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Abstract

Given an infinite family G of graphs and a monotone property P, an (upper) threshold for G
and P is a “fastest growing” function p : N — [0, 1] such that lim,_,., Pr(G,(p(n)) € P) =1 for
any sequence (Gp,)nen over G with lim, |V (G,)| = oo, where G,,(p(n)) is the random subgraph
of G,, such that each edge remains independently with probability p(n).

In this paper we study the upper threshold for the family of H-minor free graphs and the prop-
erty of being (r—1)-degenerate and apply it to study the thresholds for general minor-closed families
and the properties for being r-choosable and r-colorable. Even a constant factor approximation
for the upper threshold for all pairs (r, H) is expected to be challenging by its close connection
to a major open question in extremal graph theory. We determine asymptotically the thresholds
(up to a constant factor) for being (r — 1)-degenerate (and r-choosable, respectively) for a large
class of pairs (r, H), including all graphs H of minimum degree at least r and all graphs H with no
vertex-cover of size at most r, and provide lower bounds for the rest of the pairs of (r, H).

Keywords: Graph minors, random subgraphs, degeneracy, phase transition, graph coloring.

1 Introduction

Given a graph G and a real number 0 < p < 1, let G(p) be the random subgraph of G where each
edge remains independently with probability p. Note that if G is an n-vertex complete graph, this is
the well-studied Erdds-Rényi model G(n, p).

Studying the random perturbation G(p) of a graph G is of both theoretical and practical interests
because most instances in the real world are subject to random noises. It is therefore valuable to
study robustness of a property or a specific algorithm. For example, Spielman and Teng [38, 39]
introduced smoothed analysis and studied a continuous version of random perturbations (e.g., noises
are Gaussian distributions). They [38] showed that the simplex method runs in polynomial time in
expectation even though the worst-case scenario runs in exponential time, explaining rigorously why
the simplex method is fast in practice. Since then, smoothed analysis for other hard graph problems
has been studied (e.g. [1, 12]). However, the techniques in [1, 12] used for continuous random models
stop working in the random model G(p), where each edge follows a discrete distribution.

Contrary to smoothed analysis, Bennett, Reichman and Shinkar [3] showed that for some NP-hard
problems related to coloring and independence number, the worst-case instances essentially remain
hard under random perturbations.
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Coloring problems on planar graphs have been extensively studied. It is trivial to determine
whether a planar graph is 4-colorablel?! by the Four Color Theorem, though it is NP-hard to determine
whether a planar graph is 3-colorable or not [17]. It is natural to consider the chromatic number
of random perturbations of planar graphs. In particular, the following question raised by Daniel
Reichman (via private communication) remains open.

Question 1.1. What are the values of p such that for each planar graph G, the random subgraph G(p)
is 3-colorable with high probability?

In this paper we systematically study a generalization of Question 1.1 by investigating the (crude)
thresholds for stronger properties (degeneracy and choosability) on more general graph classes (minor-
closed families), which is related to an open problem in extremal graph theory. One simple corollary
of our main results is the following partial answer of Question 1.1.

Corollary 1.1. For any sequence (Gp)nen of planar graphs with |V(G;)| = i for each i € N, if
p = o(n"'/%), then Gy(p) is 3-colorable a.a.s.”) Moreover, there exists a sequence (Gp)nen of planar
graphs with |V (G;)| =i for each i € N such that if p = w(n=/5), then G, (p) is not 3-colorable a.a.s.

Corollary 1.1 can be restated as “the threshold probability for being 3-colorable and for the class
of planar graphs is Q(n~/®) and O(n~1/6)”. The formal definition of the thresholds is included in
Definition 1.

Corollary 1.1 follows from a very special case of our general results (Theorems 1.4 and 1.6). More
corollaries for other extensively studied minor-closed familiesl’) can be similarly derived from those
main results. We include some examples in Corollary 1.2.

Corollary 1.2. All results in Table 1 hold.

1.1 Definitions and main questions

A graph property P is a class of graphs such that P is invariant under graph automorphisms. A
graph class G is monotone if every subgraph of a member of G is in G. We remark that a graph
property is also a graph class. So a graph property P is monotone if every subgraph of a member of
P isin P.

Given a monotone graph property P and an infinite sequence (G, )nen, a function p* : N — [0,1] isa
threshold (probability) for P and (G,,)nen if for any slowly growing function x(n): (1) G, (p*(n)z(n)) ¢
P a.a.s.; and (2) G,(p*(n)/z(n)) € P a.a.s. Thresholds for various graph properties in G(n,p) were
first observed by Erdés and Rényi [11], and then generalized to all monotone set properties and general
random set models by Bollobds and Thomason [6] (see also [15]). In addition, the results in [6] imply
the existence of the following more general setting of threshold probabilities for any monotone graph
class G.

