y also does not have a path to z
in B, (7, ): ifithad one, then it would have a pathin B,(7*) to a vertex of A(T*, T) =
PB(T") (n,, z) and thus, would be a descendant of - in B,(7*), a contradiction. Thus,

. _ . (L) . .
thereisani € {1,...,n — 2} as described in (Y since « is a descendant of z in

By(T,) and y is not. To see that i # n — 1, if it were, we would have = (2—”2 y with
edge (z;,z;+1). Now, let j > i + 2 be minimal such that z; is a descendant of y in
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By(T*). Observe that j exists since y is a descendant of y in B,(7*). If z;_; was a

. 2,b .
descendant of y, then j = ¢ + 2 and thus, we have z (—2 y, a contradiction. O
x/l$
.,.‘n ’ / /
:—»I% ----- Y ,?
R R S L ST |
x T Tit1 Y
7'e
"'.:er/ a:,/ y/
> O<- °
i ‘,’A T
RIS [ ,._.‘..‘.............%.
x i Tit1 Tj-1 Lj y

Fig. 3.7.3: We have z @ y in 7, above and z M y in T, below.

The next lemma is an observation for the case in which the reoriented blue path
of an exchange is trivial.

Lemma 3.7.6. Let K be a red component of Hr~ and C,, a relevant neighbour of K
generated by (x,z') € E(By(T™)) for someb € {1,...,k}. Furthermore, let xu € E(K)
be ared edge, and let K, be the component of K — xu containing .

If e(K,) = 0 and there is no path in B,(7,) from u to z (and thus, no path from u to
x), thend =3, e(K)=2and c, = 1.

Proof. Suppose that ¢(K,) = 0 and there is no path in 5B,(7;) from « to z. We
obtain 77 from 7, by performing (z,z’) <+ zu. Let K, and K, be the components in
R(T") of z and u, respectively. Note that if C, is small, we have B,(T") = (By(T*) —
(xz,2")) + (z,u) and otherwise B,(T") = By(T*) \ {(z,2), («/,2")} U {(z,u), (', ny)}
since PB»(T")(n,,, z) is reoriented when obtaining 7; from 7*, but the resulting
path is again reoriented when obtaining 7’ from 7,. Hence, there is a legal order
o = (R,...,Ry) for 7" with R; = R} for all j < i := min{i,(K),i,+(C;)} and
(R;,R)) € {(K,K.),(K,K]),(Cy,C),(Cy, K.)} (Where R, = C!, or Rf = C,, can only
be possible if C,, is interesting). Note that e(K],) < e(K) and if C,, is interesting, we
have ¢(C’) < e(C;) and e(C;) > d by Observation 3.7.1. Since e¢(K.) = 1 + ¢, < d,
we have p(R(T")) = p*. Thus, it must be Rf = K, R, = K/ and e(K]) > e(K) or
otherwise we have ¢’ < ¢*, which is a contradiction. Thus, e(K) < 2 and it cannot
be ¢(K) = 1 because of Lemma 3.7.4. Hence, ¢(K) = 2, ¢, = 1 and furthermore,
d =3 by Lemma 3.7.4. O
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3.7.1 Bounding Relevant Neighbours - The Case x @—b; Y

In this subsection, we want to characterize the case where K has two relevant
neighbours generated by (z,2'), (y,3') and x @ y holds. Before that, we consider
the following lemma, which describes how the components around K will look
like in 7 when we are applying Lemma 3.7.3 in the upcoming sections.

Lemma 3.7.7. Let K be a red component of Hr- and let C,,C, be two distinct
relevant neighbours of K that are generated by the edges (x,z') and (y,y’) of the
same tree By,(T*), respectively, whereb € {1,...,k}. Let e be an edge on the path from
x toy in R(T*). Let F' be a forest that can be obtained from (R(T*) — e) U{zx’,yy'}
by adding 2’2" and removing z'n.. for every z € {x,y} such that C, is interesting. Let
K, be the component in K — e of z for any z € {z,y}. If e(K;) > ¢, and e(Ky) > ¢,
then p(F') = p*, and the components of = and y in F' each have at most e(K) edges.

Proof. Let K/ be the component of z in F’ for z € {z,y}. If C, is interesting,
then F’ contains the component C’, with ¢(C,) = e(C,) — 1. Further, we have
that e(K;) = e(K) — e(Ky) — [{e}| + {zz'}| + ¢z < e(K) and similarly e(K) <
e(K) — e(Ky) — [{e} + {yy'} + ¢y < e(K).

Furthermore, e(K) + {22/, yy'}| + ¢z + ¢, = e(K}) +e(K) + [{e}]. Thus, if one of the
components K7, K, has ¢(K) edges, then the other one has 1 + ¢, + ¢, < d edges.
Hence, p(F’) = p*. O

Lemma 3.7.8. Let K be a red component of Hr- and let C,,C, be two distinct
relevant neighbours of K generated by (x, '), (y,y') € E(By(T*)), respectively, where
be{l,...,k}. Furthermore, suppose we have x @ y with edge (u,v). Then e(K) > d,
c; = 1 and the component of y in K — uv has no edges.

Proof. Let K, and K, be the components of K —uv containing = and y, respectively.
Suppose towards a contradiction that either ¢(K) < d, ¢, = 0 or the component of
y in K —uw has an edge. Note that if one of the latter two conditions is true, we
have e(K,) > ¢,. We obtain 7' from 7, by performing (z,z’) <+ uv. We have that
A(T*, T') = V(PB(T")(u, z)). Note that all these vertices have a directed blue path
towards y in B,(7”) through (u,v). Thus, we can obtain 7” from 7’ by performing
(y,y') < nyy' if C, is interesting. If C, is small, let 7” := 7’. Note that 7" is
depicted in Figure 3.7.4. Let K, and K, be the components in R(7") + (y,y’) of
x and y, respectively. We want to obtain a contradiction to Lemma 3.7.3 and
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choose T := 7", (a,a’) := (y,'). Using the notation from Lemma 3.7.3, we have
A(T*,T) C Aand thus, B = @. Recalling that i, (B) = oo if B = @, we have that b)
holds and it is also clear that a) holds. Further, c) holds since x,y € A. Therefore, it
suffices to show that d) holds and p(R(7”) + ad’) = p*. We split into cases:

Case 1: ¢(K) > d:

In this case, e(K,) > c¢,. By Lemma 3.7.6, we have that e(X,) > 1, and by Lemma
3.7.7, we have that p(R(T") + aa’) = p* and e(K}),e(K;) < e(K). Furthermore,
7,7 € A and hence, d) holds, a contradiction.

Case 2: e(K) < d:

In this case we have e¢(K) = d — 1 and ¢, = 1 by Lemma 3.7.4. For z € {z,y} we
have that e(K)) < e(K) — |{e}| + 1 + ¢, < d and thus, p(R(T") + ada’) = p*. We split
into subcases:

Subcase 2.1: R} L7 K In this case, we immediately obtain that d) holds.
Subcase 2.2: R} = K and w;,(W*) € V(K,):

In this case, there is a legal order ¢’ = (R}, ..., R},) for 7’ such that R, = R} for all
i<igand R; = K,.Ase(K,) < e(K),wehave o’ < o*. Furthermore, p(R(7")) = p%,
a contradiction.

Subcase 2.3: R}, = K and w;,(W*) € V(K,):

In this case, there is a legal order ¢’ = (RY,..., R},) for 7" such that R/ = R for
all i < ¢4, R;’A =K.

There alsoisa W” € Aux(7",0”) with n;(W") =n;(W*) forall j € {2,...,ia}.
Furthermore, if C, is interesting, we can choose i, (K, —y") > i4, and otherwise
we have that C, is small and we can choose i < iy« (Kj),is+(Cy).

By the definition of A, we have w; ,(W*) ¢ A and thus, z # w; ,(W*)(= w; ,(W")). Let
P = [vo,...,v] be a minimal special path with respect to 7”, ¢”, W” and (y,y’) that
is smaller or equal to the special path from z to 7’ in B,(7"). Note that v, lies on the
red path from z to w; , (W”) in K/, C W”. Thus, the component of v_; in K, — zoz_1
has at most e(K),) — [{zz'}| — ¢, < d — 2 < e(K) edges, which implies that the legal
order we obtain from (3) in Lemmma 3.3.5 is smaller than ¢*, a contradiction (we
can apply (3) by the same reasoning as in the proof of Lemma 3.5.4). O

Bounding Relevant Neighbours - The Case « u—b; Y

In this subsection, let X again be a red component of H7- and let C,, C, be two
distinct relevant neighbours of K generated by (z,2'), (y,v') € E(By(T*)), respec-
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Fig. 3.7.4: The component K and its neighbours in 7, and 7” in the proof of Lemma 3.7.8
with €, and C, being interesting. Note that P%(7=)(n,,, y) might not visit =’ and
z'" and there might not be a path from z” to y in B,(7").

e .y//
'."?./Lx/ Tl,/ y/T n. ./ “““
...... HA I(- .. TH

R SCTTTTTRITTITen '_.; ......... ../_‘..'.............%..(. *
T U U v Yy

Fig. 3.7.5: The component K and its neighbours in 7, in the case where C, and C, are
interesting.

tively, where b € {1, ..., k}. Furthermore, let = Ly y with edges (u,u'), (v/,v). See
Figure 3.7.5 as an illustration.

Let K, be the component of K — uu’ containing z, and let K, be the component of
K — v’ containing y.

For v € V(G) let D% denote the set of descendants of v in B,(7;). Furthermore,
for v, v, € V(G)let DS, , = Db \ Db . LetY be the set of vertices having a blue
directed path P to ¢ in B,(7) such that V(P) N D% = &.

Note that for the following two definitions b is fixed to our choice from the begin-

ning of the subsection. Let X, be the set of vertices having a blue directed path P
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to z in B,(7,) such that V(P) N D}, , = .

As an illustration of these definitions, note that for the four dotted blue paths
belonging to B,(7;) in Figure 3.7.5, we have V (P5(7)(u, 7)), V(PBT) (x,n,)) C
DY C Xy and V(PP (v, y)), PP (ny,y)) € Db, C V.

We will end the subsection with a similar characterization of K and its relevant
neighbours like in Lemma 3.7.8. An intermediate objective will be Claim 3.7.11

showing that C,, is interesting and that P (7)(n,,, /) goes over (z,7’).
Claim 3.7.9. Ifio«(Xy) = i+ (K), then w; . ) (W*) € V(K,).

Proof. Suppose to the contrary that i,-(Xy) = i+ (K) and w; . () (W*) € V(K) \
V(K,). We obtain 77 from 7, by performing (z,7') ++ uu'. Note that A(7*,7") C D
and thus, A(7*,7") C X;. Let K and K, be the components of z and y in R(7”),
respectively. We have e(K;) < e(K) + 1+ ¢, — [{uu', vv'}| < e(K) edges and (k) <
e(K) — {uu'}| < e(K). Furthermore, e(K;) + e(K,) + {uu'}| = e(K) + {zz'}| + cs.
Thus, if e(K}) = e(K), thene(K)) = ¢, < dand thus, p(R(7")) = p*. There also exists
a legal order o’ = (R},..., R}) with R} = R} for all i < i,«(K) and R;U*(K) = K.
Thus, ¢/ < o*, which is a contradiction. O

Claim 3.7.10. We have i,~(Y) > i,-(Xj) if either C, is small, or C, is interesting
and & ¢ V(P%<)(n,.,y')). Further if C, is interesting and z ¢ V(PBP(7=)(n,,y/)),
then there is no path from v’ to y' in By(T).

Proof. Throughout, if C, is interesting, we assume that z ¢ V(P5()(n,., /).
Suppose to the contrary that

(1) i+ (Y) < ip+(Xy) OF
(2) ¢, isinteresting and there is a path from «’ to y' in B,(7,).

We obtain 7’ from 7, by performing (z,z’) <> wu'. If C, is interesting, then the
path from n,, to y in B,(7,) does not visit a vertex of X; by our assumptions. As
A(T,, T') C Db, there is (still) a path from n,, to y in B,(77) and as (y,y') € E(B,(T")),
there is no path from 3’ to y in this tree. We obtain 7” from 7’ by performing
(y,vy') < y'ny if C, is interesting. If C, is small, we let 7" := 7. For an illustration
of 7" see Figure 3.7.6. We want to find a contradiction to Lemma 3.7.3 and choose
T :=T", (a,d) :== (y,7'). In Case (2), we have that Y U X; C A and B = & since
every vertex of X; has a path to «/ in B,(7”). In Case (1), we have Y C A and
BCDbC Xg. Thus, in both cases we have that b) holds and it is also clear that a)
holds. Note that in Case (1), we have that K # R;, and K; # L. We have y € A and
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in Case (2) we also have z € A. Thus, c) holds and in Case (1) we also have that d)
holds since 7 € A. It remains to show that we have p(R(7”) + 37') = p* and we also
have to show that d) holds in Case (2).

First, we suppose that e(K,) > 1. Since the component of y in K — wu’ also contains
an edge vv’, we have by Lemma 3.7.7 that p(R(7”) + yy') = p* and the components
K, and K, of z and y in R(T") + gy, respectively, have e(K}),e(K;) < e(K). As
7,y € A we have that d) holds in Case (2), which is a contradiction to Lemma 3.7.3.
Now, let ¢(K,) = 0. By Lemma 3.7.6 we have that d = 3, ¢(K) = 2, ¢, = 1 and thus,
E(K) = {uu',vv'}. We have that e(K}) = 2, ¢(K,) = 3 and thus, p(R(T") + 77') = p*.

In Case (2) we have z,z,y,y € A and thus, d) holds. O
e oy’
e Lot Yl Tyl
3\—)1( EEER ),f_* ......
I S [ VS — ._‘.‘............f.(

T u u vow Y
x// ° y//
o Tl x y/ Ty o
- o PR A §
..... »—> .- I<—}f
sensssnmannnan 3 ,._).'..'. ....... ,._‘..'.............% . -
T u u vow Y

Fig. 3.7.6: The component K and its neighbours in 7, and 7" in the proof of Claim 3.7.10
in the case where C, and C, are interesting and P5(7=)(v/, /) exists.

Claim 3.7.11. We have that C, is interesting and z € V(P%(72) (n,,y/)).

Proof. Suppose that either C,, is small or that C,, is interesting and z ¢ V (P? (7<) (n,,, /).
By Claim 3.7.10 we have that i,-(Y) > i,-(X;) and if C, is interesting, then there is
no path from «' to ¢’ in By (7).

If C, is small, we let 77 := 7, and otherwise we obtain 7’ from 7, by performing
(y,y') <> nyy’. We choose vertex v; on the path [vq,. .., v,,] from «’ to v in R(7”) such
that i is minimal and there is a path in B,(7") from v; to g. This vertex exists and
i > 1 considering that v has a path to y in B,(7’), and «’ does not by our assump-
tions. We obtain 7” from 7' by performing (y,%’) <+ v;v;—;. The decomposition
T" is depicted in Figure 3.7.7. We will now find a contradiction to Lemma 3.7.3
by letting 7 := 7" and (a,d’) = (z,7'). As a consequence we have that X; C A,
B C ng C Y and thus, b) holds. It is also clear that a) holds. Let K/, and K; be the
components of z and y, respectively, in R(7"”) + zz’. Note that by Claim 3.7.9 we

have that L # K.
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First, suppose that |E (/) N E(K)| > 1. Since the component of z in K — v;1v; con-
tains uu’, we have by Lemma 3.7.7 that p(R(7") +2z') = p* and e(K7), e(K;) < e(K).
Asz € Aand L # K, we have that ¢) and d) hold, which is a contradiction.

Now, suppose that |E(K;) N E(K)| = 0. By Lemma 3.7.6 we have thatd = 3, ¢, = 1,
e(K) = 2 and thus, F(K) = {uv/,v;—1v;} and ¢, = 1. Thus, e(K}) = 3, e(K) = 2 and
p(R(T") + zz') = p*. Note that c) holds since z € A. For the same reason d) holds if

R, # K.

Thus, suppose that R}, = K. By Claim 3.7.9 we have that w;, (W*) = z, which is a
contradiction since x € A. O
.ﬁU” PY PY y/l
I Tx’ y' L Tyl

......':p—>I<- . -7—&'
¢ a@uesnnsnnnnnnnnnn E e LTI ._‘.’ .............. @< .
z w U V-1 v Y
,I” ° y//
.,.‘?’Lm/ Tx/ y/ ny/ “““
____..':p—)l<. . (—’\t .....
LI S — . i S — .(_..‘T‘ ............... -
T u u Vi-1 Y Y

Fig. 3.7.7: The component K and its neighbours in 7, and 7" in the proof of Claim 3.7.11
in the case where C, and C, are interesting and z ¢ V(P%(7=)(n,,, y")).

Let Y be the set of vertices having a blue directed path to y in B,(7;) such that

V(P)N DL = 2.
Let Y’ be the set of vertices having a blue directed path to ¢/ in B,(7;) such that
V(P)n D} =@.

In the proofs of the remaining claims of this subsection, we will implicitly make
use of Claim 3.7.11.

Claim 3.7.12. We have that i +(Y) < io«(X, U Y’) and additionally, we have that
there is no path from v’ to y' in By(T,) or we have that e(K,) =0, e(K) > dand c, = 1.

Proof. Suppose towards a contradiction that ip«(Y) > ip« (X, U Y’) or there is a
path from «’ to ¢ in B,(7,). If this path exists, we also suppose that e(K,) > ¢, or
e(K) = d — 1. Note that if this path does not exist, then we either have e¢(K,) > 1
or ¢(K) = d — 1 by Lemma 3.7.6. Thus, we suppose in any case that e(K,) > ¢, or
e(K) = d — 1 holds. We obtain 7' from 7, by performing (y,y’) <> vv’. Note that
A(T,, T') € DY ; and thus, P5(7=) (n,,, 2') and PP+(7=) (3 r) also exist in B,(7”). Thus,
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we may obtain 7" from 7’ by performing (z,z’) < y'n,. The decomposition 7" is
depicted in Figure 3.7.8. If P5:(7T=)(y/ /) exists, then it also exists in B,(7") since
A(T,, T") € Db U D}, .. We again want to obtain a contradiction to Lemma 3.7.3 by
choosing 7 := 7" and (a,d’) := (y/, y"). It is clear that a) holds. If PB(7=)(+/, 4//) exists,
then A(7*,7") C A and thus, B = . If the path does not exist, then Xy/ UY'C A
and B C D! ; C Y. Inboth cases we have that b) holds. Furthermore, c) holds since
z,y" € A. Let K and K, be the components in R(7") 4 y'y” of « and y, respectively.
For d), first note that z,y’ € A. If e(K,) > ¢, then d) holds by Lemma 3.7.7 and we
also have that p(R(7”) + ada’) = p*, which is a contradiction.

Thus, suppose that e(K,) = 0, e(K) = d — 1 and thus, ¢, = 1. Then we have that
e(Ky) = Huy',y'y"} = 2 < d, e(K;,) = e(K) + |[{za'}] + ¢z — [{vv'}| = d and thus,
p(R(T") +y'y") = p*. If R}, # K, we have that d) holds and obtain a contradiction.
Thus, suppose that Rf, = K. By Claim 3.7.9, we have w;,(W*) € V(K). Further,
there is a legal order " = (RY,...,R},) for 7" such that R} = R} for i < ix
and R, = K; and i, (y') > is. Furthermore, there is a W” € Aux(7",¢") with
ny(W") =n;(W*)forallj € {2,...,ia}.

We obtain a smaller legal order than o* similar to Subcase 2.3 in the proof of
Lemma 3.7.8:

let P = [vg, ..., v;] be a minimal special path with respect to 77, ¢”, W” and (v/, y")
such that P is smaller or equal to the special path PZ(7")(z, 4"). We have that
vo € V(K,). Applying (3) from Lemma 3.3.5, we receive a decomposition 7" € F*
having a legal order o™ = (RY', ..., Rj},) with R} = R} = R} for alli < i, and R,
is the component of v_; having at most e(K)) — ¢, — |[{z2/,vov_1}| = d — 3 < e(K)
edges and obtain ¢’ < o*, which is a contradiction. O

Claim 3.7.13. There is a path from v’ to y' in By(T).

Proof. Suppose to the contrary that there is no path from «’ to ¢’ in B(7,). We
obtain 77 from 7, by performing (z, ') «> uv/. Note that A(7,,7’) C Db. In B,(T")
there is a path from every vertex of D2 to «/, which only visits vertices of D2 + u’
and in particular, it does not go over y'. Since ' ¢ A(7,,7T"), the path from «' to r
in By(7,) also exists in B,(7"). We conclude that there is no path in B,(7") from n,,
to v and thus, we have (v, y") <+ y'n,,. We obtain 7" from 7' by performing this
exchange. Note that n,,y' and y'y” are the only edges affected by this exchange and
thus, A(7T*,7”) C DL + 3. The decomposition 7" is depicted in Figure 3.7.9. We
will again find a contradiction to Lemma 3.7.3 and choose 7 := 77, (a,d’) := (y,%/),
which implies Y C Aand B C Xy/ U Y’. Thus, b) holds by Claim 3.7.12 and it is
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Fig. 3.7.8: The component K and its neighbours in 7, and 7" in the proof of Claim 3.7.12
in the case where C, is interesting and PZ(7=)(v/, /) exists.

also clear that a) holds. Let K;, K be the components in R(7") + yy’ of  and
y, respectively. Since i,-(Y) < i,+(X, UY’), we have that K,Cy # R}, L # K
and L is not the component of y in R(7"). Thus, c) and d) hold. Finally, we have
p(R(T") +yy') = p*if e(K,) > 1 by Lemma 3.7.7. If e(K,) = 0, thend = 3, ¢(K) = 2

and ¢, = 1 by Lemma 3.7.6. Thus, e(K}) = 2, ¢(K,) = 3and p(R(T") +yy') = p*. O
Claim 3.7.14. There is a path from v' to y' in By(T).

Proof. Suppose to the contrary that there is no path from +’ to ¢ in B,(7,). Let P
be the red path in 7, from «’ to +'. Note that by the definition of % ho vertex of P
has a path to y in B,(7,). Let v’ be the first vertex on P from which there is not a
pathin B(7,) toy'. Such a vertex exists and w’ # «’ since ' has a path to ¢’ by Claim
3.7.13 and +’ has not. Let w be the vertex in P before «' in P having a path to y’. We
obtain 77 from 7, by performing (z,z’) <+ y'n,/. Note that A(7,,7’) C D and thus,
the paths in B,(7’) from the vertices of P to r are the same as in 5,(7;). Hence, w
also has a path to ¢/ in B,(7") and w’ does not. We obtain 7” from 7" by performing
(v',y") < ww'. Note that 7" is depicted in Figure 3.7.10. We want to obtain a
contradiction to Lemma 3.7.3 by choosing 7 := 7" and (a,d’) := (y,y’). Note that

Chapter 3




----

o Mgt Tx/ y/T Nyt o
F’ ............... '_.; ......... './_Q'""“““““:.
x U u vv <Y,
------------ 1"
x// y
....nx/ x/ y/ ny/ """"
F .............. '.A @D @ rrurrnnnn L . LLLLLLLLTTLIT * @
T u u (% v

Fig. 3.7.9: The component K and its neighbours in 7, and 7" in the proof of Claim 3.7.13
in the case where C, is interesting.

Y CAand BC DL+ C Xy/ UY'. Thus, b) holds and it is also clear that a) holds.
Since io+(z') > g+ (Z), i0+(Cyy) > io+(Xy) > io~(Y), we have that C,, G, K # R;, and
thus, R} = L. Thus, ¢) and d) hold. Finally, since the component in K — ww’ of
contains wu’ and the other component contains vv’ we have p(R(T") + yy') = p* by

Lemma 3.7.7. O

We summarize the results of the Claims 3.7.11, 3.7.12, 3.7.14 in the following
lemma:

Lemma 3.7.15. Let K be a red component of Hr- and let C,, Cy, be two distinct
relevant neighbours of K generated by (x,2), (y,vy') € E(By(T*)), respectively, where
b e {1,...,k}. Furthermore, let x @ y with edges (u,u’), (v',v) and let K, be the
component of y in K — vv'.

Then e(K) > d, C, is interesting, © € V(PPT<)(n,, '), e(K,) = 0, ¢, = 1 and there
is a path from v’ to v/ in By(T,).
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Fig. 3.7.10: The component K and its neighbours in 7, and 7" in the proof of Claim 3.7.14
in the case where C,, is interesting.

3.7.3 Bounding the Number of Relevant Neighbours

We summarize the results of the last two subsections by describing the structure
of K if it has two relevant neighbours generated by the same tree:

Lemma 3.7.16. Let K be a red component of Hr- and let C,, Cy, be two distinct
relevant neighbours of K generated by (x, '), (y,vy') € E(By(T*)), respectively, where
b e {1,...,k}. Without loss of generality, let y not be a descendant of = in B,(T*).
Then e(K) > d, ¢, = 1 and one of the following two cases applies:

(1) Wehavez =% ywith edges (u,u'), (v',v), Cy isinteresting, z € V(PP7<) (n,,y/)),
there is a path from ' to y' in By(T,), the component of y in K — vv' has no
edges and x is a descendant of y in B, (T*).

(2) We have zx @ y with edge (u,v), the component of y in K — uv has no edges
and z is a descendant of y in By(T™).

Proof. The lemma follows directly from Lemmas 3.7.5, 3.7.8 and 3.7.15 except for
the fact that in Case (2) there is a path from z to y in B,(7*). Thus, suppose that
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(2) holds and no such path exists. Then u, which is the only neighbour of y, is not
a descendant of y in B,(7*) since it has a path to z in B,(7*). By Lemma 3.7.6 we
have that ¢(K) = 2 < 3 = d, which contradicts e(K) > d. O

The following lemma bounds the number of relevant neighbours of K. This also
bounds the number of small children of K, which will help us to show that the
density around K is high.

Lemma 3.7.17. Let K be ared component of Hy+. Then K has at most two relevant
neighbours generated by B,(T*) forany b € {1, ..., k}.

Proof. Suppose to the contrary that there are three relevant neighbours of K
generated by (z,2'), (y,v'), (2,7") € E(By(T™)), respectively. By Lemma 3.7.16, we
may assume that there is a path in 5,(7*) from = over y to z and that y and z only
have one neighbour in K, n, and n, respectively.

« Ifwe haves 2 y, then C,, is interesting and we obtain 7, from 7, by perform-

ing (z,2') + nyy'. This is possible because P?(7=)(n,/, ') goes over (z, ).
Note that P (7=)(n,, ') (still) exists in B,(7;) since all vertices of A(T,, 7))
have a path to y in B,(7;) and n, does not. Thus, we may obtain 7; from 7
by performing (y,y’) <> nyy.
If we have & > y, we obtain 7 from 7, by performing (z,z’) «» yn,. Note
that if C, is interesting, there (still) is a path from n,, to y in B,(7) since every
vertex of A(7,,7,) has a path to y in B,(7,) over (n,,y). Thus, we may obtain
71 from 7. by performing (y,v') < nyy'. If C, is small, we let 7; := 7.

* We perform the exchanges of the previous bullet point but for y and = instead
of x and y. For this, note that every vertex of A(7;,71) has a path to y in B,(7,),
as well as in B,(77). Thus, the set of all descendants of 3 in ,(7;) is the same
as in By(T;). The same holds for z since it is an ancestor of y in B,(7,.), as well
as in By(71). Thus, the following exchanges are performable with the same
reasoning as in the previous bullet point.

If we have y @ z, we obtain 7; from 77 by first performing (7,7') > n, 2’
and then performing (z, 2’) <+ n.z.

If we have y @y z, we obtain 7/ from 7; by performing (y,7') < zn,. If
C, is small, we let 7; := T/, otherwise we obtain 7, from 7, by performing

(2,2') &> ny 2.
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Note that 7; is depicted in Figure 3.7.11. We want to obtain a contradiction to
Lemma 3.7.3 and choose T := T and (a, d’) := (%, z'). Note that we have A(T*,T3) C
Aand thus, B = @. Itis clear that a) and b) hold. Let K7, K, K be the components
in R(T2) + 27’ of x,y, 2, respectively. We have that e¢(K;) = [{yy'}| + ¢, < d < e(K),
e(K)) = [{z2'}|+¢c. <d <e(K)and e(K)) = e(K) — |[{nyy, n.z}| + {z2'}| + ¢z = e(K).
Thus, p(R(72) + zZ') = p*. Furthermore, c) holds since z,y,z € A and finally, d)

holds since for all v € {z,y, 2} we have that v’ € A if C, is not small. O
$”‘r ................ “y'// x”‘ ................ “y.”. .
n:L‘/ / y/T ny/ n.’L'/ I_/ y/ | ’[’Ly/
‘l‘__':'a_)..( ............... —e. | . W< &
- Cf < R
Lo Ny y.- -z y Y
. ' "A
,.\Y. . :Y
77/:20 n:z.l
A

Fig. 3.7.11: The component K and its neighbours in 7, and 75 in the proof of Lemma 3.7.17
in the case where z =% Ys Y %~ and C,, Cy are interesting.

Bad Components Are Interesting Neighbours

Note that in the case of = ©% y, it could be that (x, 2’) generates a child with exactly
one edge, and (y, y’) generates a child without any edges. If several blue spanning
trees generate two such children for K and if f assigned these children to K, then
we might have 5(K) + doCef-1(K) B(C) > 0. Thus, we need another definition of f
in order to contradict Lemma 3.5.7 (and by this, prove Theorem 1.14).

In this subsection, we want to show that such a “bad” component is an interesting
neighbour of some other component L, and we will let f assign the child with one
edge to L. If L also has a child with zero edges, we want to call it bad as well and,
using the same technique as for K, assign the child of K with one edge to another
component instead, until it is received by a component that does not have many
small children. First, we formalize in which case we call a component bad.
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Definition 3.7.18. Let K be a red component of H;- having two relevant neigh-
bours C, and C, generated by (z,2), (v,y') € E(By(T*)), respectively. Furthermore,
we let e(Cy) = 0 and thus, we have « @ y by Lemma 3.7.16. Then we say that K is
b-bad (due to x and y).

For the rest of this subsection, let K be b-bad due to x and y as in Definition 3.7.18.
Thus, y has exactly one neighbour n, in K. In this subsection, we aim to show that
the last arc (z,y) of the path from n, to y in B,(7*) has its tail ~ outside of K. This
would imply that K is an interesting neighbour of the red component of 2. For the
rest of the subsection, we suppose to the contrary that z € V(K).

Claim 3.7.19. We have that = (ng z.

Proof. Note that there is a path from z to 2z in B,(7*) (and thus also in B,(7.))
and hence, > is not a descendant of z in B,(7,). Thus, suppose to the contrary that
» 2% - holds with edge (u,v). We obtain 7" from 7, by performing (z,z’) + uv.
Note that every vertex of A(7*,7’) has a path to z in B,(7*) and in B,(7’). Thus,
there (still) is a path from n, to z in B,(7’) and (z,y) € E(B,(7")). We obtain 7"
from 77 by performing (z,y) <> n,y. Note that this does not create a red cycle since
y (still) has degree one in R(7”). Note that 7" is depicted in Figure 3.7.12. We want
to obtain a contradiction to Lemma 3.7.3 by choosing 7 := 7" and (a, ) := (y,v'),
which gives us A(7*,7"”) C Aand B = &. It is clear that a) and b) hold. For c) note
that z,y € A. Let K be the component of z and K, be the component of y and 2
in R(T”) + yy'. We have that e(K},) < e(K) — |[{uv,nyy}| + [{zz'}| + ¢ = e(K) and
e(K) < e(K) — [{uv,nyy}| + {2y, yy'}| = e(K). Furthermore, we have that

e(K) + {zy,yy, 22’} + o = e(Ky) + e(K,) + [{uv, nyy}|.

Thus, if one of the components K;, K, has e(K) edges, then the other one has only
2 < d edges. Thus, p(R(T") + yy') = p*. Furthermore, d) holds since 2’ € A, which
leads to a contradiction to Lemma 3.7.3. O

For the rest of the subsection, suppose that « (Y - holds with edges (u,u') and
(v',v) due to Claim 3.7.19. Let K, be the component of z in K — v'v.

Claim 3.7.20. ¢(K,) > 1.

Proof. Suppose towards a contradiction that e(K,) = 0 and thus, z = v. We obtain
T’ from 7, by performing (z,y) <> zv'. Note that the exchange only affects these
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Fig. 3.7.12: The component K and its neighbours in 7, and 7" in the proof of Claim 3.7.19
in the case where C, is interesting.

two edges and 7’ does not contain a red cycle because z (still) has degree 1 in R(7”).
Thus, if we replace K by K — zv’ + zv in o* we obtain a legal order for 7~ that is
lexicographically equal to o*. Thus, Lemma 3.7.8 also applies to 7’ and ¢/, which
is a contradiction since the component of y in R(7") — n,y contains yz. O

We maintain the definitions of D% and D}, ; for 7, of Subsection 3.7.2. Furthermore,
let Z be the set of vertices having a blue directed path P to z in B,(7;) such that
V(P)N DL = @ and let X, still be the set of vertices having a blue directed path P
to z in B,(7;) such that V(P) N D!, = @.

Claim 3.7.21. i,+(X.) < i,+(2).

Proof. Suppose to the contrary that i,«(X,) > i,~(Z). We obtain 7’ from 7, by
performing (z,z’) < wu/. Note that 7’ is depicted in Figure 3.7.13. We want to
obtain a contradiction to Lemma 3.7.3 by choosing 7 := 7" and (a, ) := (y,y'). This
implies Z C Aand B C D,’% C X.. This implies b) and it is also clear that a) holds.
Let K/ and K be the components of z and z in R(7”) + yy'. Note that it is not clear
whether y is contained in K/, or K. We have that e(K)) < e(K) + ¢, + [{z2/,yy'}| —
Huu',vv'}|—e(K,) < e(K) by Claim 3.7.20 and e(K.) < e(K)— |[{uu'}|+|[{yy'}| < e(K).
Furthermore,

e(K) + [{za', yy'H + co = e(K) + e(K7) + {uu'}.
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Thus, if one of the components K, K/ contains e(K) edges, then the other one
contains 2 < d edges. Thus, p(R(T’) + yy') = p*. Furthermore, we have that

L # K. since i,+(K)) > i+ (X.) > iy« (Z) > ia. Thus, d) holds and c) holds as well
considering that z € A. O

Fig. 3.7.13: The component K and its neighbours in 7, and 7" in the proof of Claim 3.7.21
in the case where C, is interesting.

We now state the main result of this subsection, where we reintroduce notation
for clarity:

Lemma 3.7.22. Let K be a b-bad component due to x and y and let = be the vertex
before y on the path from n, to y in B,(T*). Then z ¢ V(K).

Proof. Suppose that z € V(K). Then by Claim 3.7.19, 3.7.20 and 3.7.21 we have
that = =% - with edges (u,u) and (v',v), e(K,) > 1 and i, (X,) < i,«(Z). We obtain
T’ from 7, by performing (z,z') <+ n,y. Note that A(7,, 7’) C X, and thus, we may
obtain 7” from 7' by performing (z,y) « vv’. The decomposition 7" is depicted
in Figure 3.7.14. We want to obtain a contradiction to Lemma 3.7.3 and choose
T = 7" and (a,a’) := (y,y'). This implies X, € Aand B C D}, C Z. Thus, b)
holds and it is also clear that a) holds. c) holds as well since z,y € A. Let K
be the component of 2 and K, be the components of y and z in R(7") + yy'. We
have that e(K}) = e(K) — [{nyy,vv'}| — e(K,) + {z2'}| + ¢z < e(K) and e(K) <
e(K) — {vv',nyy, u'}| + [{yy/, zy}| < e(K). Thus, p(R(T") + yy') = p*. Finally, we
have that d) holds since 2’ € A and we obtain a contradiction. O
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Fig. 3.7.14: The component K and its neighbours in 7, and 7” in the proof of Lemma
3.7.22 in the case where C, is interesting.

Density Calculations

In this final subsection we will finally define a function f that contradicts Lemma
3.5.7, which proves Theorem 1.14. First, we will show to which component of
K — R* a child of a b-bad component generated by 5,(7*) containing exactly one
edge will be assigned to. This is K, in the following definition, when the sequence
is a sink sequence.

Definition 3.7.23. Letn >1andbe {1,...,k}. Let Ky,..., K,, be red components
of Hr- and (x;,2,) € E(By(T*)) fori € {1,...,n}. We call (Ky,z1),...,(Ky,z,) @

partial sink sequence for b if the following conditions are met:

* K is b-bad due to z; and 24, such that the relevant neighbour C,, of K; that
is generated by (z;,z}) € E(By(T*)) has e(Cy,) = 1.

» Fori € {2,...,n} we have that K;_; is an interesting neighbour of K, gener-
ated by (x;, z}) € E(By(T¥)).

Furthermore, we call (K1, x1),..., (K,,z,) a sink sequence for b if it is a partial sink
sequence for b and additionally, K, is not b-bad.

Let us make some critical observations about partial sink sequences. First, note
that in a sink sequence we have that K; # K, and thus, n > 2.

Chapter 3




Observation 3.7.24. In a partial sink sequence (Ky,x1),...,(Ky,z,) for any i €

{1,...,n — 1}, the component K; is b-bad due to x; and z; .
Observation 3.7.25. In a partial sink sequence (Ki,x1),...,(K,,z,), the compo-
nents K1, ..., K,, are pairwise distinct.

Proof. Leti € {1,...,n — 1}. Note that since Kj; is b-bad due to z; and z , by
Observation 3.7.24, there is a path in B,(7*) from Ny 10 x;, visiting z; and then
x;+1- Thus, z; is a proper descendant of x; 1 in B,(7*) and the claim follows. [

Observation3.7.26. If(Ki,z1),...,(K;, x;) isapartial sink sequence forb € {1, ..., k}
which is not a sink sequence, then there exists a pair (K11, x;+1) such that
(Ki,21),...,(Ki,x;), (Kit+1,zit1) IS a partial sink sequence.

Proof. Let (Ky,21),...,(K;, z;) be a partial sink sequence that is not a sink se-
quence. Thus, K; is b-bad due to z; and another vertex y. By Lemma 3.7.22, the
vertex z on the path from n, to y in B,(7*) which is adjacent to y is not in K. Let
K1 be the component containing 2. Then K; is an interesting neighbour of K,
and thus, (K1, 21),. .., (K;, x;), (K41, 2) s a partial sink sequence. O

Corollary 3.7.27. Every partial sink sequence extends to a sink sequence.

Lemma 3.7.28. Letb € {1,...,k} and let L be a red component of Hy~ that is
not b-bad having | € {0, 1, 2} interesting neighbours generated by B,(T*). Then L is
contained in at most [ sink sequences for b (and always is the end of such a sequence).