[ITn this paper, a graph is k-colorable for some integer k if its vertices can be colored with & colors such that vertices
with the same color are not adjacent.

Pl Given a sequence of events (Ey)nen in a probability space, we say E, happens asymptotically almost surely (or a.a.s.
in short) if lim, oo Pr(E,) = 1.

1One example included in Corollary 1.2 is the class of graphs with bounded Colin de Verdiere parameter. This
parameter, denoted by u(G), is defined to be the largest corank of certain matrices associated with a graph G. Its formal
definition is long and is omitted in this paper because we do not need the formal definition to derive results from our
main theorem. It is known that pu(H) < u(G) if H is a minor of G [8], so the class of graphs whose p is at most a fixed
constant k is a minor-closed family. This parameter can capture certain topological properties of graphs. It is known
that u(G) <1 if and only if G is a disjoint union of paths [8]; u(G) < 2 if and only if G is outerplanar [8]; u(G) < 3 if
and only if G is planar [8]; u(G) < 4 if and only if G is linklessly embeddable [26, 34, 36].



Graph class

Range for r,
where 7 € N

Properties

(r — 1)-degenerate

r-choosable

r-colorable

Graphs embeddable
in a surface 3 with
Euler genus g,

> L7+\/17+24gj

o 2

o)

o)

o)

4 S r< |_7+V;+249J7

Q(n~ TF2)

Q(n_ (7‘+12)'r72 )

Q(n~ TF72)

where ¥ # §? and if ¥ is the Klein
bottle, then r # 6
r =6, and ¥ is the Q(n~1/20) O(1) o(1)
Klein bottle
r=3 O(n=1/?) O(n=1/?) Q(n=1/7)
O(n—l/ﬁ)
r=2 0(n=17?) O(n~1/?) Q(n=172)
O(nfl/g)
Graphs with Colin r=k>2 O(n 7-1) O(n 7-1) Q(n 21)
de Verdiere O(n_ﬁ)
parameter (i < k, 2<r<k-1 o(n7) O(n 1) Q)
for some fixed 2
integer k O(n 50r)
Linkless embeddable r=5 Q(nii/m Q(n:l 12) 6(1)
) O(n /42) O(TL 1/1470)
graphs (i.e. p < 4) — — —
r=4 O(n=17) O(n=1/7) Q(n=1/7
O(nfl/lo)
r=3 O(n=13) O(n=1/3) Q(n=1/3)
O(n—l/G)
r=2 O(n=1/?) O(n=1/2) Q(n=1/?)
O(n_1/3)
: > 6 O(1) O(1) O(1)
Pling)r graphs (i.e. 7 Q- o) o)
S O(n*1/30)
r=4 Q(n=179 Q(n~1/° O(1)
O(n_1/12) O(n—1/219)
r=3 O(n=1/) O(n=1/%) Q(n=1/°)
O(n—l/ﬁ)
r=2 0(n=17?) 0(n~1/?) Q(n=172)
O(nfl/?’)
Outerplanar graphs >3 O(1) O(1) O(1)
(ie. p<2) 2 O(n~1/3) O(n~1/3) O(n~1/3)

Table 1: Examples of the threshold probability for certain minor-closed families and three special
properties: being (r — 1)-degenerate, r-choosable and r-colorable, for integers 7.
Among the results in this table, results that state the thresholds are equal to ©(1) follow from known
results in the literature; all other lower bounds of the thresholds in this table follow from our main
theorems (Theorems 1.4 and 1.6); all other upper bounds follow from a combination of our tools
developed in Section 3 and either known results in the literature or trivial observations.




Definition 1 (Upper threshold pg) Let P be a monotone graph property and let G be a monotone
graph class. When G is an infinite family, we say that a function pg : N — [0,1] is an upper threshold
for G and P if the following two conditions hold.

1. For every sequence (Gp)nen of graphs with G, € G and |V(G,)| = n, and for any function
q: N —[0,1] with p§ (n)/q(n) — oo, the random subgraphs Gy(q(n)) are in P a.a.s.

2. There exists a sequence (Gp)nen of graphs with G, € G and |V(G,)| = n such that for any
function q : N — [0, 1] with q(n)/pg — 00, the random subgraphs G, (q(n)) are not in P a.a.s.

When G is finite, a function pg : N — [0, 1] is an upper threshold for G and P zf]07gD =0(1).

In the case when G consists of a sequence (Gp)neny where |V(Gy)| = n for each n € N, the
definition for the upper threshold for G coincides with the aforementioned definition for a threshold
for the sequence (G )nen. For simplicity, we call the upper threshold the threshold. Note that p7g) is
unique up to multiplying by positive constant factors. So it is sufficient to determine the order of pg.