Proof. Since L is not b-bad, it follows that L can only be the end of any sink
sequence for b. To see that L belongs in at most / sink sequences for b, it suffices
to show that for every vertex = € V(L) such that L has an interesting neighbour
generated by an arc (z,2') € E(B,(T*)), there is at most one sink sequence for
b ending with the tuple (L, z). Thus, suppose that there are two sink sequences
(K1,21)y -y (Kp—1,2n-1), (K, xy), and (K{,y1),..., (K, _1,Ym-1), (K], ym), Where
(Kp,xn) = (L,x) = (K/,,ym), and suppose that

(Kn—iaxn—i) = ( 1/fn—i’ ym—i)a ) (KnuSUn) = (K;mym)

for some i € {0,...,min{n — 2,m — 2}} and let 2, and y be the parents of ; and y;
in B,(T*), respectively.

Claim. (Kn—(i+1)7xn—(i+1)) = (K;n_(zq.l)a ym—(i—i—l))
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Proof. Clearly, z;,_; = y,, , and thus, K,,_(;1) = an_(iﬂ). Note that K,,_(;11) is
b-bad due to z,_(;;1) and z;,_; and K;n_(iﬂ) is b-bad due to y,,_;+1) and y;,,_; by
Observation 3.7.24. By Lemma 3.7.17, K,,_;;,) does not have more relevant neigh-
bours generated by B,(7*) than the two that are generated by (xn_(iﬂ),x;b_(iﬂ))
and (z;,_;,z5,_;) = (Yp—i> Yp—i)- THUS, (xnf(z‘ﬂ)?m;_(i“)) = (ymf(iJrl)ay;n_(iJ,_l))'
(End of proof of the claim) B

From the claim it follows (without loss of generality) that (K, z1) = (K] _ (n—1) Ym—(n—1));

ooy (Kpyxy) = (K], ym). To prove the lemma it only remains to show thatn =m
and thus, the sink sequences are equal. This follows directly from the fact that 2/
is contained in a red component having exactly one edge and =} = y;n—(n—l)' Thus,
the component K/ (1) containing y,,_,—1) can only be in a first tuple of a sink
sequence. O

Putting these together we obtain the following:

Lemma3.7.29. Letb e {1,...,k}. Let K be ared component of Hr- that is b-bad due
to x and y and let C,, be the relevant neighbour of K generated by (x,x') € E(By(T™)).
Then K is contained in exactly one sink sequence for b and if e(C,.) = 1, then K is the
beginning of this sink sequence.

Let L be a red component of Hr- that is not b-bad having | € {0, 1,2} interesting
neighbours generated by B,(T*). Then L is contained in at most | sink sequences for
b (and always is the end of such a sequence).

Now we are in position to define f.

Lemma 3.7.30. There is a function f: C — K — R* such that for every K € K — R*
we have:

s ife(K)<d—1,then f~1K) = @.

s ife(K)=d—1, then |f~'(K)| < k and each of the components of f~1(K) has
exactly one edge.

s ife(K) > d, then there are integers qy,q1 > 0 with qo + q1 < k such that f~!(K)
contains exactly qo components having zero edges and exactly 2q; components
having one edge.

Proof. Let C be a small component. By Lemma 3.7.4 we have that C has some
parent K € K — R* having at least d — ¢(C) edges. By Lemma 3.7.2, we have that
K # R*. Let C be generated by (z,2') € E(B,(T*)). We assign C to K except if
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e(C) = 1 and K has another small child ¢’ generated by B,(7*) with ¢(C") = 0
and hence, K is b-bad: In this case, by Lemma 3.7.29, there exists a sink sequence
(K1,21),...,(Ky,,z,) for bwhere (K;,z,) = (K, z) and we assign C to K,,. Note that
by Lemma 3.7.4 we have ¢(K,,) > d — 1.

With this definition of f, note that by Lemma 3.7.29 the number of small children
with zero edges assigned to some K € K — R* is at most the number of small
children of K not having an edge and thus bounded by £ by Lemma 3.7.16. Further,
the number of small children with one edge assigned to some K € K is at most
the number of relevant neighbours of K containing at least one edge, which is at
most 2k by Lemma 3.7.17 (and thus, we obtain the desired integers ¢y and ¢;). The
lemma follows by Lemma 3.7.4, 3.7.16 and 3.7.17. O

We are now able to prove Theorem 1.14.

Proof of Theorem 1.14. Recall that Theorem 1.14istrueford < k+1andfork =0
by Theorem 1.15 and Theorem 3.3.1, and thus, weletk > land k+1 < d < 2(k+1).
Let f be defined as in Lemma 3.7.30. We will show that f contradicts Lemma 3.5.7.
Let K € K — R*, and let o := max{d — e(K),0}. For a = 0, let ¢p and ¢; be defined as
in Lemma 3.7.30. For a = 1,let g =0 and ¢; € {0,...,k}. For o > 2,let go = ¢1 = 0.
Then the number of components of | f ! (K)| with one edge is at most (2 — «)q1, and
the number of components of | f~!(K)| having no edge is at most ¢o. Furthermore,
recall that ¢ + ¢1 < k if @ = 0 by Lemma 3.7.30. Thus,

+ZB — d(e(K +1+Z +1)) = @+ k+ 1) (e(K +Z )

Cef-1! Ceft Cef1!

=d—(k+1)e +Z (k +1)e(C))
Cef~H(K)

Sd_("“rl)(d—OO+qod+(2—oz)q1(d—(k+1))
=d(g+2-a)g —k)+ak+1)—2-a)(k+Da

We obtain a contradiction to Lemma 3.5.7 if this term is at most 0. This is the case
if a > 2. If & = 0, we have

K)+> B(C) < dg —2(k + 1)1 0.
Cef~1(K)
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Finally, if o = 1, then
+ZB ) <d(gi — k) +k+1—(k+Da

a(d—(k+1) —kd+k+1
<k(d—(k+1)) —kd+k+1
= —(k—1)(k+1)

A Lower Bound for a Diameter-Constrained Version
of the Nine Dragon Tree Theorem

In this section, we will prove Theorem 1.28, which provides a lower bound to the
diameter that could be achieved in a diameter version of the Nine Dragon Tree
Conjectures, without containing any degree of component size constraints.

Theorem 1.28. Let k,¢ € N>, and let ¢ =0 mod 4. There is a loopless (multi-)
graph G with v(G) = k + Hil that does not have a decomposition into k + 1 forests
in which one of the forests has diameter at most .

For the rest of the section, let £,7 € N>; and let £ =0 mod 4. We now define G for
Theorem 1.28. Note that in Figure 3.8.1, G is depicted for £ = 2 and ¢ = 16.

Let s = £ and let V(G) = {ao, ..., as, by, ..., bs}. Fori € {0,...,s — 1}, E(G) contains
a;a;+1 and b;b;11. Fori € {0,...,s}, F(G) contains k parallel edges a;b;. For i €
{0,...,s—1}, E(G) contains k parallel edges b;a;,1. Note that G has 2(s+ 1) vertices
and k(2s + 1) + 2s edges.

Lemma 3.8.1. In every decomposition of G into k + 1 forests, every forest has
diameter at least £ + 1.

Proof. Suppose that there is decomposition into % + 1 forests 71, ..., Ty, FF where
diam(F) < £ = 5. We show that F has exactly two components. First, note that I
is not spanning or otherwise there would be a path from a, to as in F, which has
length atleast s. Asv(G) = 2(s+1),each of 71, ..., T} has at most 2s + 1 edges. Since
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ao ai a2 as aq as ae az as

Fig. 3.8.1: G for k = 2,¢ = 16, where the edges are coloured such that there are two blue
Hamiltonian paths and a red forest consisting of two paths of (non-optimal)
length s = 8.

e(G) = k(2s + 1) + 2s, F must contain at least 2s edges. Thus, F has exactly two
components. Let C; be the component of F' containing ay and C, be the component
of F containing b;,. We have that C; # C, or otherwise diam(F') > s + 1.

Next, note that ¢; := as is contained in ¢ and c; := bs is contained in C; or
otherwise diam(F) > J+ 1. There is only one path in C; from ag to ¢; that has length
at most 5, which is [ao, ..., as] and thus, this path is contained in C;. Analogously,
[bs,...,bs] s contained in Cs.

Now, consider H := G[{c1, a5 1, c2}]. None of the (parallel) edges of this subgraph
belong to F since otherwise diam(F) > § + 1. But U(el(gll = % > k and thus, not
all edges of H can be contained in 73, ..., T}, a contradiction. O

Note that Figure 3.8.2 shows that G has a decomposition into & + 1 forests, where
one of the forests consists of two components, each of which has diameter § + 1.

ao a a2 as a4 as ag az asg

Fig. 3.8.2: A colouring of G minimizing the diameter in the red forest.

In order to prove Theorem 1.28, it remains to show that v(G) = k + Hil(: k+ %jl).
Note that % =k + 52%;. We will show that G is its densest subgraph.

Let a triangle of G be the induced subgraph A of G such that there is an i €
{0,...,s—1} such that V(A) is either {a;, ajt+1, b;} or {b;, a;11,b;1+1}. Note that every

edge of G is contained in a triangle.

From the subgraphs of G with at least two vertices, let # minimize f(H) := (k({ +
1)+ 0)v(H) — (£+ 1)e(H).

3.8 AlLower Bound for a Diameter-Constrained Version of the Nine Dragon 929
Tree Theorem
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Lemma 3.8.2. Iftwo vertices of a triangle are in V (H), then the third one is also in
V(H).

Proof. Suppose not. Then adding the third one to H results in a subgraph H’
having at least £ + 1 more edges than H and thus,

fH) = fH)==(k(+1)+ ) +(+1)(k+1) =1,

which is a contradiction. O
Lemma 3.8.3. H =_.

Proof. Note that f(G) = k(¢ + 1) + ¢. Since v(H) > 2, we have that E(H) # o,
or otherwise f(H) > 2(k({+ 1)+ (). Lete € E(H) and let A be a triangle of G
containing e. Then the third vertex of A that is not incident with e is also in V(H)
by Lemma 3.8.2. Thus, A C H.

We call two triangles of G adjacent if they have two common vertices. Note
that these two vertices are always linked by & (parallel) edges in G. Note that
the corresponding graph of this adjacency is a path of all triangles of G. Since
the adjacent triangles of A in this path have two vertices in V(H), they are also
contained in A by Lemma 3.8.2. Using this argument inductively, we have that
H=aG. 0

Now, we just have to combine the previous lemmas to prove Theorem 1.28.

Proof of Theorem 1.28. Since G minimizes f by Lemma 3.8.3 and
f(G)=k({+1)+ ¢ we have that v(G) = k + 44%1 The theorem follows by Lemma
3.8.1. O
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4.1

A Diameter Refinement of the
Strong Pseudoforest Nine
Dragon Tree Theorem

Pseudoforests and Orientations

In this section, we define pseudoforests and orientations, and show their close
relationship. At the end of the section, we will give a proof of Hakimi’s Theorem
(Theorem 1.17).

For k € Ny, a k-orientation is a digraph G in which every vertex has at most &
outgoing arcs (degf;(v) < k for every v € V(G)).

We say that a digraph D is an orientation of a graph G if we can obtain D from G
by replacing every edge of G by an arc with the same end-vertices.

If D is an orientation of a graph G and D is a k-orientation, then we say that D is a
k-orientation of G or G has a k-orientation D.

The following lemma and corollary are well-known and describe the strong con-
nection between orientations and pseudoforest decompositions.

Lemma 4.1.1. A graph G is a pseudoforest if and only if it has a 1-orientation.

Proof. Let G be a pseudoforest and let K be a component of G. We orient the
edges of K in the following way: if K contains a cycle C, we orient the edges of C
such that they form a directed cycle. All other edges of K are directed towards C.
If K does not contain a cycle, then it is a spanning tree and we pick any vertex of
K and orient the edges towards it. In both cases we obtain a 1-orientation of K.

Now, let G be a graph having a 1-orientation, and let K be a component of G. Since
every vertex of G has at most one outgoing edge, K has at most v(K) edges. Thus,
K is a pseudotree (if K had more than one cycle, then by removing one edge of a
cycle the resulting graph is still connected and cyclic, which is a contradiction to
having at most v(K) — 1 edges). O

101




102

Corollary 4.1.2. An undirected graph G has a decomposition into k pseudoforests
if and only if G has a k-orientation.

We will make use of Corollary 4.1.2 throughout the chapter. Next, we will give a
standard proof of Hakimi’s Theorem using path reversal that arose in the 2000s,
see [6], [51], [4].

Let D be a digraph. We now define a measure of how close D is to being a k-
orientation. Let ¢;(D) denote the number of vertices v € V(D) with deg},(v) = i.
Furthermore, let (D) := (¢¢py(D), ..., dr41(D)). Note that D is a k-orientation if
and only if &, (D) = (0,...,0). We compare the values of ¢, using lexicographic
ordering (see Section 2.2).

Let a k-optimal orientation of an undirected graph G be an orientation D of G
minimizing ®,(D).

Lemma 4.1.3 ([6], [51], [4]). Let D be a k-optimal orientation of an undirected
graph. Then there is no dipath in D from a vertex with outdegree at least k + 1 to a
vertex with outdegree at most k — 1.

Proof. Suppose there is such a dipath P from v to u. By reorienting the edges
of P, the outdegrees of the inner vertices of P do not change, the outdegree of v
decreases by one and the outdegree of v increases by one. But this is a contradiction
to D being a k-optimal orientation. O

Using this path reversal operation, we can prove Hakimi’s Theorem.

Proof of Theorem 1.17 ([6], [51], [4]). Let k € No. We show that a graph has a
k-orientation if and only if for every subgraph H C G, we have e(H) < k- v(H).
Theorem 1.17 will then follow by Corollary 4.1.2.

First, let G be a graph that has a k-orientation D. Then every vertex has at most &
outgoing arcs in D and thus, e(G) < k- v(H).

Now, let G not have a k-orientation and let D be a maximal k-orientation of G. Then
there is a vertex u € V(G) with deg};(u) > k+1. Let U be the set of vertices to which
there is a dipath from «. By Lemma 4.1.3, every vertex of U has at least £ outgoing
arcs and the head of every of these outgoing arcs is also in U. Furthermore, note
that u € U. Thus, we have e(G[U]) > k - |U]. O
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4.2 Optimality of the Pseudoforest Nine Dragon Tree
Theorems

In this section, we prove that the Pseudoforest Nine Dragon Tree Theorems are
best possible. I.e., we will prove Theorem 1.21 and Theorem 1.32 at the end of the
section.

Theorem 1.21 (cf. [15]). For any k € N>4, d € Ny, and ¢ > 0, there exists a simple
graph G with+'(G) < k + #ﬁﬂ + ¢, but G is not (k, d)~-pseudo-decomposable.

Theorem 1.32. Let k,d € Ny. There are simple graphs G with 5 (G) = —1 and
B'(H) >0 forall H C G, but G is not (k,d)-pseudo-decomposable.

In [15], where they proved the Pseudoforest Nine Dragon Tree Theorem, they
also proved the following theorem showing that the weak version is already best
possible.

Theorem 4.2.1 ([15]). For any k,d € N>, there are arbitrarily large, simple graphs
G such that there is an edge ¢* € E(G) with (G —¢*) = k + W‘l“, but G is not
(k,d)”-pseudo-decomposable.

Their construction is a pseudoforest version of the construction in [41] proving
Theorem 3.2.1. Note that the statement of Theorem 4.2.1 does not imply Theorem
1.21: even if the graph G in Theorem 4.2.1 is very large, its densest subgraph could
be small and contain e*. In this case, /(G) approaching k + ﬁ arbitrarily closely
is not guaranteed.
Note that the graph construction we use to prove Theorem 1.21 and Theorem 1.21
is a pseudoforest version of the construction described in [29], which they used to
prove Theorem 1.16. We presented this (forest) construction in Section 3.2.
Recall that

B(H)=v(H)k+1)(d+k)—eH)(d+k+1)+k

for a graph H.

Before we turn to the actual proof, we consider the edge cases k¥ = 0 and d = 0. For
the case k£ = 0, we need the following technical lemma.
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Lemma 4.2.2. Let G be a graph and k € Ny. Then G is (k,0)-pseudo-sparse if and
only if y/(G) < k.

Proof. 1Itis clear that G is (k,0)-pseudo-sparse if v/(G) < k.
Thus, let G be (k,0)-pseudo-sparse and hence, k - v(H) > e(H) — 2 for all H C G.

T k+1
Suppose that there is a subgraph H with 525; > k. Then we have that

which is a contradiction. O
Lemma 4.2.3. Theorem 1.21 and Theorem 1.32 are true for d = 0.

Proof. Letk € N>, and let G be a simple graph with v(G) > 1 that is decomposable
into £ Hamiltonian cycles C, ..., Cj and one additional edge e. It is clear that such
a graph can be constructed. We have that e(G) = k- v(G) + 1 and thus, §'(G) = —1.
By Hakimi’s Theorem, G is not decomposable into £ pseudoforests and thus, it
is not (k,0)~-pseudo-decomposable. Note that C}, + e has exactly two cycles and
every vertex is contained in at least one cycle. Thus, for every V' C V(G), each

of C4[V'],...,Ck_1[V'],Cx[V'] + e contains at most one cycle. Hence, G is the only
subgraph that is not decomposable into k¥ pseudoforests. Thus, 7/ (G) = jggg <k+e
and by Lemma 4.2.2, we have that 5'(H) > 0 for every H C G. O

Lemma 4.2.4. Theorem 1.32 is true for k = 0.

Proof. Letd € Ny. Let G be a star with d+1 edges. Then 8/(G) = (d+2)d— (d+1)? =
-1, 8/(H) > 0 for all H ¢ G and G is not (0, d) -pseudo-decomposable since its
centre has degree d + 1. O

Lastly, note that Theorem 1.21 is not true when k£ = 0: let G be a graph with
0 < 4'(G) < 1. Then G is a forest. Let ¢ be the number of edges of the largest
component of G. Then v'(G) = _f5. Thus, it is easy to find an ¢(d) such that there is
no graph G with 24 < v/(G) < 74 + €(d).

Now, we turn to the actual proof and define a graph G that will satisfy Theorem
1.21 and Theorem 1.32.

Because of Lemma 4.2.3 and Lemma 4.2.4, we let k,d € N>,. Furthermore, we let
t € N>y witht > k+1and s :=t(d + k) + 1. Additionally, for the proof of Theorem

1.21, welete > 0O and t > %. We define a bipartite graph G on the set
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of vertices X = {zo,...,zs_1}and Y = {yo,...,y:—1}. The edge set of G is formed
by the edges z;y;, . .., xi1xyirk fOr every i € {0,...,s — 1}, where the indices of the
vertices of Y are always understood to be taken modulo ¢, including the following.
G is depicted in Figure 4.2.1 for fixed values of %, d, and t.

Note that
e(G) _ (k+1)s d+ 4
v(G) s+t d+k+1+ 7
ly) T T2 z3 T4 Ts5 Ze
) )
Yo hn Y2

Fig.4.2.1: Gwhenk=1,d=1,t=3.

In order to get a better understanding of the structure of G, we show that there is
a decomposition of G that is almost (k, d) " -pseudo-decomposable.

Theorem 4.2.5. G has a decomposition into k pseudoforests and a star forest only
consisting of stars with exactly 0 or d edges, except for one star which has d + 1
edges.

Proof. We describe the decomposition G by colouring its edges with colours
{0,...,k}. k, which we will also call “red”, will be the colour of the forest with the
star components. We describe the colouring by considering the incident edges
of each vertex of X. For this purpose we partition X into R = {zo,...,Za—1},
B = x4,...,2s—2 and Z = {z,_1}. Note that the colouring is depicted in Figure
4.2.2.

First, we consider R: fori € {0,...,dt — 1}, let 2;y; be coloured red and let the other
k incident edges to x; have all the colours of {0,...,k — 1}.