In comparison to numerous results on thresholds for various graph properties on G(n,p) (see e.g.
[5, 16, 24]), only few results are known when the host graphs are other graphs. In addition, these few
known results tend to depend on the high density, such as in [18], or special geometric or spectral
features, such as being expanders [2] or being an n-dimensional cube [7].

In this paper, we complement the knowledge in this direction by considering the case when the
host graphs belong to minor-closed families. Minor-closed families are classes of sparse graphs with a
pure combinatorial property that generalizes a number of topological properties.

A graph H is a minor of another graph G if H is isomorphic to a graph that can be obtained from
a subgraph of G by contracting edges. A family G of graphs is minor-closed if every minor of any
member of G belongs to G. A minor-closed family is proper if it does not contain all graphs. Typical
examples of minor-closed families include the class of planar graphs (and more generally, the class
of graphs embeddable in a fixed surface), the class of linkless embeddable graphs, and the class of
knotless embeddable graphs.

Inspired by coloring problems such as Question 1.1, the key property studied in this paper is the
property of being r-degenerate, for any fixed integer r, defined below.

Definition 2. Let r be a nonnegative integer, and let G be a graph. Then
e GG is r-degenerate if every subgraph of G contains a vertex of degree at most r;

e G is r-choosable if for every list-assignment (L, : v € V(Q)) with |L,| > r, there exists a
function c that maps each vertex v € V(G) to an element of L, such that c(x) # c(y) for any
edge xy of G.

It is well-known that any r-degenerate graph is (r 4+ 1)-choosable and (r + 1)-colorable by a simple
greedy algorithm. Note that a graph is not r-degenerate if and only if it contains a subgraph of
minimum degree at least r + 1. So being non-r-degenerate is equivalent to having an “(r + 1)-core”,
which is an object whose size has been extensively studied in random graphs (see [27, 31] for example).

In this paper, we consider the following properties.

Definition 3. Let r be a positive integer. We define
e D, to be the property of being (r — 1)-degenerate,

e \, to be the property of being r-colorable,



e % to be the property of being r-choosable, and
e R, to be the property of having no r-regular subgraphs.

Question 1.2. For any integer r > 2 and proper minor-closed family G, what is the threshold proba-
bility pg, where P € {Dy, x%, Xr, R} ?

It is easy to see that D, x,, Xf and R, are monotone properties, D, C Xf C xr and D, C R,. So
results for D,. is a crucial part for our results on the other three properties.

For every graph H, let M(H) be the set of H-minor free graphs. Note that M(H) is a proper
minor-closed family for any fixed graph H. And for every proper minor-closed family G, there exists
a graph H' such that H' ¢ G, so G € M(H’). This simple observation together with the following
trivial proposition show that the heart of Question 1.2 is the special case stated in Question 1.3.

Proposition 1.3. For any proper minor-closed family G and graph H &€ G, pg = Q(pji/l(H)) for every
monotone property P.

Question 1.3. For any graph H and integer r > 2, what is the threshold probability p/D\j(H) ¢

Remark. Question 1.3 is expected to be very challenging: determining whether the threshold is
©(1) or not for all » and H implies solutions of long-standing open questions in extremal graph
theory about determining the degeneracy function or giving a constant approximation of the extremal
function for all H. The degeneracy function dg(n) is the minimum d such that any H-minor free
graph on n vertices is d-degenerate. A simple observation shows that for any fixed connected graph
H, determining whether the answer to Question 1.3 is ©(1) for every r > 2 is equivalent to determining
limy;, o0 dpr(n), denoted by dj;. (See Proposition A.1 for the precise description and a proof. [y The
limit d}; is closely related to another challenging function, the extremal function fg(n), which is the
maximum possible number of edges in an H-minor free graph on n vertices. Proposition A.2 shows
that fr; < dy < 2fF, where ff; = sup,cn fHT(").[e} Despite having been extensively studied, even
approximating fj; within a factor of 2 is not known for general sparse graphs (see [41]). We remark
that a combination of recent results [29, 32, 33, 42] gives an approximation with a factor 8:§£f§ for
almost every graph H of average degree at least a function of € (so a density condition for H is still
required), where 0 < € < 1; and very recently, some results about the extremal function were obtained
for the case when H satisfies certain sparsity assumptions about its expansion, such as [20, 22].

Similarly, the analogous problems for r-colorability or r-choosability correspond to Hadwiger’s
conjecture and its variants about the chromatic number or choice number of graphs in minor-closed
families, which are other major open problems in graph theory.