For B, note that the index of every vertex of B can be written as o, ; := dt + bt + i
whereb € {0,...,k—1}andi € {0,...,t—1}. Letzq, ,Ya,, aNd 24, ;Ya, ,+1 be coloured
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with colour b and let the £ — 1 remaining edges incident to z,, , be coloured with
all the colours of {0,...,b—1,b+1,...,k —1}.

Finally, we consider Z = {zs_1} =: {z}. Let 2/ := y,_;. We colour zz' red and we
colour all remaining edges incident to z with all the colours of {0,...,k — 1}. This
completes the description of the colouring, which we will call f in the following.
Let F be the red subgraph of G induced by f. Note that in F, every vertex of Y’
is the centre of a star with exactly d edges except for 2/, which is the centre of a
star having d + 1 edges. The leaves of these stars are exactly the vertices of RU Z.
Furthermore, the vertices of B are isolated in F.

In order to prove the theorem, we will show that for every b € {0, ...,k — 1}, the
graph B, induced by colour b of f has exactly one cycle.

Note that V, := {xq, ¢, - - -, Ta,,_, } UY is the set of vertices that have degree at least
2 in B,. Thus, all cycles of B, are contained in G[V;]. Now, observe that G[V;] is one
cycle

[yab,o’ Loy gs Yap 1) Lop1s Yo 10 Lap s—15 yab,t71+1]
(note that o ;1 + 1 = a0 mod t), which completes the proof. d
R B Z

Fig. 4.2.2: The colouring of G described in the proof of Theorem 4.2.5 in the case where
k =2,d = 2,t = 3. For simplicity’s sake, only a few edges that are crucial for the
proof are depicted.

Before we examine the density of G, we prove that the desired decomposition is
not possible.

Lemma 4.2.6. G is not (k,d) -pseudo-decomposable.
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Proof. Removing the edges of a graph from G where every vertex has degree at
most d results in a graph whose number of edges is at least

e(G)—dt = (k+ 1)t(d+ k) + k+1—dt
=kt(d+k)+th+k+1
=k(s+t)+1
=k-v(G)+1.

Thus, the resulting graph cannot be partitioned into k¥ pseudoforests. O
Next, we quickly calculate g'(G).
Lemma4.2.7. p'(G)=—1.

Proof. We have that

B(G)=(s+t)(k+1)(d+k)—s(k+1)(d+k+1)+k
=k+1)((d+k)t—s)+k
=—1.

O

Let H* be a subgraph of G minimizing 5’. Note that by the definition of ;, we have
that H* = G[V (H™)].

For the proof of Theorem 1.21, we define a similar function for @ # H C G.

Bi(H) := (kv(H) — e(H)) <d+k+1 + 1) +v(H) <d+ 1) :

d+1 . , _
r. In particular, 5;(G) = 0.

Note that g;(H) < 0 if and only if T

(2

e(H)
(H) >k +

Similarly to the definition of H*, we let H; be a subgraph of G minimizing g;. We
also have that H; = G[V(H;)]. In the next four lemmas, we show simple cases
in which we can add or remove a vertex and its adjacent edges to increase the
density.

Lemma 4.2.8. Every vertex of H* has degree at least k + 1 in H*.

4.2 Optimality of the Pseudoforest Nine Dragon Tree Theorems 107




108

Proof. Suppose to the contrary that there is a vertex v € V(H*) that has degree
at most kin H*. If V(H*) = {v}, then g/(H*) = (k+ 1)(d + k) + k > 0, which is a
contradiction since 5'(G) = —1. Thus, v(H*) > 1. Let H := H* — v. Then

B(H*—B'(H)>(k+1)(d+k)—k(d+k+1)=d,

which is a contradiction to the minimality of H*. O
Lemma 4.2.9. Every vertex of H; has degree at least k + 1 in Hy.

Proof. Suppose to the contrary that there is a vertex v € V(H;) that has degree
at most k in H;. If V(H}) = {v}, then g;(H;) = (k+ 1)(d + k) + 2 > 0, which is a
contradiction since 3;(G) = 0. Thus, V(H;) > 1. Let H := H} — v. Then

i) < )~ o1 =) (a1 ) =1 (a3 ) = gD —a-

which is a contradiction to the minimality of H;". O

Lemma4.2.10. Ifk+1neighboursofv € V(G)areinV(H*), thenvis also contained
inV(H*).

Proof. Suppose to the contrary that v isnotin V(H*) and let H = H* + v. Then
B(H)-BH)Y<(k+1)(d+k)—(k+1)d+k+1)=—k—1,

which is a contradiction to the minimality of H*. O
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Lemma4.2.11. Ifk+1neighboursofv € V(G)areinV(H)), thenvis also contained
inV(H}).

Proof. Suppose to the contrary that v is not in V(H;) and let H = H; + v. Then
/ / * ]- ].
Bi(H) = Bi(H) < =1 (d+ k14 ) +1-(d+ ) =—k-1,
which is a contradiction to the minimality of H;'. O

Fori e {0,...,t — 1}, let X; be the set of vertices of X whose neighbours in G are
exactly y;, ..., y;+x. The indices of X, are always meant to be taken modulo ¢. Note
that Xy, ..., X;—; is a partition of X. Furthermore, |X,| = [£| =d + k + 1, and for
ie{l,...,t—1},wehave |X;| = |¢]| =d +k.

With the help of the previous four lemmas, we are now in position to prove that G
is its densest subgraph. After that, proving Theorem 1.21 and Theorem 1.32 will
be easy.

Lemma4.2.12. H* =G and H; = G.

Proof. LetH € {H*,H/}. Note thatif Y C V(H), then H = G by Lemmas 4.2.10,
4.2.11. Thus, suppose that there is a vertex of Y that is not in V(H). Note that
H # @ by the definition of ] and since (@) = k > 5/(G). Thus, Y NV (H) # @ (if
x € X NV (H), then the £ + 1 neighbours of = in Y are also in V(H) by Lemmas
4.2.8,4.2.9). Thus, o # Y NV (H) C Y and furthermore, there are integers [, such
that0 </ <r <2t—1andvys1,y-+1 € V(H) and for every i € {¢,...,r}, we have
that y; ¢ V(H). Note that this situation is depicted in Figure 4.2.3. By Lemmas 4.2.8,
4.2.9, we have that X, , NV (H),..., X, NV(H) = @. Thus, the only neighbours of
ye—1 In H are in X, ;_1, and again by Lemmas 4.2.8, 4.2.9, at least k£ + 1 vertices
of X, i arein V(H). Thus, y—x_1,...,y.—1 € V(H). Analogously, we have that
Y1, Yr1+k € V(H).

We obtain A’ C G from H by adding vertices y,, . . .,y and the verticesof X, g, ..., X,,
and adding all edges that are incident to X, _4,..., X, in G. Let a := 1if X, €
{X¢—,...,X,} and a := 0 otherwise. Note that we add y := r — ¢ + 1 vertices from
Y, and the number of vertices added from X is

x = ZT: | Xi|=(r—L+k+1)d+Ek)+a=(y+k)(d+k)+a.
i=0—k
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Furthermore, the number of added edges is (k + 1)z.
For H = H}, we have that

BUHD = () = (K(z +y) — ok +1)) <d+k+1+zle> + (@ +y) <d+1)
= (ky — ) <d+k+1+1)+(x+y) <d+1>

E+1
—(k+1)x+y(k(d+k+1)+d+t>

kE+1

—(k+1)(y+k)(d+Ek)+yd+Ek)(k+1)+y- —

= (k+1) (¥ —k(d+h))

<0

since ¥ < 1. However, this is a contradiction to the minimality of H*.
For H = H*, we have that

B'(H') — B/(H*) = (:U~I—y)(kr—|—l)(d—|—k)—:r(k+l)(d—|—k+1)
(-2 +y(d+k))
D(=(y+k)(d+k)+y(d+k))

—(k+1)k(d+k),

| A

which is a contradiction to the minimality of H*. O

LTo—k—1  Li— r Tr+1

, §§§§§§§ '

Yr Yr+1 Yr+-1+k

Fig. 4.2.3: An example of /£ and r in the proof of Lemma 4.2.12. The black vertices and
edges are from H. The red vertices are the ones we add to obtain H’.
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4.3

Now, we only have to combine the previous lemmas to prove Theorem 1.21 and
Theorem 1.32.

Proof of Theorem 1.21. G is not (k,d) -pseudo-decomposable by Lemma 4.2.6.
Furthermore, we have that 5,(G) = 0 and 3;(H) > 0 for every @ # H C G by
Lemma 4.2.12. Thus,

e(Q) d+ 1} - d

—kp—— <kt -— e
u(G) dtk+1+1 " T drk+1 ¢

O]

Proof of Theorem 1.32. Again, G is not (k,d)-pseudo-decomposable by Lemma
4.2.6.

Furthermore, we have that 5/(G) = —1 by Lemma 4.2.7 and 5'(H) > 0 for every
H C G by Lemma 4.2.12. O

Proof of the Upper Diameter Bounds

In this section, we prove Theorem 1.33.

Theorem 1.33. Letk,d € Ny, £ := L%J and let G be (k,d)-pseudo-sparse. Then G
decomposes into k + 1 pseudoforests where one of the pseudoforests F satisfies the

following:
* F'is acyclic,
* every component K of F has e(K) < d,
e diam(K) <20+ 2, andifd=1 mod (k+ 1), then diam(K) < 20+ 1,

* for every component K of F withe(K) > d— z(k—1)+1, we have diam(K) < 2z
for any =z € N,.

The proof technique is very similar to the proof of the Theorems 1.13, 1.14, 1.15 in
Chapter 3 and was also applied to pseudoforests in the proofs of the Pseudoforest
Nine Dragon Tree Theorem in [15] and the Strong Pseudoforest Nine Dragon Tree
Theorem in [23].

First, let us get the trivial cases out of the way.
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Theorem 4.3.1. Theorem 1.33 is true if k =0or d = 0.

Proof. Let G be a graph. First, let G be (0, d)-pseudo-sparse where d € Ny. Thus,
we have that d - v(G) > (d + 1)e(G) for all H C G. This implies that G is acyclic and
every component has at most d edges. It is easy to see that the diameter constraints
of Theorem 1.33 also hold.

Now, let G be (k,0)-pseudo-sparse where k£ € Ny. By Lemma 4.2.2, we have that
~'(G) < k and thus, in this case, the theorem follows by Hakimi’s Theorem (Theo-
rem 1.17). O

Due to Theorem 4.3.1, we let k, d € N>, for the rest of the section.

Picking the Counterexample

We start by picking a counterexample graph and we will also define certain struc-
ture within this graph in this subsection. Most of the terms we define are also
contained in Section 3.3. First, we show that when picking the counterexample
graph, it suffices to deal with the case where & of the pseudoforests are maximal,
or, in the context of orientations, the counterexample graph has an orientation
where every vertex has at least k¥ outgoing arcs.

Lemma 4.3.2 (Lemma 2.1 from [15]). If G is a vertex-minimal counterexample to
Theorem 1.33, then there exists an orientation of G such that for all v € V(G), we
have k < dngGr(U) <k+1

Proof. Let D be a k-optimal orientation of G. Note that since there exists a (k + 1)-
orientation of G by Theorem 1.17, we have that ¢;(D) = 0foralli € {k+2,...,e(G)},
and thus, D is a (k + 1)-orientation.

Now, suppose the lemma is not true. Then there is a vertex ' with deg},(w’) < k—1.
Let W be the set of vertices that have a dipath to «' in D. By Lemma 4.1.3, every
vertex w of W has deg},(w) < k. Let N(W) be the set of neighbours of W in G that
are not in . By Lemma the definition of I, no vertex of N(W) has an outgoing
edge to W in D. Thus, Dy := D[W U N(W)] \ E(D[N(W)]) is a k-orientation.

Let U := V(G) \ W. Note that @ # U C V(G). Thus, there is a pseudoforest
decomposition of G[U] satisfying Theorem 1.33. Note that E[D] = E(Dyw)UE(D[U)).
By canonically adding the arcs of the k-orientation Dy to the £ non-constrained
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pseudoforests, we obtain a pseudoforest decomposition of G satisfying Theorem
1.33, a contradiction. O

Motivated by Lemma 4.3.2, we let G be a vertex-minimal counterexample graph
to Theorem 1.33 for the rest of the section.

We call f = (D, F) a red-blue colouring if D is a digraph in which every ver-
tex has exactly k£ outgoing arcs, F' is a pseudoforest, and the multisets £(G) and
{{u,v}| (u,v) € E(D)} U E(F) are equal. We call the arcs of D blue, and the edges
of F red. Furthermore, we write B(f) := D and R(f).

We let F denote the set of all red-blue colourings.

Note that F is non-empty by Lemma 4.3.2. Furthermore, by Corollary 4.1.2, we
can extract a decomposition into & + 1 pseudoforests from a red-blue colouring,
where k pseudoforests are coloured blue and one is coloured red. If £ > 2, we
have multiple options to form the blue pseudoforests. The red pseudoforest will
be the one in which we wish to eliminate cycles and bound the size and diameter
of each component. As a note for the reader, as we modify a red-blue colouring in
the following pages, it will be easier to focus on maintaining a blue k-orientation
rather than considering the ¥ individual blue pseudoforests. Furthermore, note
that we call components of the red pseudoforest red components.

We now categorize the red components that contradict Theorem 1.33. Recall that

l .= LZ;_&J .
Definition 4.3.3. A red component K of a pseudoforest F'is bad if K satisfies any
of the following:

(1) contains a cycle, or

(2) has more than d edges, or

(3) has diam(K) > 2¢+ 2, or

(4) has diam(K) =2¢(+2whend=1 mod (k+ 1), or

(5) has diam(K) >2zande(K) >d—z(k—1)+1foraz e N>; with z < 4
We say K is (i)-bad if (i) is true for K and () is not true for K for all j < i.

Note that for (5)-bad components, we chose the range 1 < z < ¢ since if z = 0 then
K is (2)-bad, and if z > ¢ then K is (3)-bad.
We are now able to define a measure for red-blue colourings that indicates how
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close such a colouring is to satisfying Theorem 1.33. Namely: we say that an (7)-
bad component is always worse than a (j)-bad component if i < j; that an (i)-bad
component K is worse than an (i)-bad component K’ if e(K) > e(K’). We will
formalize this now.

Given a red-blue colouring f,let A (f) := (Ai’()G) (f), AS’()G)_I(f), .., A8 () where
Ag.i)( /) is the number of red components of f that are (i)-bad and have exactly
j edges. Let A'(f) = (AW(f),...,AB)(f)). We will compare values of A’ using
lexicographic ordering (see Section 2.2).

As G is a counterexample, in every red-blue colouring f, there is at least one bad
component in R(f). Our goal will be to augment the colouring in order to reduce
A’(f). We will not be able to do that in a single step necessarily, so instead we
will focus on one bad component and a specific subgraph that stems from this
component where we will perform possibly many augmentations to eventually
make the bad component less bad. To that end, we define the following subgraph.
Let f € 7, and let R be a bad component of R(f). We define the exploration
subgraph Hy  of f rooted at R in the following manner: let S C V(G) wherev € S
if and only if there exists a path P = [vy,...,v,] such that v,, = v, v; € V(R), and
for eachi € {1,...,m — 1} either (v;,viy1) € E(B(f)) or vivit1 € E(R(f)). Let Hy g
be the (mixed) subgraph of (V(G), E(B(f)) U E(R(f))) induced by S.

We call a component of R(f) that is contained in Hy r a red component of Hy p.

We want to augment red-blue colourings, and we want a measure of progress for
the case where we cannot improve A’. For this purpose, we introduce a notion
of a “legal order" of the red components of an exploration subgraph. This order
describes how close red components are to the root component. When rating a
legal order, we will consider it good if it has very small components close to the
root component, because in this case we might find an augmentation involving
the root component and an adjacent small component, which makes the root
component “less bad” or even not bad at all. We formalize this in the following
manner.

We call the sequence (Ry,..., R;) a legal order of H; r if the sequence contains
exactly all red components of H; r, R, is the root component R, and for each
j €12,...,t}, there exists an integer i with 1 < i < j such that there is a blue arc
(u,v) In Hy p With u € V(R;) and v € V(R;).

We will compare legal orders using lexicographic ordering, as defined in Section
2.2: let Hy r, Hp pr be exploration subgraphs and let 0 = (Ry,...,R;) and o’ =
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(R},...,R})belegal orders of H; r and H g/, respectively. We say that o is smaller
than o' if (e(Ry),...,e(Ry)) < (e(R)),...,e(R})).

We are now able to define the exploration subgraph and legal order we will focus
on in the proof. According to our measurements, they will be best possible. Thus,
if we are able to improve them, this will be a contradiction. At the end, we will
show that the exploration subgraph is not (&, d)-pseudo-sparse, which will prove
Theorem 1.33.

Let o(f, R) denote the lexicographically smallest tuple (e(R;),...,e(R;)) over all
legal orders (Ry,...,R;) of Hs . We call a legal order (R!,...,R},) with o(f, R) =
(e(R}),...,e(R})) a smallest legal order for f, R.

For our vertex-minimal counterexample G, we choose a colouring f* € F and
a bad component R* of F* := R(f) such that A(f*,R*) = (A'(f*),o(f* R*)) is
lexicographically smallest.

From here on out, we will fix f*, R*, F* picked in the manner described above.

Furthermore, we let H* := H;- - and let (R}, ..., R;) be a smallest legal order for
[*, R*.
Next, we define a few terms that help us talking about the structure of (R],..., R}).

Note that these terms can be defined for any legal order, however, we will only
need them for our optimal legal order.

We say that R} is a parent of R} if i < j and there is a blue arc (v;, v;) in H* where
v; € V(R}) and v; € V(R;). In this case, we also say that R is a child of R} generated
by (vi, vj).

Note that a red component may have many parents, unlike in Section 3.3. We
say a red component R} is an ancestor of R} if there exists a sequence of red
components &7 ..., R; suchthat &} =R}, R = Rj,and R} isaparentof R}
forallge {1,...,m —1}.

We say a vertex v € V(R;) witnesses the legal order if there is a blue arc (u,v) and
integer 1 < < j such that u € V(R}).

Observe that there may be many vertices that witness the legal order. More
importantly, for every red component except the root, there exists a vertex that
witnesses the legal order.

In order to augment our decomposition, we will only use the following simple
procedure taken from [23].

Definition 4.3.4. Let K be ared component of H* and let C be an acyclic child
of K generated by (z,y). Suppose that e = zv is a red edge in K incident to z. To
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exchange e and (z, y) is to perform the following procedure: first, change the colour
of (z,y) to red and remove its orientation. Second, change the colour of e to blue
and orient it to (z,v).

Observation 4.3.5 ([23]). Suppose we exchange the edge ¢ = xv and (z,y). Then
the resulting red-blue colouring is in F.

We will implicitly use Observation 4.3.5 throughout the rest of the section.
Next, we want to analyze the density of H*. For a graph H, an important density
measure will be

B(H) :=d-v(H) — (d+k + 1)e(H).

We call a graph K small if K is a tree and ¢(K) < /. Note that ¢(K) < ¢if and only
ife(K) < ﬁj—l’ which yields the following observation.

Observation 4.3.6. A connected graph K is small if and only if 3(K) > 0.

A small component cannot be bad; we prove this in Corollary 4.3.12.

The next lemma shows how we will obtain the contradiction that G is not (k, d)-
pseudo-sparse. For this, we define a partitioning of the red components of F*, and
show that every part H has $(H) < 0. The part H’ including R* will even have
B(H') < —k. This will be enough to show that H* is too dense.

The way we form the partitioning is simple: we assign every small child component
to its parent component. Together they will form a part. Furthermore, we will later
show that small components cannot have small children. Thus, a part will consist
of a non-small component and its small children (and no further descendants).
Let us formalize this.

Let K denote the set of red components of H* that are not small. Furthermore, let

C(K) be the set of small children of a red component K. Let

Ext(K):= (V(K)u |J V(©), EEK)U |J E©).
CeC(K) CeC(K)

Lemma 4.3.7. Assume that in H*,
(1) small components do not have small children,
(2) we have 3(Ext(K)) < —Fk for every bad component K in H*, and

(3) we have 3(Ext(K)) < 0 for every non-bad red component K of H*.
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4.3.2

Then we obtain the contradiction 5'(H*) < 0, which proves Theorem 1.33.

Proof. Note that by the definition of f* and H*, the number of blue arcs in H* is
k-v(H*) since every vertex has exactly £ outgoing blue arcs. Let e¢,.(H*) denote the
number of red edges in H*. We have that

B (H*)=v(H(k+1)(d+k)—e(H)d+k+1)+k
= (H*)( (d+k+1)+d)— (k-v(H*) +e(H"))(d+k+1)+k
=v(H") - d—e(H)(d+k+1)+k

By (2) and (3), the lemma follows. O

The setup for our proof is now done. It remains to show that the three conditions
of Lemma 4.3.7 hold for our optimally chosen red-blue colouring f* and legal
order (Rj,..., R;).

In the following subsections, we will show the second condition for all types of
bad components. In the final Subsection 4.3.5, we will also show the first and third
condition.

Density of Ext(K) if K is (1)-bad

In this subsection, we show that if we have a component which is (1)-bad, then it
has no small children, and thus contributes to showing that the average degree of
our exploration subgraph is too high.

Observation 4.3.8 ([23]). If C is an acyclic child of K generated by (x,vy), then x
does not lie in a cycle of F*.

Proof. Suppose towards a contradiction that z lies in a cycle of F*. Let ¢ be an
edge incident to « which lies in the cycle coloured red. Now exchange e and (z, y).
As (z,y) was an arc between two distinct red components and e was in the cycle
coloured red, after performing the exchange, we reduce the number of cycles in
F* by one and do not affect other cyclic components. Thus the exchange results in
a red-blue colouring with a smaller AM, which is a contradiction. O
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Lemma 4.3.9 ([23]). If K is a cyclic red component of H*, then there is no blue arc
(x,y) from K to an acyclic red component C.

Proof. Suppose towards a contradiction that there is such an arc. By Observation
4.3.8 we know that = does not lie on a cycle of F*. There is a unique red path from
x to the cycle of K. On this path, let w be the neighbour of z. Exchange zw and
(x,y). In the resulting red pseudoforest,  and y are in an acyclic component and
w is in a cyclic component containing fewer edges than K. Again, this results in a
red-blue colouring with smaller A®), a contradiction. O

We are now equipped to prove the main result of this subsection.
Lemma 4.3.10. Ifa red component K of H* is (1)-bad, then 3(Ext(K)) < —k.

Proof. 1f K iscyclic, thenv(K) = e(K) > 1, and K does not have any small children
by Lemma 4.3.9. Thus,

A~

BExt(K)) =d-v(K) — (d+k + 1)e(K) = —(k + 1)e(K) < —k.

Density of Ext(K) if K is (3)-bad

In this subsection, we build towards bounding the density of Ext(K) when K is
(3)-bad. Recall that a red component is (3)-bad if it is acyclic, has at most d edges,
and has diameter at least 2¢ + 3. First, we aim to show that small components are
not bad. To that end, we prove the following.

Lemma 4.3.11. We have that d > ((k + 1); and if z € {0, ..., ¢}, we have moreover
thatd — z(k—1)+1> 20+ 1.

Proof. We have

d—1

Uk +1) = L{H

J (k+1)<d—1.
The second part of the lemma follows immediately since & > 1. O
This leads us to the useful corollary below.

Corollary 4.3.12. If K is an acyclic red component with e(K) < 2¢ + 1, then K is
not bad. In particular, small red components are not bad.
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The following technical lemma will be important for several future manipulations
we will perform upon F™*.

Lemma 4.3.13. If K is ared acyclic component of H* and there is a colouring f € F
with a red pseudoforest F whose set of components can be obtained from the set of
components of F* by:

* removing K,

* possibly adding acyclic components K, ..., K, with q € Ny, e(K;) < e(K) and
diam(K;) < diam(K) for every 1 <i < g, and

* possibly adding or removing non-bad components,
then K, K, ..., K, are not bad and thus A'(f) < A'(f*).

Proof. Obviously, the addition and removal of non-bad components does not
change A'.

First, suppose that K is bad. Since K is acyclic, it follows that K is (b)-bad for some
be{2,...,5}. Then AS@Q decreases and Agb) remains the same foralli > ¢(K) when
manipulating F* as described above. Thus, A’ decreases, which is a contradiction.
Next, suppose that K is (b)-bad, where i € {1,...,q} and b € {2,...,5}. But then K is
also (b)-bad and we again obtain a contradiction as A’ decreases when performing
the operations described in the lemma. O

In the next two lemmas we will show that the large diameter of (3)-bad components
prevents them from having small children in our optimal colouring f*.

Observation 4.3.14. For any vertex v of a tree T, there is a path of length at least
{‘“%(TW starting at v. If v does not lie on a longest path of T, then this bound can be
increased by one.

Proof. Let P be a path that attains the diameter of 7. If v € V(P), then the result
is immediate. Otherwise, v ¢ V(P) and let P’ = [v,...,v'] be the shortest path from
v to P. Concatenating P’ and the longest path in P starting at ' gives the result. O

Lemma 4.3.15. If there is a small child C of a red acyclic component K of H*
generated by (z,vy), then every red path starting at x has length at most e(C) + 1, and
the diameter of K is at most 2¢(C) + 2.
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Proof. Suppose towards a contradiction that there is a path inside K of length
at least ¢(C) + 2 starting at =. Let P be this path, and let ¢ be the edge on this
path that is incident with z. Exchange e and (z, y). This does not create any cyclic
component. Let K and K” be the resulting new components, where = € V(K").
We have ¢(K") < e(K) and diam(K") < diam(K), since K" is a subgraph of K — e.
Furthermore, we have that e(K’) < e(K) —e(P) + ¢(C) + 1 < e(K) and it is also
easy to see that diam(K’) < diam(K). By Lemma 4.3.13 we get that K, K’ and K"
are not bad and thus A’ has not increased.

Finally, we can construct a smaller legal order by taking (R7,..., R}) up until K,
and then replacing K with one of K’ and K” containing a vertex that witnesses this
legal order, and completing the order arbitrarily. By this contradiction, it follows
that every path of K starting at = has length at most e(C) + 1. If diam(K) > 2¢(C) +3,
then by Observation 4.3.14 there would be a path of length ¢(C) + 2 starting at z,
which is a contradiction. O

For red acyclic components of large diameter, Lemma 4.3.15 gives the following.

Corollary 4.3.16. Let K be an acyclic red component of H*. If diam(K) > 2¢ + 2,
then K does not have any small children.

We are now equipped to prove the main result of this subsection.
Lemma 4.3.17. Ifa red component K of H* is (3)-bad, then 3(Ext(K)) < —k.
Proof. If K is (3)-bad, then by Corollary 4.3.16 it does not have any small children.

Thus,

BExt(K)) =d- (e(K)+1) — (d + k + 1)e(K)
<d—(k+1)(20+3)
<d—(k+1) <2-ki1+1>
= —d—k—1
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4.3.4 Density of Ext(K) if K is (2)-, (4)- or (5)-bad

We will not be able to get rid of all the small children of non-small red components
that are are not (1)- or (3)-bad like we did in the previous subsections. However,
we will bound the number of small child components in the following lemma.
A similar lemma can be found in [23], but in our case we have to carry out a
more careful analysis to ensure that we do not create new bad components when
manipulating f*.

Lemma 4.3.18. If K is an acyclic red component of H*, then K has at most k small
children.

Proof. Suppose that K has £+ 1 small children. As each vertex has only k£ outgoing
blue edges, there exist two distinct vertices z;,zo, € V(K) such that there are
two distinct small children C; and C; generated by blue arcs (x;,y;) and (z2, y2),
respectively. Let e; and e; be the edges on the red path between x; and z, that
are incident to z; and x-, respectively. Note that ¢; and e, are not necessarily
distinct. For i € {1,2}, let K; be the component of K — e¢; containing z; and let
K! = (V(K;) UV(C;), E(K;) UE(C;) + xy;). Let L = K \ V(Kj), where j = 3 —i.
Furthermore, we define doing exchange i to mean exchanging e; and (z;,y;). In
the course of the proof, we will always do only one of the exchanges, not both.
Note that after doing exchange 4, the red pseudoforest of the resulting colouring
contains the components K’ and L; with e(L;) < e(K). Thus, we call K7/, L,, C> and
K}, L, Cy new components. The described components are depicted in Figure 4.3.1.
Without loss of generality let L, contain a vertex that witnesses the legal order (if
K is not the root).

Claim 4.3.18.1. We have e(K]) < e(K) for each i € {1,2}.

Proof. Letic {1,2},j =3 —iand suppose towards a contradiction that we have
e(K]) > e(K). Then we have

e(Kj) <e(K)—1—e(K;)
=e(K) —1— (e(K]) —e(Ci) — 1)
<, since C; is small.

First, suppose that j = 2 and e(K) < 2¢ + 1. It follows that e(K;) < ¢ since e(K3) < ¢
and e(K) > e(K;) + e(Ky) + 1. After doing exchange 1, we have e(K}) < 20+ 1
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Fig. 4.3.1: A diagram showing the various components in Lemma 4.3.18. The red dotted
lines indicate possibly undrawn vertices and edges.

and e(Ly) < e(K). Thus, none of the new components are bad by Corollary 4.3.12
and also K is not bad. We see that after the exchange, we obtain a smaller legal
order by taking the same legal order up to K but replacing K with L, and then
completing the order arbitrarily.

Thus, this case cannot happen and it must be that j = 1 or e(K) > 2¢+1. In this case
we perform exchange j instead of exchange 4, then e(K7) < 2¢ + 1, since e(Kj) < 4.
Note that K7 is not bad by Corollary 4.3.12, and so by Lemma 4.3.13 we get that
neither K nor any of the new components are bad and in particular, K # R*.

We can again obtain a smaller legal order by taking the same legal order up to K
but replacing K with K/ if j = 2 and e¢(K) < 2¢ + 1, or with L, otherwise, and then
completing the order arbitrarily. (End of proof of the claim) R

For eachi € {1,2}, let j = 3 — i and let r; be the number of edges in a longest path
in K; starting at z,. Note that r; < ¢(C}), as otherwise there would be a path of size
e(Cj) + 1+ |{e;}| starting at ;, which is a contradiction to Lemma 4.3.15. Similarly,
ri <e(C;)+ 1.

Claim 4.3.18.2. diam(K7),diam(K}) < 2¢+ 1.

Proof. Suppose diam(K}) > 2¢ + 2. As ¢(C;) < ¢ and thus r; < ¢, alongest path in
K! that contains z; has at most 2¢ + 1 edges and thus, x; does not lie on a longest
path of K. But by Observation 4.3.14, this gives a path of size ¢ + 2 starting at «;,
which is a contradiction since every path in K] starting at «; is fully contained in
either K; or C; + z;y;. (End of proof of the claim) R
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Let us look at the consequences of the two claims regarding whether or not K is
bad: we defined K to be acyclic, thus it is not (1)-bad and neither are any new
components.

Using Claim 4.3.18.1, we know that K is not (2)-bad or otherwise A(®) would de-
crease when doing exchange 1 or 2. Thus, none of the new components are (2)-bad.
Analogously, using Claim 4.3.18.2 we could decrease A’ if K was (3)-bad or (4)-bad
and also none of the new components are (3)-bad or (4)-bad.

If K was (5)-bad, it is again clear by Claim 4.3.18.1 that we could decrease A'.
Ifthereisan: € {1, 2} such that K7 is not (5)-bad (and thus not bad), then this either
decreases A’ or we find a smaller legal order after doing exchange 7 by taking the
same legal order up to K but replacing K with the component K7, if i = 2, or Lo, if
i = 1 and then completing the order arbitrarily.

Thus, for the rest of the proof we assume that both K] and K/, are (5)-bad and we
aim to show that K is also (5)-bad. This proves the lemma, as in this case we can
do either exchange 1 or 2 and get a smaller A/, by Claim 4.3.18.1, a contradiction.
If alongest path P of K does not contain z;, then either P C C; and thus diam(K}) <
¢, or P C K;, thus diam(K]) = diam(K;) and by Observation 4.3.14 we obtain
diam(K}) < 2r;. Asr; < e(C;) + 1, it follows that diam(K]) < r; + e(C;) + 1. On
the other hand if there exists a longest path of K/ containing z;, we also have
diam(K}) < r; + e(C;) + 1. Thus, in any case we have that diam(K}) < r; + ¢(C;) + 1.

As both K{ and K} are (5)-bad, there are natural numbers z; and z; such that for
eachi € {1,2}, we have diam(K]) > 2z; + 1 and e(K}) > d — z;(k — 1) + 1. Thus

diam(K}) — 1
2

d—Le(Ci)k—l—l-l.
P )

e(Kf)zd—{ J(k—1)+1

v

We know that diam(K) > r; +r2+ 1. Thus, it suffices to prove e(K) > d— | 252 | (k—
1) + 1 in order to prove that K is (5)-bad, completing the proof of the lemma as
explained above.
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Observe

From here, let a; = 1if r; # ¢(C;) mod 2 and 0 otherwise. Let § = 1 if e(Cy) # e(Cs2)
mod 2, and 0 otherwise. Note that ViJr;(ci)J = ’””e(gi)_ai. Then

Ci)+r —o N e(Cy) + 12 — an

e(K) > 2d — (e( ) (k — 1) — (e(Cy) + e(Cy)) + 1

2 2

_ 1
:d_T1+7”2 2<a1+a2)(k,_1)+1+d_ k+ (e(Cl)+e(C2))
Zd_r1+m;h+aﬁ“F4)+1+d_kglgg_ﬁﬁnweKWSEﬂHieﬂﬁ}
sg-ntrezlataatd), g

2

If 1 € {a1, a6}, then | nrz| > nitre—loatestd) 1f | ¢ {4 ay, 6}, then by definition
of a1, as, and § we have that r + r» is even, and so again | 2372 | > ””2_(‘12”0‘2”).
Thus in either case K is (5)-bad since

e(K) > d— {”;T?J

(k—1)+1.

Lemma 4.3.18 provides a first bound for 5(K).

Lemma 4.3.19. Let K € K be acyclic and let ¢ € Ny such that e(C) > c for all
C € C(K) if K has a small child, and c := 0 otherwise. Then

BExt(K)) < k- (d— (k+1)c) +d — (k+ 1)e(K).
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Proof.

B(Ext(K)) = d-v(Ext(K)) — (d+k + 1) - e(Ext(K))
=d- (e(Ext(K))+1+[C(K)|) = (d+k +1) - e(Ext(K))
d- (1+|C(K)[) = (k+ 1) (e(K) + [C(K)| - )
=[C(K)|- (d— (k+1)c) + d — (k + 1)e(K).

The lemma follows since |C(K)| < k by Lemma 4.3.18, and since d — (k + 1)c > 0
because ¢ < ¢ and by Lemma 4.3.11. O

Lemma 4.3.20. Ifared component K of H* is (2)-bad, then 3(Ext(K)) < —k.

Proof. Suppose that K is (2)-bad. By Lemma 4.3.19, we have that
BExt(K)) <k-d+d—(k+1)(d+1) = —k—1.

O]

In order to show the same for (4)-bad components, we only need the following
simple corollary from Lemma 4.3.15:

Corollary 4.3.21. Let K be an acyclic red component of H*. If diam(K) > 2( + 1,
then for all small children C of K, we have ¢(C) = /.

Lemma 4.3.22. Ifared component K of H* is (4)-bad, then 3(Ext(K)) < —k.

Proof. Let K be (4)-bad. Sinced =1 mod (k+ 1), we have that (k+ 1)/ =d — 1. By
Lemma 4.3.19, we have that

B(Ext(K)) < k(d— (k+1)¢) +d — (k+1)(20 +2)
=k+d—-2(d—-1)—-2(k+1)
= —k—d.

Lemma 4.3.23. Ifared component K of H* is (5)-bad, then 3(Ext(K)) < —k.
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Proof. Suppose K is (5)-bad. Then we have that e(K) > d — z(k — 1) + 1 and
diam(K') > 2z for a z € N>; with z < . Thus, ¢(C) > = for every small child C of K
by Lemma 4.3.15. By Lemma 4.3.19, we have that

BExt(K)) <k(d—(k+1)2) +d— (k+1)(d— (k—1)z+1) = —(k+ 1)z — (k+1).

O]

Density of Ext(K) if K is not bad

In this subsection we will show that the density of K for non-bad components is
large if K is not small. If K is small, we will show that K has no small children.
Before this we start with a technical lemma:

Lemma 4.3.24. Let K be a red acyclic component of H* and C be a small child of
K generated by (z,y). Then K’ := (V(K)UV(C), E(K) U E(C) + zy) has diameter
at most 2¢(C) + 2.

Proof. If K’ contains a path of size 2¢(C') + 3, then by Lemma 4.3.15 this path must
contain zy and therefore contain z. But again by Lemma 4.3.15, there are only
paths of size at most ¢(C) + 1 starting at  in K and E(C) + zy also has at most
e(C) + 1 edges. O

Lemma 4.3.25 ([23]). Let K be ared component of H* that is not bad. Let C be a
small child of K generated by (x,y). Furthermore, suppose that K is small or d # 1
mod (k+ 1) ore(C) < L. Thene(K) > d — e(C)k.

Proof. Assume to the contrary that e(K) +e(C) +1 < d —e(C)(k — 1) + 1. Let
L:=(V(K)uV(C),E(K)UE(C)+ zy).

Claim 4.3.25.1. L is not bad.

Proof. Note that L is acyclic and thus not (1)-bad. By our assumption we have
e(L) < d—e(C)(k—1)+ 1 and thus it is not (2)-bad. Further, L is not (5)-bad.
To see this, suppose there exists z € {1,...,¢} such thate(K) > d — z(k — 1) + 1.
By the assumption, z > ¢(C). By Lemma 4.3.24, it follows that the diameter of
L is at most 2¢(C') + 2, and thus the diameter of L is at most 2z implying that L
is not (5)-bad. Similarly, by Lemma 4.3.24 we obtain that diam(L) < 2e(C) + 2
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and thus it is not (3)-bad. Finally, we have that L is not (4)-bad, since if K is
small we have ¢(L) < 2/+ 1 and if ¢(C) < ¢, then by Lemma 4.3.24 we even have
diam(L) < 2¢. (End of proof of the claim) R

Since K is not bad, it is not the root component R* and thus there is a vertex
w € V(K) witnessing the legal order.

Case 1: w # .

Let e be the red edge incident to x in K such that e lies on the path from « to w
in K. Then exchange e and (z,y) and let K’ and K" be the new red components
containing x and w, respectively. As K’ and K" are subgraphs of L and L is not
bad by Claim 4.3.25.1, it follows that K’ and K” are not bad. Furthermore, find a
smaller legal order by taking the same legal order up to K but replacing K with
its proper subgraph K” and completing the order arbitrarily.

Case 2: w = z.
We refer the reader to Figure 4.3.2 for an illustration. As K is not the root compo-
nent, K has an ancestor.