In addition, even though the thresholds for D,., x, and x% are well-studied in G(n,p) (all of which
are ©(n~!)), those techniques do not work for H-minor free graphs, since H-minor free graphs are
sparse and lacks symmetry.

1.2 Our results

Our main Theorem 1.4 answers Question 1.3 for a large family of pairs (r, H). The other main
Theorem 1.6 provides lower bounds for the rest of the pairs (r, H). Those results are for degeneracy
and choosability (i.e. the properties D, and x%). They yield results for colorability and existence of

[Note that dg is a non-decreasing function, as being (r — 1)-degenerate remains when adding isolated vertices. In

addition, a result of Mader [28] implies that dg(n) has a constant (only depending on H) upper bound for every n € N.
Therefore dy is well-defined, which equals sup,, ¢y da (n).
IMader [28] proved that f}; exists.



regular subgraphs (i.e. the properties x, and R, see Corollary 1.2 and Theorems 7.1 and 7.2), but we
do not put any effort to optimize results for these two properties in this paper. The results for these
four properties also generalize to arbitrary proper minor-closed family by Proposition 1.3.

It turns out that the threshold for H-minor free graphs and degeneracy is closely related to the
vertex cover of H, defined below.

Definition 4. A vertex-cover of a graph H is a subset S of V(H) such that H — S is edgeless. We
denote the minimum size of a vertex-cover of a graph H by T(H).

We also need the following standard definition of a join of two graphs.

Definition 5. For any graphs G, G’ and positive integer t, we define tG to be the disjoint union of t
copies of G, and define GV G’ to be the graph that is obtained from a disjoint union of G and G’ by
adding all edges with one end in V(G) and one end in V(G').

Clearly, 7(H) = 0 if and only if H has no edge. Hence if 7(H) = 0, then no H-minor free graph
has more than |V (H)| vertices, so the threshold pz\DA( 18 ©(1) for any property P. Therefore, we are
only interested in graphs H with 7(H) > 1.

The following theorem determines the threshold for M(H) and for degeneracy D, and choosability
X% for a large class of pairs (r, H), including the case 7(H) > r or the case that H has minimum degree
at least r.

Theorem 1.4. Let r > 2 be an integer and H a graph (not necessarily connected). Let P € {D,, x’}.
Then

P _1
PmH) = O(n )
in each of the following cases, where qi is an integer defined as follows.
1. If T(H) > r+1, then qg = r.
2. If 1 < 7(H) <r and H is not a subgraph of K (gy_1 V tK, o - for any positive integer t,
then qg = (r +2 —7(H))r — (T+2_2T(H)).

3. If 1 <7(H) <r, H has minimum degree at least r, and H is not a subgraph of K,_1 \V tKy for
any positive integer t, then qg = 2r — 1.

4. If 1 < 7(H) <r, H has minimum degree at least r, H is a subgraph of K,._1 V tKs for some
positive integer t, and H ¢ {Ks, K3, K4}, then qi = 3r — 3.

Furthermore, pf/l(H) = O(1) if either
e H=K,11 andr <3, or

e H has at most one component on at least two vertices and every component of H is an isolated
vertex or a star of maximum degree at most r.

Note that Statements 2 and 3 of Theorem 1.4 are consistent since if 7(H) < r and 6(H) > r, then
T(H) =r.

It is clear that for any fixed nonnegative integer r, the graphs H in which the threshold is not
determined in Theorem 1.4 belong to the set

Hy:={H:1<7(H)<rand HC K (g)_1 Vt"K,1o_;p) for some positive integer ¢*}.



Theorem 1.4 also showsl! that p%l(H) = O(1) if H is a graph in H, with 7(H) = 1. Therefore, we
have the following corollary.

Corollary 1.5. The thresholds for D, and Xf are determined by Theorem 1.4 unless H € H, and
T(H) > 2.

We remark that the number of cases not covered by Theorem 1.4 is not large. Every graph in H,.
has the property that deleting at most 7(H ) — 1 vertices results in a graph whose every component has
at most r+2—7(H) < r+1 vertices. Even though every graph W' is a subgraph of Ky V [V (W)|K7,
which looks close to the definition of the graphs in H,., there is no control for the maximum degree of
the remaining graph if we only delete 7(W) — 1 vertices from W.

We provide a lower bound for the thresholds in Theorem 1.6 for the cases not covered by Theorem
1.4.

The lower bound in Theorem 1.6 might look artificial at first glance, but it naturally arises from
constructions that establish upper bounds. Those upper bounds come from gluing several copies of the
same graph. We explain the intuition before we provide the formal description. We use the following
notation.

Definition 6. Let G be a graph, and let Z = {z1,22,...,27} be a subset of V(G). For any positive
integer k, let G A\, Z be the graph obtained from a union of k disjoint copies of G by identifying, for
each i with 1 < i < |Z|, the k copies of z;.

For example, if G is a star with three leaves and Z is the set of the leaves, then G Ay, Z is K}, 3.

Note that if every vertex in V(G) — Z has degree at least r in G, then G Ay Z is not r-degenerate
when £ is sufficiently large, and it can be used to prove upper bounds for the thresholds. This motivates
the following notions.

Definition 7. For graphs G and Fy and a nonnegative integer r, define F(G, Fy,r) to be the set
consisting of the graphs that can be obtained from a disjoint union of G and Fy by adding edges
between V(G) and V (Fy) such that every vertex in V (Fy) has degree at least r.

For a graph F in F(G, Fy,r), the type of F' is the number of edges of F incident with V (Fp), and
we call V(G) the heart of F.

Note that every graph in F(G, Fy,r) has type at least r. Figure 1(a) is an example of some
F € F(I, K3,3) of type 6.[8] Figure 1(b) is an example of F' A, V(I3) for some F € F(I, K3,3) of
type 6 and t = 4.

The type defined in Definition 7 provides an upper bound for the thresholds: Assume that F' is a
graph in F (I, Fy,r) with type ¢ for some edgeless graph I. Consider Gy := F A, V(I) for sufficiently
large k. Note that every edge of Gy is incident with a copy of Fy since I is edgeless. If a subgraph
of Gy is (r — 1)-degenerate, then for each of almost all copies C' of F' in Gy, at least one edge in C
cannot appear in this (r — 1)-degenerate subgraph. So a simple probabilistic argument shows that the
random subgraph Gy (p) of G}, is not (1 — 1)-degenerate if the probability p is w(|V (Gy)|~'/9). Hence
if the graph class G contains such Gy = F' A V(I) for infinitely many integers k, then the type of F’
gives an upper bound for the threshold for G and D,. Therefore, we would like to know the smallest
type of such graphs F'. And this smallest type is essentially s,(H) + 1, where s,(H) is the number in
the following definition, except that we have to restrict s,(H) < (Tgl) for some technical reasons.

\When 7(H) =1, H is a graph that is a disjoint union of K1 s for some positive integer s and isolated vertices. Since
H € H, and 7(H) = 1, H is a subgraph of ¢* K, for some positive integer ¢t*, so s < r, and hence every component of
H is either an isolated vertex or a star of maximum degree at most r.

el For every nonnegative integer ¢, we denote the edgeless graph on ¢ vertices by I, where Iy is the empty graph with
no vertices. Note I; = tK;. We will use the notation I; instead of tK; for simplicity because the description for ¢ can be
complicated.



F € F(I, Fy, 3) of type s = 6.

-

(a) Fp is a triangle K3. Each vertex of Fy has (b) F A4 Z, where Z is the heart of F.
degree at least » = 3 in F'. There are in total

6 edges incident with vertices in Fy. Thus F €

F(I2, Fo,3) and is of type 6. The vertex-set of

I5 is the heart of F'.

Figure 1: An example of a graph F' € F(I, Fy,3) of type 6 and F' Ay Z for some set Z.

Definition 8. For any graph H and integer r > 2, let s,(H) be the largest integer s with 0 < s <
(Tgl) such that for every integer s’ with 0 < s < s, every connected graph Fy and every graph
F € F(Ir(g)-1, Fo,r) of type s', H is a minor of F Ay I for some positive integer t, where I is the

heart of F'.

Note that s,(H) > r — 1, since there exists no connected graph Fj such that there exists a graph
in F(Ir(my—1, Fo,r) of type at most 7 — 1.

As discussed above, s,.(H)+ 1 gives an upper bound for the threshold, subject to an extra require-
ment that s,(H) < (7’”51). Our result for lower bounds (Theorem 1.6) essentially matches this upper
bound s, (H)+ 1 and the upper bounds appeared in Theorem 1.4, except that we also have to consider
(r;“l) due to technical reasons.

Theorem 1.6. Let r > 2 be an integer and H € H,.. Let P € {x%, D,}.
1 IfT(H) > 2, then s,(H) > (r — 7(H) +2)r — (") —1= (1) — (")) — 1.
2. If2<7(H) <r, then pﬁ/((H) = Q(n~Y), where qg = min{s,(H) + 1, (r;rl)}

Simple corollaries of Theorems 1.4 and 1.6 for many extensively studied minor-closed families are
included in Corollary 1.2. We remark that it is far from a complete list of corollaries that can be
derived from Theorems 1.4 and 1.6.

We will sketch the proof ideas in the next section.