As z witnesses the legal order; there is a parent component S; of K that has a blue
arc to z. If S; does not have any edges and thus only consists of a single vertex
x1, then x; also witnesses the legal order. In this manner we can find an ancestor
of K that contains an edge, since the root component R* contains at least one
edge. Let Sy,..., S, be a sequence of red components such that K is a child of 5,
e(Sp,) > landforie {1,...,n—1}, S;is a child of S;;; and ¢(S;) = 0. There is a blue
directed path P = z,,...,z1, 2,y with z; € V(S;) foralli € {1,...n}. Let e be ared
edge incident to ;. Now do the following. Colour (z, y) red, remove its orientation
and reverse the direction of all remaining arcs in P. Colour e blue, and orient e
away from z;. The resulting coloured mixed graph is in F, which contains the red
and non-bad component L. By Lemma 4.3.13 we can conclude that neither S; nor
the components of S,, — e are bad. Thus, none of the components that have been
manipulated by the exchange are bad and in particular, S, is not the root.

Finally, we can find a smaller legal order in the colouring of this orientation, as
we simply take the same legal order up to S,, replace S,, with one of the two
components of S,, — e and complete the remaining order arbitrarily. O

Corollary 4.3.26 ([23]). If K is a small red component of H*, then K does not have
any small red children. Furthermore, every small red component of H* has a parent
component which is not small.
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Fig. 4.3.2: An illustration of Case 2 in Lemma 4.3.25, where k = 1,d = 3,z = w and n = 1.

Proof. Suppose K is small and has a small child C. Then e(K) < ¢ by the definition
of small, and by Lemma 4.3.25, we have ¢(K) > d — ¢(C)k. Moreover, since C' is
small, e(K) > d — ¢k. Thus d — ¢k < ¢, or d < ¢(k + 1). This contradicts the definition
of ¢.

For the second part of the corollary remember that the root component is bad and
therefore not small due to Corollary 4.3.12. O

Lemma 4.3.27. Ifared component K € K of H* is not bad, then 3(Ext(K)) < 0.

Proof. First, suppose that K does not have small children. Then S(Ext(K)) =
B(K) < 0 by Observation 4.3.6.
Next, suppose that d = 1 mod (k + 1) (and thus (k + 1)¢ = d — 1) and all small

children of K have ¢ edges. By Lemma 4.3.19, we have that

BExt(K)) <k-(d—(k+1))+d— (k+1)(¢+1)
—k+d—(d—1)—(k+1)
= 0.

Finally, suppose that d # 1 mod (k + 1) or that K has a small child with less than
¢ edges. Thus, we can apply Lemma 4.3.25 and obtain ¢(K) > d — k - ¢(C), where
C'is a small child of K with the smallest number of edges. By Lemma 4.3.19, we
have that

B(Ext(K)) > k(d — (k+1)e(C)) +d — (k+1)(d — k- e(C)) = 0.
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4.4

Proof of Theorem 1.33. For k = 0 or d = 0, the theorem follows by Theorem
4.3.1. Otherwise, the theorem follows by Lemma 4.3.7: Condition (1) follows from
Corollary 4.3.26, Condition (2) follows from Lemma 4.3.10, 4.3.20, 4.3.17, 4.3.22,
4.3.23, and Condition (3) follows from Lemma 4.3.27. O

Lower Bound of the Overall Diameter

In this section, we prove Theorem 1.26, which establishes the optimality of the
overall diameter bound of 2¢ + 2 (or 2¢ + 1, respectively) stated in Theorem 1.22.

Theorem 1.26. Letk € N>y, ¢,D € Ny, ¢ > 0, and a € {0,1}. There are simple
graphs G with v(G) < k + % + e that do not have a decomposition into k
pseudoforests and another graph F such that F has maximum degree at most D
and the diameter of every component in F is less than 2¢ + 1 + «. Furthermore, G is

planar ifk = 1.

We will construct a graph G parameterized by § and p that satisfies Theorem 1.26
for fixed k, D,e,a. We do this in phases. First we define a specific tree with a
particular orientation and edge-colouring with colours {1,...,k+ 1}.

Let T be a tree with root » and odd depth § > @ — 1 formed from a 1-coloured
dipath of length ¢ starting at ;- by adding another & — 1 outgoing arcs (to new
vertices) with colours 2, ..., k to each even-depth vertex of this path.

From 7T, we construct a tree C in the following manner. For each ¢ € V(T), we add

a path P, which is disjoint from 7" except for at ¢, and P, has length I, where

W+1+a ift=rp,
Iy =0+« if t # rp and depthp(t) is even,
1 if depth(¢) is odd.

If t # rp, then ¢ is an endpoint of 7; and rr is in the middle of P, (i.e. there are
two edge-disjoint subpaths of P, starting at » of length at least ¢). Further, for all
t € V(T), we colour all edges of P, with k£ + 1, and we orient the edges towards ¢.
We call C a colourful tree and consider it to be rooted at ¢ := rp as well.

Finally, we obtain our desired graph G by taking p pairwise disjoint copies of C,
where p € N>, such that p > kD + k% + 1, a set of new vertices S := {s1,...,s;} and
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for every colour i € {1,... %k} and every vertex z belonging to a colourful tree, we
add an arc (z, s;) if z does not have an outgoing arc coloured i. For each copy of C,
we let T denote that copy of 7' contained in C.

We will refer to the colours {1, ..., k} as blue, and the colour & + 1 as red. Note that
unlike for the upper bound, where it is useful to think of all of the different blue
colours as the same, for this construction each blue monochromatic component
should be thought of as having a specific blue colour i. We call the established
colouring and orientation of G the example colouring. A colourful tree having the
colours of the example colouring is depicted in Figure 4.4.1. Note the example
colouring is a colouring where with the tools developed in Section 4.3, we would
not be able to reduce the diameter further, and the red graph contains a path of
length 2/ + 1 + a. The example colouring will be especially useful in Subsection
4.4.2 as it allows us to concisely refer to different structures within G.

Our first point of order is to show that G is planar for £ = 1.

Lemma 4.4.1. G isplanar ifk = 1.

Proof. The union of all colourful trees of G is outerplanar since it is a forest, see,
for example, [2]. The lemma follows by placing s; in the outer face of the forest. O

Next, we will show that in any decomposition of G into & pseudoforests and a
red graph, the red graph has large diameter. We do this in Subsection 4.4.1. In
Subsection 4.4.2, we lower-bound the fractional arboricity of G, which completes
the proof of Theorem 1.26.

Bounding the Diameter

The goal of this subsection is to prove the following theorem for the graph G we
constructed earlier.

Theorem 4.4.2. In any decomposition of G into k blue pseudoforests and one red
graph where every vertex has at most D incident red edges, there is a red component
that has diameter at least 2¢ + 1 + .

We assume there is a colouring f of the edges of G that contradicts Theorem 4.4.2.
In the following lemma and corollary, we will easily force colours on many edges
of at least one colourful tree. The result is depicted in Figure 4.4.2. The rest of
the subsection will show that we cannot find colours for the remaining black
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Fig. 4.4.1: The example colouring of a Fig.4.4.2: C after enforcing the edge-

colourful treeif k =3,/ =1,a = colouring of Corollary 4.4.4.
1,6 = 3. Blue [light blue] vertices Blue [light blue] vertices have k
have an edge to S in every colour [k — 1] blue edges to S.

of {1,....,k} [of {2,...k}].

edges in the figure without creating red paths which are too long or creating blue
components with too many cycles.

In what follows, an S-C-S-path is a path or a cycle with endpoints in S and whose
inner vertices are all from one colourful tree C.

Lemma 4.4.3. There is a colourful tree C in G such that every edge of E(C,S) is
coloured blue in f. Furthermore, there is no monochromatic S-C-S-path.

Proof. There are at most £D red edges incident to S. For any colour b € {1,...,k},
there can be at most k£ S-C-S paths having colour b in f as otherwise we would
have monochromatic components containing two cycles. As p > kD + k2, there is
at least one colourful tree C that satisfies the lemma. O

For the rest of the subsection, we let C be a colourful tree satisfying Lemma 4.4.3.
The following corollary follows easily from Lemma 4.4.3.

Corollary 4.4.4. In f, every vertex of C that is not an inner vertex of T¢ has a
b-coloured edge to S for every b € {1,...,k}, and every vertex of Tc with odd depth
has k — 1 incident edges to S in pairwise distinct colours of {1, ..., k}. Every edge of
E(C) that is not incident with an inner vertex of T is coloured red in f. Furthermore,
every red component containing at least one vertex in C'is acyclic in f.
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Forie {¢{,0+1,2¢ + 1+ a}, let V; be the set of vertices of V(7) contained in red
components with exactly ; edges in the example colouring.

Given a colour b € {1,...,k}, we say a vertex v € V(C) has a b-coloured S-path
if there is a path of colour 4 in f that goes from v to a vertex of S and for any
inner vertex w of this path, w € V(C) and depth(w) > depth(v). Further, we say
a vertex ¢ is the end of a low i-path if ¢ is an endpoint of a red path P in f with
e(P) > i and depth(v) > depth(t) for every v € V(P).

Lemma4.4.5. In f, foreachiec {(,{+1}, everyt € V; is the end of a low i-path and
has a b-coloured S-path for every b € {1,...,k}.

Proof. The lemma is clear for any leaf of 7 due to Corollary 4.4.4.

Next, suppose that ¢ € V., has even depth, is not the root of 7> and that the lemma
is true for all of its children ¢y, ..., ¢, in Te. Let v be the vertex such that there is
ared arc (u,t) in the example colouring. Note that « is also a child of ¢t in C. By
Corollary 4.4.4, v is the end of a low (/+ « — 1)-path in f and it also has a b-coloured
S-path (of length 1) for any b € {1, ..., k}.

No two edges of tcy, ..., tck, tu have the same colour j € {1,...,k} in f or there
would be a monochromatic S-C-S-path, contradicting the choice of C. Furthermore,
no two of these edges are red or f would have a red path with atleast ((+a—1)+2+¢
edges, a contradiction. Thus, the k + 1 edges have pairwise distinct colours, from
which the lemma follows.

Now, let t € V; have odd depth, not be a leaf of 7 and again suppose that the
lemma is true for the only child ¢ of ¢ in 7¢>. Let u be the other child of ¢ in C, which
is the neighbour of ¢ in P,. Note that ¢ has a low (¢ + «)-path, and by Corollary 4.4.4
v has a low (¢ — 1)-path. Since ¢ has k£ — 1 S-paths of length 1, at most one of the
edges to the children of ¢ can be blue. If both edges were red, then there would be
ared path of length (¢ + «) + 2 + (¢ — 1), which is contrary to our assumptions. The
lemma follows. O

The following corollary shows that r¢ is contained in a red component with too
high diameter, contradicting our initial assumption and thus completing the proof
of Theorem 4.4.2.

Corollary 4.4.6. The diameter of the red component of r¢ in f is at least 2¢ + 1 + a.

Proof. By Lemma 4.4.5 we know that the k children of ¢ in T are the ends of low
(-paths and that they each have a b-coloured S-path for all 1 < b < k. Furthermore,
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by Corollary 4.4.4 the two neighbours of r¢ in P, are also ends of low ¢- and
(¢ + o — 1)-paths, respectively, and they have b-coloured S-paths of length 1 for
everyl1 <b<k.

We again conclude that there cannot be two edges from r- to one of its k + 2
children in C that have the same colour b with 1 < b < k as otherwise we have a
monochromatic S-C-S-path, contradicting Lemma 4.4.3. Thus, two of the £+2 edges
from r to its children are red and thus — together with the low /- (and perhaps
(¢+«a—1)-)paths described above — form a red path with atleast ({+a—1)+¢+2 =
20 + 1+ « edges. O

Bounding the Fractional Arboricity

The last point of order is to upper-bound the fractional arboricity of G. As men-
tioned in the introduction, this will also give us a bound on its fractional pseudoar-
boricity. We aim to show that the entire graph is the densest subgraph of G. We
have chosen ¢ large enough such that the red components of a colourful tree in
the example colouring that do not contain a root of a colourful tree, which have a
density of roughly 0 fktl)ta compensate for the largest red component (which

0+1)(k+1)+a
contains the root). We will prove the following theorem in this subsection.

Theorem 4.4.7. The fractional arboricity of G is less than k + % +e

We assume towards a contradiction that there is a subgraph H C G with v(H) > 2
and v(el(fﬁl >k+ &%ﬁa + ¢ for the rest of the subsection. Let X be the set of

all subsets X C V(G) with S € X and

e(X)
[X\ S|

> k+p,

where 2es)
Uk +1) + o+ 20

(C+1)(k+1) +a+ 2D

Lemma 4.4.8. % =k+pandthus V(G) ¢ X.

Proof. In the example colouring every colourful tree C has 55—1 red components
P, containing ¢ edges (where depthr,(¢) is odd) and C has -1 red components
P; containing / + o edges (where depthr, () is even and non-zero). Furthermore,
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note that every vertex of V(G) \ S has exactly k£ blue outgoing arcs in the example
colouring and there are no blue outgoing arcs from S. It follows that
p(20+a+ 1+ %510+ o)+ k25Le)

A9 gy —k+
V(G)\ S| p(20+a+2+ 5 (0 +a+1)+ kS04 1)) H-

Lemma 4.4.9.

Uk+D+a Mkt +a
CrD)k+D)ta S U Dk 10

Proof. The first inequality is easy to see. For the second inequality we use the
lower bound of § > (“1) — 1 and the fact that for any numbers a > 0,6 > 1, and
¢ > 0, it holds that §< < 2 +e

O

Corollary 4.4.10. If Theorem 4.4.7 is false, then X is not empty.

Proof. Let H be an induced subgraph of G with v(H) > 2 and U(HF)I - > k+

% + e. Note that S C V(H), as otherwise H decomposes into at most

k — 1 star forests, where the centres lie in S, and one forest whose edges are from

colourful trees, contradicting Theorem 1.1 since o 151) ) 7 > k by assumption. We
rave (k+1) (1) (1)
+1)+a e e
k <k < < )
TR R DRt ) ta S @) -1 = VI S|
O

Our goal is to show that V(G) € X, which contradicts Lemma 4.4.8. For this we
will show that if there is an X € X, then we can manipulate X in multiple steps
such that after every step the new set of vertices is still in X, and the resulting set
is V(G). The technical lemma that we will use implicitly in the remaining lemmas
is the following, which follows from the definition of X:

Lemma4.4.11. LetX eXandZ CV(G)\ S.
If Z C X and

e(Z)+e(X\Z,2)
7 <k+u,
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then X \ Z € X and in particular, X \ Z # S.If X N Z = @ and

then X U Z € X.
Let C be a colourful tree and ¢ € V(7) for the rest of the subsection.
Lemma4.4.12. IfX e Xandte X,then X UV (P,) € X.

Proof. If we add all vertices of V(P;) \ X to X, then for each vertex v € V(P) \ X
in the induced subgraph we add at least k& edges from v to S and at least one other
edge, namely the red outgoing arc of v in the example colouring. Thus,

e(V(P)\X) +e(V(P)\ X, X) > (k+1) [V(P)\ X

Lemma4.4.13. IfX e Xandt ¢ X, then X \V(FP,) € X.

Proof. Let P’ = XNV (F;) # @. When subtracting P’ from X, the induced subgraph
will lose k| P’| edges of E(P’, S) and another e(P’) < |P’| — 1 edges. If t # r¢ or G[P']
has exactly one component, then we have

e(P)+e(P,S)  K|P|+e(P) P —1 ¢
— <k <k4+ — k .
P ] SNt T SRt st

If t = rc and G[P’] has two components, we have that e(P’) < |P’| — 2 and |P'| <
2¢ + 1 + . In this case we have

e(P) +e(P',S) _ kIP'|+e(P) |P'| -2 (+(+a—1) ¢
= <k <k <k k .
P T I A o (s B i B

O]

Lemma4.4.14. If X € X,t € X NV, and a neighbour of t in T is not in X, then
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Proof. Let X' = XUV(P;). We have X’ € X due to Lemma 4.4.12. When removing
the ¢+ 1 vertices of P, from G[X’], we remove k¢ edges of E(V(P;) —t,S), at most
k + 1 edges that were incident to ¢ and all ¢ — 1 edges of E(P, — t). We have

KO+ (k+1)+(—1) Kk(+1)+¢

¢
(+1 = r1 kg <kt

and thus X \ V(P,) = X'\ V(R) € X. O
By repeated application of the last three lemmas we get the following corollary:

Corollary 4.4.15. IfX # o, thenthereisan X € X such that foreveryt e V(T¢o)NX
we have V(P,) C X and if additionally t € V, then degy (t) = k + 2.

We also want to prove the degree property of Corollary 4.4.15 for every t € V(1¢).
We will tackle this in the following two lemmas.

Lemma4.4.16. Let X € X suchthatforeveryt e V(Tc)NX we haveV(P;) C X and
if additionally t € V,, then degx (t) = k + 2. Furthermore, suppose there is a vertex
r" € V(T¢) such that all vertices of the tree T’ containing the vertices t € V(1)
with depthy, (t) > depthy, (') are also in X, but the parent of ' is not in X. Let
T" =T'UUey(rn P Then X\ V(17) € X.

Proof. We have that ' € V4, as +’ is the root of 7" and thus has at most & + 1
neighbours in X, and all vertices in V, N X have k + 2 neighbours in X. It follows
that a = 1 since V;,; # @. Let T” contain z vertices of V,,; and thus kx vertices of
V;. We have

e(T") +e(X\V(T"),V(T")) r(0+1)+kal Uk+1)+a
v(17) - ]H_x(g +2) Fkx(f+1) k+(€ FO)(k+1) +a < k+-p.
Thus, X \ V(T”) € X. -

Lemma 4.4.17. If X # o, then there is an X € X where every t € V, N X has
degx (t) = k+2 and for every t € X N (Viy1 U Vary144) the child of t in Te is also in X.

Proof. Note that by Corollary 4.4.15, there exists an X € X where everyt e V,NX
has degy (t) = k + 2. From all such X, we choose one set X where the number of
vertices t € X N (Vy41 U Vari144), Where the child of ¢ in 7 is not in X, is minimal.
Suppose towards a contradiction that this minimum value is greater than zero
and let ¢ be such a vertex with maximal depth and its child being ¢ ¢ X.
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4.5

Let 7" be the subtree of C with root . By Lemma 4.4.16 we can choose X such that
no vertex of 7 is in X. Our desired contradiction willbe X UV(T")UU,cy (1) V (£2) €
X, since this set contains ¢. Let x := |V, NV(T”)| and thus |V, NV (T")| = kx + |{t'}]-
Since T" # Tc, we have z < 25! and thus

' Ok +1 &1
- €+ {tt'}]) + 2(f + ) + kat ks (k+1)+a+ N
4+ +2(l+a+1)+kr(f+1) C+1)(k+1)+a+ £

Corollary 4.4.18. X is empty. Thus, Theorem 4.4.7 is true.

Proof. Let X € X such that it satisfies Lemma 4.4.17. We can choose X such that
its induced subgraph does not have any subtrees 7’ with root »’ as described in
Lemma 4.4.16. But then we have either X = S or X = V(G), both of which give a
contradiction: the former to the definition of X, and the latter to Lemma 4.4.8. O

Lower Bound of the Diameter of Large Components

In this section, we will prove Theorem 1.27.