2 Proof ideas and organization

2.1 Notations

In this paper, graphs are simple. Let G be a graph and X a subset of V(G). We denote the
subgraph of G induced by X by G[X]. We define Ng(X) = {v € V(G) — X : v is adjacent in G
to some vertex in X}, and define Ng[X] = Ng(X) U X. For any vertex v, G — v, Ng(v) and Ng[v]



are defined to be G[V(G) — {v}], Na({v}) and Ng[{v}], respectively. The degree of a vertex is the
number of edges incident with it. The minimum degree of G is denoted by §(G). The length of a path
is the number of its edges. The distance of two vertices in G is the minimum length of a path in G
connecting these two vertices; the distance is infinity if no such path exists.

For every real number k, we define [k] to be the set {x € Z:1 <z < k}. We use N to denote the
set of all positive integers, which does not include 0.

2.2 Proof ideas

To establish an upper bound f of the thresholds in Theorem 1.4, it suffices to construct a sequence
(Gp : m € N) of graphs in M(H) such that lim,,_,. Pr(Gy(p(n)) € P) = 0 for every function p with
f(n)/p(n) — 0, as shown in Section 3. These constructions use notions in Definitions 6 and 7. Roughly
speaking, the graphs GG, in the construction are altered from the complete bipartite graphs such that
they have minimum degree at least r in various ways.

Proving the lower bounds in Theorems 1.4 and 1.6 are much more difficult, and most of the paper
is dedicated to it. It suffices to prove lower bounds for p/’i/’l'( H) and then use the following trivial

observation (Proposition 2.1) for other properties.

Proposition 2.1. For any positive integer r and graph class G, the threshold for D, is upper bounded
by each of the thresholds for the properties x%,x, and R,.

If G(p) is (r —1)-degenerate, every subgraph R of G with §(R) > r has to have some edge disappear
in G(p). Hence the lower bound of the threshold for D, comes from a value p that ensures that every
subgraph R of G with 6(R) > r has a missing edge in G(p). If one ignores the interplay between
different subgraphs of G of minimum degree at least r, then since there are possibly O(2‘E(G)|) =
O(2°™) such subgraphs, there is no hope to obtain a lower bound of the form O(n~1/?) (for some
g > 0) which is the corresponding upper bound.

The strategy to obtain a lower bound of the form O(n~'/9) is to find a small set of “signatures”
such that every subgraph of minimum degree at least r contains such a signature, so as long as G(p)
misses an edge for each signature, G(p) has no subgraph of minimum degree at least r. The following
definitions and lemma formalize this idea.

Definition 9. For any real number ¢ and nonnegative integers q and r, a (c,q,r)-good signature
collection for a graph G is a collection C of subsets of E(G) with the following properties.

1. FEach member of C has exactly q edges.
2. C| < |V (G)].
3. For every subgraph of G of minimum degree at least r, its edge-set contains some member in C.

Definition 10. For a given graph class G and nonnegative integers q and r, we say G has (q,r)-good
signature collections if there is a constant ¢ = ¢(G) such that for every graph G in G, there is a
(¢, q,7)-good signature collection for G.

The following lemma shows that the existence of (g, 7)-good signature collections for G provides a
lower bound on the threshold probability in terms of q.

Lemma 2.2. Let G be a class of graphs and q,r be positive integers. If G has (q,7)-good signature
collections, then pgr = Q(nil/q).



Proof. Let p* : N — [0,1] be the function such that p*(n) = n~/7 for every n € N. Let p : N — [0, 1]
be a function with lim, . p(n)/p*(n) = 0. Let (Gp)nen be a sequence of graphs in G such that
[V (Gy)| = n for every n € N. To show pgT = Q(n~1/9), it suffices to show that lim,, .. Pr(G,(p(n)) €
D,) =1.

Since G has (g, r)-good signature collections, there exists a constant ¢ such that for any inte-
ger n, there exists a (c,q,r)-good collection C, for G,. For each T' € C,, since |T| = ¢q, Pr(T C
E(Gn(p(n)))) = (p(n))?. Since for each subgraph R of G,, with 6(R) > r, there exists T' € C,, with
T C E(R), so the probability that Gy (p(n)) contains a subgraph of minimum degree at least r is at
most the probability that some member of C, is a subset of E(G,(p(n))) which is at most |Cy|(p(n))?

q
by a union bound. But as n — oo, |C,|(p(n))? < en - (p(n))? = en - (n=Y9. %)q =c (]ﬁ(&))) — 0.
Thus with probability approaching 1 as n approaches infinity, no subgraph of minimum degree at

least r is contained in Gy, (p(n)). Therefore, lim,_,o Pr(G,(p(n)) € D,) = 1. O

Remark. We want to emphasize that the value q in Lemma 2.2 determines the lower bound for pg".
The majority of work of this paper is to find the largest or sufficiently large value of q, which turns out
to be the value qr defined in Theorems 1.4 and 1.6. Theorems 1.4 and 1.6 are proved by combining it
with the upper bound established in Section 3.

We will prove the existence of (¢, 7)-good signature collections with a large value of ¢ in Lemmas
5.1 and 5.4. We will show how these two lemmas imply the main theorems 1.4 and 1.6 in Section 6.

A key sufficient condition to establish the existence of (g, r)-good signature collections in Lemmas
5.1 and 5.4 is the following.

Lemma 2.3. Let r be a positive integer and G a hereditary graph class®™. If there exist nonnegative
real numbers a,t,( with t < 2r + 1 such that for every graph G € G, there exist a subset Z of V(G)
with |Z] < ¢ and a vertex z* € Z such that

1. every vertex in Z has degree at most a in G, and
2. for every subgraph R of G with §(R) > r and with z* € V(R), [V(R)N Z| > t,
then every graph in G has a ((C) (a)t,rt — (é),r) -good signature collection. In other words, G has

t) \r

(Tt — (5),7“) -good signature collections.

Proof. Assume that for every graph G € G, there exist Z and z* satisfying the two conditions stated

in this lemma. We shall prove that every graph G € G has a <(§)(

collection by induction on the number of vertices in G. The claim trivially holds when |V(G)| = 1, as
there exists no subgraph of G of minimum degree at least one.

For any set T of ¢ distinct vertices z1, ..., 2 in Z and every sequence s = (St.1, S12, ..., ST+), Where
St is a set consisting of r edges of G incident with z; for every i € [t], let Sy = U§:1 St.j. Note that

|Ss| > rt— (;) Let Cy be the collection of all possible such sets Ss. Then |Cy| < (g) (‘;)t as the number

of t-element subsets of Z is at most (%), and each vertex in Z is incident with at most a edges.
The second condition mentioned in the statement of this lemma implies that for every subgraph

R of G with §(R) > r and with z* € V(R), the edge-set E(R) contains some member of Cy. Since G is
hereditary, G—z* € G. Applying the induction hypothesis to G—z*, G—z* has a ((C) (“)t, rt — (;) , 7')—

a
T

)t,'rt — (;),r>—good signature

t)\r
good signature collection C;. For every subgraph R of G with §(R) > r and z* € V(R), R is a subgraph
of G — z* with §(R) > r, so E(R) contains some member of C; by the induction hypothesis.

WA graph class is hereditary if every induced subgraph of a member of this class is a member of this class. Note that

M(H) is hereditary for every graph H.
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Let Co = Cy UC1. Then Cy has the property that for every subgraph R of G with §(R) > r,
E(R) contains some member of Co. In addition, by the induction hypothesis, [Ca| < |Co| + |C1] <

OO+ OO V@ -1 = @ vE)].
Note that Cs satisfies the conditions of being a ((%) (;‘f)t, rt — (;) , 7") -good signature collection except

some member of Cy possibly has size strictly greater than rt — (;) For each member M of Ca, let f(M)
be an arbitrary subset of M of size rt — (;) Note that for every subgraph R of G with §(R) > r, E(R)
contains some member M of Cz and hence contains f(M). Then the collection {f(M) : M € Ca} is a

((g) (?)t, rt — (;),r> -good signature collection for G. O

Note that the exponent of n in pﬁ gy is essentially determined by the size ¢ of the members of C
mentioned in Lemma 2.2, and ¢ is determined by the value ¢ mentioned in Lemma 2.3. The majority
of work of this paper is to prove the sufficient condition in Lemma 2.3 with the correct value t. The
starting point is the following lemma.

Lemma 2.4 (Special case of Lemma 4.4). For any a, 8 € N and nonnegative integer ¢, there exists
a real number d such that for every graph G with no K, g-minor, there exist X C V(G) and z* € X
such that

1. every vertex in X has degree at most d in G, and

2. there exists a set S C V(G)— X with |S| < a—1 such that for every vertex x € X, if the distance
between x and z* is at most £ — 1 in G[X], then every neighbor of x in G not contained in X is
contained in S.