Theorem 1.27. Letk,D,d,z € No,e >0,k > 2,2 < {%J There are simple graphs
G with~y(G) < k+ ﬁ +¢, such that, in any decomposition of G into k pseudoforests
and another graph F with maximum degree at most D, F' contains a component K
with e(K) > d — z(k — 1) + 1 and diam(K) > 2(z + 1). Furthermore, G is planar if

k=1

We prove the theorem using a construction very similar to the one given in the
previous section. The structure of this section is also identical to the last section
and for some proofs we will just refer to the previous section. First, we give the
construction. We will again describe the example colouring of G:

For every colourful tree C the tree 7T has odd depth ¢ > @ —1, and is comprised
of a blue dipath of colour 1 and length § — 1 starting at the root r~ of 7 and C,
where additionally, every vertex with even depth has £ — 1 other outgoing arcs
with colours 2, ...,k in T¢. These k& — 1 children are leaves in T-. We obtain C from

Te by adding the fewest number of new vertices and red edges such that no two
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vertices of V(7 ) are in the same red component and for every vertex ¢ € V(7¢)
we have:

¢ If depthy,(t) is odd, then there is an induced red path of length » ending in ¢.

» If t = r¢, then ¢t is in a red acyclic component K with e(K)=d — z(k—1) + 1
and diam(K) = 2(z + 1), t is exactly in the middle of a red path @; C K of
length 2(z + 1) and K — ¢ consists of components with at most = edges.

¢ If depthy, (¢) is even and ¢ # r¢, then ¢ is in a red acyclic component K having
d — zk edges and containing a red path Q; oflength > + 1 ending in ¢, and K —¢
consists of components with at most > edges.

Furthermore, all edges of a red component in C of a vertex ¢t € V(7T ) are oriented
towards ¢ in the example colouring. Note that the paths @; and the diameter of K
in the second and third case are well-defined by Lemma 4.3.11.

For vertices ¢t € V(Tr), we again denote by P, the red component containing ¢
in the example colouring. Note that when creating C, there are many possible
configurations for the red component P; if depthy, (¢) is even.

Finally, we obtain G by taking p > kD + k? + 1 disjoint copies of C and adding a set
S = {s1,...,s,} of new vertices and for every colouri € {1, ..., k} and every vertex
x of a colourful tree we add an edge zs; — oriented towards s; in the example
colouring — if = does not already have an outgoing arc coloured .

Analogously to Lemma 4.4.1, we have that G is planar for k£ = 1.

Bounding the Diameter

In this subsection, we prove the theorem below.

Theorem 4.5.1. In any decomposition of G into k blue pseudoforests and one red
graph where every vertex has at most D incident red edges, there is a red component
K withe(K) > d — z(k — 1) + 1 that has diameter at least 2(z + 1).

For the rest of the subsection, we assume that there is a colouring f of G contradict-
ing Theorem 4.5.1. The following lemma and corollary can be proven analogously
to Lemma 4.4.3 and Corollary 4.4.4.
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Lemma4.5.2. Thereisa colourfultree C such that every edge of E(C, S) is coloured
blue in f. Furthermore, there is no monochromatic S-C-S-path.

For the rest of the subsection, we let C be a colourful tree satisfying Lemma 4.5.2.

Corollary 4.5.3. In f, every vertex of C that is not an inner vertex of T¢ has a
b-coloured edge to S for every b € {1,...,k}, and every vertex of Tc with odd depth
has k — 1 incident edges to S in pairwise distinct colours of {1, ..., k}. Every edge of
E(C) that is not incident to an inner vertex of Tc: is coloured red in f. Furthermore,
every red component containing at least one vertex of C' is acyclic in f.

For each vertex ¢t € V(T¢), let K; be the subgraph induced by the vertices v in
the same red component in f as ¢t and with depth(v) > depth(¢). Note that K; is
connected and all of its edges are coloured red in f. The following lemma bounds
e(K:), and will be used to bound (K, ) later. Recall that by Corollary 4.5.3, every
edge not incident to an inner vertex of 7 is red. The main idea below is that if an
edge from ¢ to V(C) \ V(1¢) is coloured blue in f (thus not matching the example
colouring), then we will argue a corresponding edge from ¢ to one of its children ¢
in T is coloured red in f; which, together with showing ¢’ is the end of a low 2-path,
will be enough to bound e(K;). Note that the diameter bounds proceed similarly to
the previous section, and the new argument is in bounding the number of edges.

Lemma 4.5.4. Ift € V(T¢) with t # rc, then t has a b-coloured S-path for any
be{l,...,k}andtis the end of a low z-path P. If depthy, (t) is even, then e(P) > z+1
and e(K;) > d — zk.

Proof. The lemma is clear for any leaf of 7~ due to Corollary 4.5.3. Now, let ¢
have even depth and suppose that the lemma is true for the children of ¢ in 7. All
of the children of ¢ in C have a b-coloured S-path for any b € {1,...,k}. Thus, at
most k£ edges from ¢ to the children of ¢ in C can be blue or otherwise there is a
monochromatic S-C-S-path, contradicting Lemma 4.5.2. At least k£ + 1 children of ¢
in C are ends of low z-paths (k of them are children of ¢ in 7 and the other one is
on @,; recall by Corollary 4.5.3 the edges of Q; not incident with ¢ are red). Let us
call the set of edges to these k£ + 1 children E;. Since at least one of the edges of E,
isred, t is the end of a low (z + 1)-path in f.

Recall that each of the components of P, — ¢ has at most z edges, the components
of the k + 1 children of ¢ that are not in P, have at least z edges, and since at most
k edges to the children of ¢ in C are blue (like in the example colouring), we have
e(Ky) > e(P) =d— zk.
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If fewer than & edges of E; were blue in f, then we had diam(K;) > 2(z + 1) and
e(Ky) > e(P)+(z2+1) >d— z(k— 1)+ 1, which is a contradiction. Thus, ¢ has a
b-coloured S-path for each b € {1,... k}.

Now, let t have odd depth and not be a leaf and again suppose that the lemma is
true for the only child ¢ of ¢ in T¢. Let u be the other child of ¢ in C, which is the
neighbour of ¢ in P,. Note that ¢’ has a low (z + 1)-path and « has a low (z — 1)-path.
Since ¢t has k — 1 S-paths of length 1, at most one of the edges to the children of ¢ can
be blue. If both edges were red, then we would have e(K;) > (d—zk)+ (2 —1)+2 =
d—z(k—1)+1and diam(K;) > (z+1) +2+ (2 — 1) = 2(z + 1), which is contrary to
our assumptions. The lemma follows. O

Lemma 4.5.5. We have e(K,,) > d — z(k — 1) + 1 and diam(K,) > 2(z + 1), which
is contradictory to our assumptions.

Proof. The proofis analogous to the case in the proof of Lemma 4.5.4 where ¢ has
even depth, but this time |F;| = k + 2, which forces the statement of the lemma. O

Bounding the Fractional Arboricity

Theorem 4.5.6. The fractional arboricity of G is less than k + ﬁ +e

We assume that there is a subgraph H with % >k + ﬁ + ¢ for the rest of

the subsection. Let X" be the set of all X C V(G) having S C X and

e(X)
X\ S|

>k +p,

where p(oi1)
z+
d+ =57

p= :
SR

Lemma 4.5.7. % =k + pandthus V(G) ¢ X.

Proof. In any colourful tree C, there are 55—1 red components P, in the example
colouring, where depthr,(¢) is even and non-zero, and there are k%L such compo-
nents for which depthy,, (¢) is odd. Moreover, every vertex in a colourful tree has
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exactly one outgoing i-edge for each i € {1,2,...,k} in the example colouring. We
have

p(d—z(k— 1)+ 1+ 55(d — zk) + k2L 2)
p(d—2(k—1)+2+ 5 (d — 2k + 1) + k%L (z + 1))
Hld+ (z+1)
S d+k+1)+ (2 +1)

e(G

_eG)
e

=k -+ pu.
O
Immediately from the definitions it follows that:
Observation 4.5.8. p p
pEya <p< dx ksl +e€
Corollary 4.5.9. If Theorem 4.5.6 is false, then X is not empty.
Proof. Analogously to Corollary 4.4.10. O

Let C be a colourful tree and ¢t € V(T¢) for the rest of the subsection and let

| d=1 3 z d
0= LleJ Note that since z < /, we have %7 < ;7.

Lemma4.5.10. IfX e Xandte X, then X UV (P,) € X.
Proof. Analogously to Lemma 4.4.12. O
Lemma4.5.11. IfX e Xandt ¢ X, then X \V(FP,) € X.

Proof. Let P = XNV (P,) # @. When subtracting P’ from X the induced subgraph
will lose k| P'| edges of E(P’, S) and another ¢(P’) edges. Let ¢ be the number of
components of G[P']. By construction every component of G[P’] has at most =
edges. We have

E|P'| + e(P") cz

<k
R CET)

<k+p.
O

Let V;, where i € {z,d — zk,d — z(k — 1) 4+ 1}, be the set of vertices ¢t € V(1) such
that e(P;) = i. Note that these three sets are pairwise disjoint since z < d — zk.

Lemma 4.5.12. IfX € X, t € X NV, and at most one of the two neighbours of t in
Tc arein X, then X \ V(P,) € X.
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Proof. Analogously to Lemma 4.4.14 using z < /. O
By repeated application of the last three lemmas we get the following corollary:

Corollary 4.5.13. IfX # o, thenthereisan X € X such that foreveryt e V(To)NX
we have V(P,) C X and if additionally t € V,, then degx (t) = k + 2.

Like in Section 3 we will prove this corollary for all the vertices of 7 now.

Lemma4.5.14. Let X € X suchthatforeveryt e V(To)NX we have V(P,) C X and
if additionally t € V,, then degy (t) = k + 2. Furthermore, suppose there is a vertex
r" € V(T¢) such that all vertices of the tree T’ containing the vertices t € V(1¢)
with depthy, (t) > depthy, (1) are also in X, but the parent of ' is not in X. Let
T" = T'UU,cy gv) P Then X\ V(T”) € X.

Proof. It must be that ' € V,_.; because of the degree property of X. Let T’
contain x vertices of V,_,; and thus kx vertices of V,. We have

e(T") +e(X\V(T"),V(T")) ks z(d — zk) + xkz
v(T") x(d+1—zk)+xk(z+1)
d
d+k+1

<k+p.

=k+

Thus, X \ V(T”) € X. O

Lemma 4.5.15. If X # o, then there is an X € X where everyt € V, N X has
degy(t) = k+2 and for every t € X N (Vy_.x U Vy_.(x—1)+1), the child of t in T is also
in X.

Proof. We choose X, ¢ and 7"’ like we did in the proof of Lemma 4.4.17. Let
x = |Vy_x NV(T')| and thus |V, N V(T")| = kx + |{t'}|. Since T’ # T, we have
z < %! and thus

(z + |{tt'}]) + z(d — zk) + kzz zd+ (z+1)

k =k .
+z+1+x(d—zk+1)+km(z+l) +l’(d+k‘+1)+(2+1)>'u

Corollary 4.5.16. X is empty. Thus, Theorem 4.5.6 is true.

Chapter 4




5.1

Applications

(Pseudo-)Forest Decompositions of Graphs with
Bounded Degree

In this section, we discuss some (pseudo-)forest decompositions in Nine Dragon
Tree fashion for graphs with bounded degree.

We begin by determining the fractional (pseudo-)arboricity of degree-bounded
graphs. While it is easy to see that a graph G with maximum degree at most
A € Ny has v/(G) < £, a short calculation is required to determine the maximum

of v(G).

Lemma 5.1.1. Let G be a simple graph with maximum degree at most A. Then
v(G) < %

Proof. Let H C G with v(H) > 1. We have that e(H) < ”(f) -min {A,v(H) — 1}
since G is simple. If v(H) — 1 < A, then

e(H < ) - _ -
v(H)—1~ 2(v(H)-1) 2 2

Otherwise, if A < v(H) — 1, then

O]

Note that if we allow parallel edges, then Lemma 5.1.1 does not hold: the graph G
on two vertices with A edges between them has +(G) = A.
The following observation can be used to bound the degree in one of the (pseudo-)
forests in a decomposition. Although we could not find this statement anywhere
in the literature, we assume that it is common knowledge.
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Theorem 5.1.2. Let G be a simple graph G with maximum degree at most A € N.
Then G is ([251] , | 851 |)-decomposable.

Proof. Letk := [251]. Suppose the theorem is not true and let G be a counterexam-

ple graph. By Lemma 5.1.1 and Nash-Williams’ Theorem, there is a decomposition
into forests (11, ..., Tk, F)) of G. We choose such a decomposition that minimizes
the maximum degree d* of F' and, subject to this, minimizes the number of vertices
of degree d* in F.

Since G is a counterexample, we have that ¢* > [81|. Let v € V(G) with
degr(v) = d*. Then the number of edges incident with v that are not in F is
at most A — d* < k — 1. Thus, there is a forest 7' € {7, ..., T} } in which v is isolated.
Moving one edge from F that is incident with v to 7" does not create a cycle in T’
and decreases the number of vertices with maximum degree in F, a contradiction
to our choice of (T3,..., Ty, F). O

Now, let us apply the (Strong) Nine Dragon Tree Conjecture to a simple graph G
with maximum degree at most A. Note that if A is odd, this is not possible with
k = [251] since the fractional arboricity may be integral (i.e. in the case where G
is the complete graph on A + 1 vertices). However, if A is even, we can apply the
(Strong) Nine Dragon Tree Conjecture for d = k + 1.

Corollary 5.1.3 (from Theorem 1.8). Let A € Ny be even and let G be a simple graph

in which every vertex has degree at most A. Then G is (5,5 +1)"-decomposable.

Interestingly, the trivial degree bound from Theorem 5.1.2 is smaller than the
bound provided by the Nine Dragon Tree Theorem.

Now, we turn to pseudoforest decompositions, where similar observations can be
made.

Theorem 5.1.4. Let G be a graph with maximum degree A € Ny. Then G is ([5] —
1,14 | + 1)-pseudo-decomposable.

Proof. Analogously to the proof of Theorem 5.1.2. O

In the pseudoforest case, we cannot apply the pseudoforest analogues of the Nine
Dragon Tree Conjectures if A is even. For the case where A is odd, Corollary 1.24
from the introduction applies our diameter refinement of the Strong Pseudoforest
Nine Dragon Tree (Theorem 1.22).
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In contrast to the forest case, the degree bound in the last forest from the Pseudo-
forest Nine Dragon Tree Theorem is the same as in Theorem 5.1.4 for odd A.

In the rest of the section, we show that the diameter bound in Corollary 1.24 is
best possible, that is, we cannot replace “star forest” by “pseudoforest of diameter
at most 1”. Note that a component of such a pseudoforest is either a single edge or
a triangle.

The graph G we construct to prove this will be triangle-free and will not have a
perfect matching. Subtracting a maximum matching from G will result in a graph
that has too many edges to be decomposable into % pseudoforests.

Lemma 5.1.5. Foreveryodd A € Nx3, there exists a simple, triangle-free, A-regular
graph G that does not have a perfect matching.

Proof. 'We use a construction inspired by [1]. Note that G is depicted in Figure
5.1.1. The graph G that we construct consists of a cut-vertex ¢ that is connected
to A copies of a connected graph H. We define H now. V(H) is partitioned into
A ={ag,...,an—2}, B=1{bo,...,ban_3}, C = {co,...,ca_2} and {v}, where v is the
vertex of H that is connected to c.
AsvH)=(A-1)+(2A-2)+(A—-1)+1=4(A—-1)+1isodd, we have that GA — ¢
has A components whose number of vertices is odd. Thus, by Tutte’s Theorem
(Theorem 2.3.1), Ga does not have a perfect matching.

Let By = {by,...,ba—2} and By = {ba_1,...,b2a—3} (and thus, B = B; U By). We now
describe the edge set of H, which has the partition

E(H) = En({v}, A)U Ex(A, B) U Eg(B,C) U E(H[B1]),
where v has an edge to every vertex of A, and
E(H[Bl]) = {bibi+1 | 1€ {O, 2,4,...,A — 3}} .

Because of this structure, if # had a triangle, its vertex set would be {z, b;,b;+1},
wherexz € AUC and i € {0,2,4,...,A — 3}. We will avoid such a subgraph when
defining Fr (A, B) and Ex (B, C). We let

EH(A,B):{aZ-bj]ie{O,...,A—Q},je{O,...,QA—3},iEj mod2}.
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Note that every vertex of A has one edge to v and A — 1 edges to B, and every
vertex of B has % edges to A. Furthermore, every vertex of B; has one edge
within B; and its remaining 25! incident edges go to C:

Ey(B1,0) = {bicj |i,j €{0,...,A—2},i=j mod 2}.

Thus, every vertex of C has 25! edges to B;. Now, it only remains to add £}
incident edges for every vertex of B, U C in order for Ga to be A-regular:

E(C, BQ) = {CibA—1+j | 1€ {0, o A — 2},

je{imod(A—l),...,(i—i—%) mod (A —1)}}.

Fig. 5.1.1: Ga from the proof of Lemma 5.1.5 for A = 3. Only one copy of subgraph H is
depicted.

Note that for A = 3, Lemma 5.1.5 relates to Petersen’s Theorem [46], one of the
oldest graph theory results, which states that every cubic, bridgeless graph contains
a perfect matching. Lemma 5.1.5 shows that “bridgeless” is a necessary condition.
We are now able to prove the optimality of the diameter bound of Corollary 1.24.

Theorem 5.1.6. For every odd A € N3, there is a simple, A-regular graph which
does not have a decomposition into % pseudoforests and another pseudoforest of
diameter 1.

Proof. Let G be a graph as described in Lemma 5.1.5 and let k := 251 Since

e(Ga) = % is integral and A is odd, we have that v(Ga) is even. Since Ga
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does not have a perfect matching, we have that a matching of Ga contains at most
wGa) _ 1 edges.
Let (P,..., P, F) be a decomposition of Ga, where P, ..., P, are pseudoforests.

Then
k

e(F)=e(Ga) =Y e(P) >

=1

v(Ga)

‘v(Ga) — k-v(Ga) = 5

o | B>

Thus, F is not a matching. Since G does not contain triangles, £ has diameter at
least 2, which completes the proof. O

Planar Graphs With High Girth

In this section, we discuss the implications of the Nine Dragon Tree Conjectures
for planar graphs with high girth.

Let P, denote the set of planar graphs with girth at least g € N>;. Note that P is
the set of simple planar graphs.

There is a very useful connection between the fractional arboricity and the girth
of planar graphs, as shown by the following well-known corollary of Euler’s For-
mula.

Theorem 5.2.1. Inevery graph G € P, with g € N>3, every subgraph H C G with

v(H) > 1 has ;4 < 5.

Proof. Without loss of generality, let # C G be connected.
If H is acyclic, then U(el(f)lzl <1<

Thus, let H be cyclic and consider a planar embedding of A with f € N>, faces.
Every face borders at least g edges and every edge touches one or two faces.
Thus, g - f < 2e(H), and by Euler’s Formula (Theorem 2.3.2), we have that 2 =

v(H) —e(H) + f <v(H) — e(H) + 2e(H), which is equivalent to

O]

Corollary 5.2.2. Every simple planar graph has a decomposition into three forests.
Every graph of P, has a decomposition into two forests.
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It is easy to see that the bounds in Corollary 5.2.2 are best possible: a 4-cycle is
not a forest, and by removing an edge from the complete graph on 5 vertices, we

obtain a simple planar graph G with U("’é?l -=9>2

Next, we discuss some results in Nine Dragon Tree fashion for planar graphs
with different girths. Goncalves [22] showed that every simple planar graph is
(2,4)-decomposable. In [5], it is shown that there are simple planar graphs that
are not (2, 3)-decomposable. Surprisingly, Knauer and Ueckerdt [33] showed that
4-edge-connected simple planar graphs are (2, 2)-decomposable.

However, thereisno d € Ny such that every simple planar graph s (2, d) "-decomposable,
as Merker and Postle noted in [34]:

Since a triangulation G satisfies ¢(G) = 3v(G) —6, every forest in a decomposition of
G into three forests has at most four components. As triangulations of arbitrarily
large diameter exist, these few components cannot cover all the vertices if the
diameter of each component is bounded by a constant.

Analogously, quadrangulations (having e(G) = 2v(G) — 4) of arbitrarily large di-
ameter exist, and thus, there is no d € Ny such that every graph of P, is (1,d)*-
decomposable.

Interestingly, no result concerning the (1, d)- or (1,d) -decomposability of P, is
known to the author, see Question 6.11. However, higher girth values appear to be
understood much better, and the optimal bounds follow from the (Strong) Nine
Dragon Tree Theorem:

By the resolution of the (Strong) Nine Dragon Tree Conjecture for (k,d) = (1,1) in
[41], every graph of Pg is (1,1)"-decomposable. This was independently proven
by Wang and Zhang [52] without using fractional arboricity arguments. In [41],
it was also shown that there are planar graphs with girth 7 that are not (1,1)-
decomposable.

By the resolution of the Strong Nine Dragon Tree Conjecture for (k,d) = (1,2) in
[29], every graph of Ps is (1,2)"-decomposable. In [41], it was shown that there
are planar graphs with girth 5 that are not (1, 2)-decomposable. Their argument
also shows that the graphs they constructed are not (1,2) -decomposable either.
Thus, there are planar graphs with girth 5 that are not (1, 2) " -decomposable. This
was apparently also shown by Kleitman [32] (unpublished).

It was shown by He, Hou, Lih, Shao, Wang, and Zhu [26] that every graph of P;
is (1,4) -decomposable and by the resolution of the Nine Dragon Tree Theorem
for (k,d) = (1,4), it follows that they are also (1,4)-decomposable. The following
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result emerges from our resolution of the Strong Nine Dragon Tree Conjecture for
d<2(k+1).

Theorem 5.2.3. Every planar graph with girth at least 5 is (1,4)*-decomposable.

Proof. By Theorem 5.2.1, we have that every graph of P; has fractional arboricity
at most 2. The theorem follows by applying Theorem 1.8 for (k,d) = (1,4). O

It remains open whether every graph of P; is (1, 3) -, (1, 3)- or (1, 3) "-decomposable,
see Question 6.12.

The Game Chromatic Number and the Game
Colouring Number

In this section, we briefly consider the application of the Weak Nine Dragon
Tree Theorem that originally motivated the conjectures and in particular, has
highlighted the importance of finding (1, d)-decompositions with small d for
planar graphs with large girth. This application concerns the Game Chromatic
Number and the Game Colouring Number.

We start by introducing the graph colouring game. Two players, Alice and Bob,
with Alice making the first move, alternately colour an uncoloured vertex of a
graph G using a colour from a set of colours X such that no two adjacent vertices
of G receive the same colour. The game ends when either every vertex has been
coloured — in which case Alice wins — or there is an uncoloured vertex that
cannot be coloured without violating the colouring rule, in which case Bob wins.
The game colouring number x,(G) of a graph G is the smallest | X| such that Alice
has a winning strategy.

To establish upper bounds for x,(G), the game colouring number was first formally
introduced by Zhu [54] in 1999 using the following game that was later referred to
as the marking game.

Two players, Alice and Bob with Alice making the first move, alternately mark
an unmarked vertex of a graph G. The game ends when every vertex is marked.
For a marking order L of all vertices of G and a vertex v € V(G), let b;(v) denote
the number of neighbours of v that have been marked before v. Furthermore, let
(L) := 1+ max,cy () br(v) be the score of the game. Alice’s goal is to minimize s(L)
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while Bob aims to maximize s(L).

The game colouring number col,(G) of G is the smallest s* such that Alice has a
strategy that guarantees the score of the game to be at most s*. The next trivial
theorem shows the usefulness of the game colouring number.

Theorem 5.3.1 ([54]). x4(G) < coly(G).

Proof. Let S be a strategy of the marking game guaranteeing a score of at most
coly(G).

When Alice plays the graph colouring game with col,(G) colours, she can choose
the next vertex to colour according to S. When doing this, at most col,(G) — 1
neighbours of the chosen vertex have already been coloured (or otherwise S

would cause a score of at least col,(G) + 1 in the marking game), and thus, the
vertex can be validly coloured. O

The next observation shows how graph decompositions can be useful for the
marking game.

Theorem 5.3.2 ([54], [24]). Let (F,T) be a decomposition of G such that T has
maximum degree at most d € Ny. Then col,(G) < coly(F) + d.

Proof. Follows directly when Alice applies an optimal strategy for Fon G. 0

Faigle, Kern, Kiersted and Trotter [13] showed that every forest F has
Xg(F'),coly(F) < 4,and Bodlaender [8] showed that there are trees 7" with x,(7") > 4.
This implies the following corollary.

Corollary 5.3.3. Ifagraph G is (1,d)”-decomposable, then x,(G), coly(G) < 4 +d.
For a set of graphs G let x,(G) := maxgeg x4(G) and coly(G) := maxgeg coly(G) .

If we combine the corollary with the decompositions of planar graphs with higher
girth mentioned in Section 5.2, we obtain the following results.

Corollary 5.3.4 ([26]). x4(Ps), coly(Ps) < 8.

Corollary 5.3.5 ([41]). x4(Ps),coly(Ps) < 6.

Corollary 5.3.6 ([41], [52]). x4(Ps),coly(Ps) < 5.

Chapter 5




5.4

Note that Sekiguchi [48] showed that col,(P5) > 6, and furthermore 7 < col,(Ps) <
13.

More recently, Nakprasit and Nakprasit [44] showed that col,(Ps) > 5 and coly(P7) <
5. Thus coly(P7), coly(Ps) = 5.

e-Thin Spanning Trees in Highly Edge-Connected
Planar Graphs

This section addresses a conjecture of Goddyn on e-thin spanning trees in highly
edge-connected graphs. Since, in the planar case, the dual graphs have high girth,
we can apply the implications of the Strong Nine Dragon Tree Conjecture discussed
in the previous section.

A spanning tree 7' is e-thin with 0 < e < 1, if for every edge-cut B of G, at most ¢|B|
edges in B are contained in 7.

Conjecture 5.4.1 (Goddyn 2004, [21]). There exists a function f such that, for ¢ > 0,
every f(e)-edge-connected graph has an e-thin spanning tree.

This conjecture is still open. However, for some graph classes, it has already been
solved, see for example [20], [3]. For a recent and detailed overview of the progress
towards this conjecture and its various applications, we refer to [31].

The application of the Strong Nine Dragon Tree Conjecture that we consider now
deals with the question how small the edge-connectivity f(e) can be in Conjecture
5.4.1 such that there still is a corresponding e. Thomassen showed that it has to be
at least 5:

Theorem 5.4.2 (Thomassen, cf. [34]). Thereisno e such that every 4-edge-connected
planar graph contains an e-thin spanning tree.

Merker and Postle [34] showed that every 6-edge-connected planar graph has two
edge-disjoint 13-thin spanning trees. 15 was then reduced to 1 by Mousavi Haji
[43].

Now, the question is whether there is an e such that every 5-edge-connected planar
graph has an e-thin spanning tree. Merker and Postle’s proof implies this if the
Strong Nine Dragon Tree Conjecture is true for (k,d) = (1,4), which is verified by

Theorem 1.8.
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Theorem 5.4.3. Every 5-edge-connected planar graph has an £-thin spanning trees.
As the proof is quite short and elegant, we will reproduce it and prove Theorem
5.4.3 at the end of the section. The proof uses cut-cycle-duality, which is well-
known: every minimal edge-cut of a planar graph G corresponds to a cycle in
its dual graph G* using the canonical bijection ¢ : E(G) — E(G*). For a rigorous
definition and proof of this concept, we refer to [10]. This implies that every edge-
cut of G corresponds to an edge-disjoint union of cycles. The following theorem
follows immediately.

Theorem 5.4.4. Let g € N>3 and let G be a g-edge-connected planar graph. Then
G* € P,

Thus, if G is a 6-edge-connected planar graph, then G* € Pg, and hence G* is (1,2)"-
decomposable (see Section 5.2). Such a decomposition can be transformed into
two forests with bounded diameter, as the following theorem shows.

Theorem 5.4.5 ([43]). A graph that has a decomposition into a forest and a star
forest, also has a decomposition into two forests, where the diameter in both forests
is at most 14.

The final step of Merker, Postle and Mousavi Haji to show the existence of two
edge-disjoint thin spanning trees is the following theorem.

Theorem 5.4.6 ([34]). Ifaplanar graph G* has a decomposition into two forests,
where the diameter of both of the forests is bounded by d € N>, then G contains two

edge-disjoint ﬁ—thin spanning trees.

Now, let us turn to 5-edge-connected planar graphs G. As the dual graph G* is
in P5, we have by Theorem 5.2.3 that G* has a decomposition into a forest and
another forest that has diameter at most 4. Unfortunately, we do not know an
analogous result to Theorem 5.4.5 for such decompositions. But still, there is an
obvious simplification of the proof of Theorem 5.4.6 that yields at least one thin
spanning tree for us.

Theorem 5.4.7 ([34]). Ifaplanar graph G* has a decomposition into two forests,
where the diameter of one of the forests is bounded by d € N>, then G contains a

d . .
7i7-thin spanning tree.
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Proof. Let (T*, F*) be a decomposition of G* into two forests such that diam(F*) <
d. We obtain F C G from F* using the canonical bijection ¢~ *.

Now, consider a non-empty edge-cut S C E(G). Note that S* := ¢(S) decomposes
into edge-disjoint cycles by cut-cycle-duality of planar graphs. As 7* is acyclic, S*
contains at least one edge of F*, and thus S contains at least one edge of F. Thus,
F'is connected.

Furthermore, each cycle C* of S* has at most #ﬂe(c*) edges belonging to F* since

every path of F* has at most d edges. Hence, at most ﬁ‘ll|S| edges belong to F.
Finally, we can obtain a ﬁ‘ll-thin spanning tree from F by removing edges on

cycles until it is acyclic. O

We note that in the proof of Theorem 5.4.7, by making the same observations for 7*
as for F*, Theorem 5.4.6 follows immediately. We end the section by summarizing
the proof of Theorem 5.4.3.

Proof of Theorem 5.4.3. Let G be a 5-edge-connected planar graph. By Theorem
5.4.4, we have G* € P5. By Theorem 5.2.3, G* is (1, 4) "-decomposable. The theorem
follows by Theorem 5.4.7. O

Note that, analogously, the results of [34] imply that every 6-edge-connected planar
graph has a 2-thin spanning tree.
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Open Questions

This final chapter presents some open questions that arise from the previous
chapters, as well as some other questions and conjectures from the literature
related to the Nine Dragon Tree Conjectures.

We begin with the most obvious one: solving the Strong Nine Dragon Tree Conjec-
ture (Conjecture 1.6, Conjecture 1.12). In Section 3.6, we established an approxi-
mate version of the conjecture and in Section 3.7, we showed how the approximate
version can be made optimal for d < 2(k + 1) through the use of augmentations
with interesting neighbours. This approach might be generalizable. A reasonable
generalization of the notion of an interesting neighbour C generated by (z,2’)
could be that the component of z” is either a small child (potentially with more
than 0 edges) or it can also be an interesting neighbour (of C). If one manages to
apply the augmentations of the approximate version to interesting neighbours
instead of just small children, this could suffice to prove the Strong Nine Dragon
Tree Conjecture. However, this approach has a lot of pitfalls since many of the
blue directed paths that are redirected by the augmentations can be part of other
important paths, e.g. a generating arc of a small child or an interesting neighbour.
In the proofs of this thesis, we were able to handle this problem when d < 2(k + 1)
(and with the restricted definition of interesting neighbours) and for the approx-
imation result, but with the presence of “stacked” interesting neighbours, this
seems to become significantly more complicated.

In light of Theorem 1.13, our strengthened version of the Weak Nine Dragon Tree
Conjecture with the weaker density condition, it would be interesting to know how
much the number of edges contained in a cycle within a single red component
can be reduced. If the Strong Nine Dragon Tree Conjecture is solved, one could
attempt to determine this number under the additional requirement that every
red component must have at most d edges.

Another open topic is the complexity of computing decompositions in Nine Dragon
Tree fashion. The approach of all recent Nine Dragon Tree results involving legal
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orders seems to be non-polynomial, as there is an exponential number of legal
orders. It could be interesting to analyze the runtime of the first Nine Dragon Tree
results in [41], [29] and [9], which used other methods. Furthermore, note that
the author showed in [35] that the underlying algorithm of Gongalves’ proof in
[22], which shows that simple planar graphs are (2, 4)-decomposable, runs in time
O(v(G)logv(G)).

In Theorem 1.26 and Theorem 1.27, we proved the optimality of the diameter
constraints in Theorem 1.22. However, we could not prove the optimality if the
graph is allowed to be (k, d)-(pseudo-)sparse (or, for Theorem 1.26, if the graph
satisfies an analogue sparseness condition depending on & and ¢). This is due to
the following reason: in the graph constructions of the proofs, a colourful tree
coloured with the example colouring has a red root component that, together with
its small red child components, has high density. The other red components of even
depth in the colourful tree, together with their small children, have exactly the
density of « f&”;}i;ia, Or 7+ ‘ +7> respectively. Since the colourful trees have large
depth, the “allowed” fractional (pseudo-)arboricity density is exceeded just by .
Having many copies of the colourful tree does not affect the (pseudo-)arboricity
density since the ratio of root to non-root components remains the same. But this
ratio argument does not hold for the density measures 5’ and : adding a red root
component (together with k£ outgoing blue arcs for every vertex) decreases 3 and
S’ while adding the rest of the colourful trees, which have exactly the allowed
density, does not change the value of 5 or §’. Since we need to have many colourful
trees in order to guarantee the existence of a colourful tree that does not have a
red edge to S, 3(G) and 5'(G) are much smaller than —1.

Another obvious question is the following:

Question 6.1. For any k,d € Ny, what is the smallest number f(k,d) € [0,1) such
that every (loopless) graph G with v(G) < k + f(k,d) [or ' (G) < k + f(k,d)] has
a decomposition into k [pseudo-]forests and another graph (or [pseudo-]forest) of
diameter at most d ¢ N, ?

Note that Theorem 1.9 and Theorem 1.22 provide probably non-optimal functions
for both the forest and the pseudoforest case. Furthermore, Theorem 1.28 provides
an upper bound to f(k,d) in the forest case which is likely not optimal. It would
also be nice for this result to be achieved using simple graphs. In the pseudoforest
case, no non-trivial upper bound of f(k, d) is known to the author. In particular,
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the graphs constructed in the proof of Theorem 1.28 do not yield such a bound for
pseudoforests: it is easy to find a decomposition of the graph into & forests and a
pseudoforest in which every component is a 3-cycle. Thus, this pseudoforest has
diameter 1.

We also want to look at other interesting diameter-related problems mentioned in
[34]. The following conjecture is a generalization of Theorem 5.4.5.

Conjecture 6.2 ([34]). For any d € Ny, there is a number f(d) such that every graph
that has a decomposition into a forest and a forest of diameter at most d also has a
decomposition into two forests, each of which has diameter at most f(d).

Merker and Postle also stated the following conjecture, which follows directly
from Conjecture 6.2 and the Strong Nine Dragon Tree Conjecture (but also from
Theorem 1.9).

Conjecture 6.3 ([34]). For any k,d € Ny, there is a number f(k,d) such that every
loopless graph G with v(G) < k+ f(k, d) has a decomposition into k + 1 forests, each
of which has diameter at most d.

Of course, the same conjecture can be made for pseudoforest decompositions.

Another conjecture in Nine Dragon Tree fashion concerns digraphs. A branch-
ing G is a 1-orientation that is acyclic in the undirected sense. We let A*(G) :=
max,cy () deg(v) and A™(G) := max,cy () degg(v). Frank proved the following
digraph analogue to Nash-Williams’ Theorem.

Theorem 6.4 ([16]). A loopless digraph has a decomposition into k branchings if
and only if v(G) < k and AT (G) < k.

Gao and Yang conjectured the following digraph analogue of the Nine Dragon Tree
Theorem.

Conjecture 6.5 ([19]). Let k,d € N>, and let G be a loopless digraph with v(G) <
k+ ‘;;Jr’f and A*(G) < k+ 1. Then G has a decomposition into k + 1 branchings, where
one branching B has A~ (G) < d.

Gao and Yang proved the conjecture for d < k. Furthermore, they proved the
pseudo-branching analogue of the conjecture (Where a pseudo-branching is simply
a l-orientation).
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Theorem 6.6 ([19]). Let k,d € N>, and let G be a loopless digraph with ~'(G) <
k+ fﬁ’f and A*(G) < k+1. Then G has a decomposition into k+ 1 pseudo-branchings,
where one pseudo-branching B has A~ (G) < d.

Gao and Yang also showed that the fractional (pseudo-)arboricity bounds in Con-
jecture 6.5 and Theorem 6.6 cannot be decreased.

Let us review another open Nine Dragon Tree problem. Note that arboricity can
viewed as a colouring problem: it is the minimum number of colours with which
the edges of a graph can be coloured such that there is no monochromatic cycle.
When assigning colour lists of size k to every edge, then this number does not
changed, as showed by Seymour.

Theorem 6.7 ([49]). Let G be a loopless graph with v(G) < k, k € Ny, and for every
e € E(G), let P(e) C No with |P(e)| > k. Then every edge e € E(G) can be assigned a
colour from P(e) such that the resulting edge colouring contains no monochromatic
cycle.

Ronen Wdowinski and Penny Haxell asked if there also is a list version of the Nine
Dragon Theorem(s) (cf. [42]).

Conjecture 6.8. Let d, k € Ny, let G be a loopless graph with v(G) < k + W‘H, and
for every e € E(G), let P(e) C Ny with |P(e)| > k + 1. Then every edge e € E(G) can
be assigned a colour from P(e) such that the resulting edge colouring contains no
monochromatic cycle and the forest induced by one of the colours has maximum
degree at most d.

The same conjecture can of course be stated for pseudoforests, and it is very
believable that even the strong version holds.

Conjecture 6.9. Letd, k € Ny, let G be a loopless graph with+'(G) < k+ ﬁzﬂ, and
for every e € E(G), let P(e) C Ny with |P(e)| > k + 1. Then every edge e € E(G) can
be assigned a colour from P(e) such that the subgraph induced by each colour is a
pseudoforest, and in the pseudoforest induced by one of the colours, every component
has at most d edges.

Next, let us move on to the open questions that arose in Chapter 5. We begin with
the class of degree-bounded graphs. In light of Theorem 5.1.2, Corollary 5.1.3,
Theorem 5.1.4, and Corollary 1.24, the following question arises.
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Question 6.10. Let A € Ny, k := [271], k' := [£] — 1. What is the smallest number
d such that every (simple) graph with maximum degree at most A is (k,d)™-, (k,d)-,
(k,d)T-decomposable [(K',d)~ -, (K',d)-, (K',d)*-pseudo-decomposable]?

Next, we consider some questions concerning planar graphs that arose in Section
5.2. Recall that P, denotes the set of planar graphs with girth at least g € N>;.

Question 6.11. Is there a d € N>; such that every graph in P4 is (1,d)~- or (1, d)-
decomposable?

Question 6.12. Isevery graphin P; (1,3)"- (1,3)-, or (1,3)*-decomposable?

Since the graphs in Pg are (1,1)"-decomposable, but the graphs in P; are not,
Moore asked whether the same holds for (1,1)*-pseudo-decomposability.

Question 6.13 ([42]). Is every graph of P; (1,1)"-pseudo-decomposable?

Question 6.14 ([42]). IseverygraphofPs(1,2) - (1,2)- or(1,2)"-pseudo-decomposable?
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