It is easy to see that every graph with no H-minor has no K g g-minor for some large 3, so
Lemma 2.4 can be applied to H-minor free graphs by choosing o = 7(H) and some § and £. Assume
a =71(H) < r. Then for every subgraph R of G with 6(R) > r containing z*, it must contain at least
r —|S| > r — a+ 1 neighbors of z* in X; moreover, unless there are many edges of R between those
neighbors, R also contains neighbors of those neighbors in X, and so on. So we can obtain the desired
set Z in Lemma 2.3 by defining it to be the set of vertices in X with distance at most £ — 1 from z*
in G[X] (where ¢ only depends on the value ¢ that we aim), and we are done. However, this argument
is based on two assumptions: one is 7(H) < r and the other is that R does not contain many edges
between neighbors of z* in X. The second one is not serious, because in that case R still contains
many edges incident with Z and we can modify the proof of Lemma 2.3 so that the parameter in a
good signature collection determining the value ¢ in the exponent of n in the threshold is the lower
bound for the number of edges of R incident with Z that we can ensure, instead of a function of the
lower bound ¢ for |V(R) N Z|. The assumption 7(H) < r is more serious. So we should not assume it.
Before we proceed further, we remark that if C' is the component of R[X NV (R)] containing z*, then
RIV(C)U(V(R)NS)] is a graph in F(R[V(R) N S], C,r) whose type equals the number of edges of R
incident with a vertex in V(C) C Z.

In fact, Lemma 2.4 is a very special case of what we really prove (Lemma 4.4). Lemma 4.4 actually
shows that we can obtain many such z* instead of just one z*, with the same set S. It will allow us
to construct a subgraph of G isomorphic to F' A I for some graph F' in F(I(g)—1,C,7) with type
equal to the number of edges of R incident with V(C) C Z, and for some large integer ¢, where I
is the heart. So if we cannot make sure that R has many edges incident with V' (C), then we get a
graph F' A I for some F' € F (I (p)—1,C,r) with small type; but it implies that s,.(H) is small by its
definition, since G is H-minor free. Hence it would imply that the value ¢ in the threshold is bounded
by s,(H), as stated in Theorem 1.6. With more work we can improve this bound for some graphs H
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to obtain Theorems 1.4. This completes the proof sketch. More details can be found in Sections 5 and
6.

We remark that Lemma 4.4 applies to graph classes that are more general than minor-closed
families and is of independent interests. In particular, it generalizes a result of Ossona de Mendez,
Oum, and Wood [30], and the first author further extends it in a later paper [25] to solve a number of
open Turan-type questions for robustly sparse graphs.

2.3 Organization of the paper

We prove upper bounds for the threshold probabilities in Section 3 and prove the lower bounds in
Sections 4, 5, and 6. As we have discussed earlier, the main lemmas are Lemmas 5.1 and 5.4 regarding
the existence of good collections, which are proved in Section 5. Lemma 5.1 is simple, but Lemma 5.4
is much more complicated and requires a technical lemma (Lemma 4.4, which is proved in Section 4).
We then use Lemmas 5.1 and 5.4 to prove the main theorems in Section 6. More intuitions for the
proof of those lemmas will be provided in Sections 5 and 6. Finally we conclude the paper with some
remarks in Section 7.

3 Upper bounds for the threshold probabilities

Our goal in this section is proving Corollary 3.6 which proves some upper bounds of the thresholds.
We will construct sequences of graphs (G,, : n € N) that are hard to be made (r — 1)-degenerate by
randomly deleting edges. Namely, if p goes to 0 too slow, then lim,,_,. Pr(G,(p) € D,) = 0. These
sequences (G, : n > 1) will be used to establish upper bounds for pf/’i( H) for different graphs H. The

a
same construction will also be used for proving upper bounds for piijl -
A stable set in a graph is a subset of pairwise non-adjacent vertices. A standard second moment
method proves the following lemma.

Lemma 3.1. Let Q be a graph and Z a (possibly empty) stable set in Q. Let ¢ = |E(Q)| > 2. For

every n € N, let £, = LW@\Z\J and let Gy, be the graph obtained from Q Ny, Z by adding isolated

vertices to make G, have n vertices. Let p: N — [0,1] with lim, oo n~'/9/p(n) = 0. Then for every
k€N, limy, 0 Pr(Q Ax Z C Gr(p)) = 1.

Proof. Note that for every n € N, G, contains ¢,, edge-disjoint copies of @), denoted by A;, Ao, ..., Ay, .
For each 1 <1 < /,,, define a random variable X; to be 1 if all the edges of A; remain in the random
subgraph G, (p); let X; = 0 otherwise.

Let X = Ele X;. It suffices to show lim,, o, Pr(X > k) = 1. This is because when X > k,
Ui.x,=1 Ai contains @ A Z as a subgraph in G, (p), as desired.

Note E[X;] = Pr(X; = 1) = (p(n))?. So nE[X;] — oo as n — oo, by the definition of p. Hence
0,E[X;] — oo as n — oo by the definition of ¢,,. By the linearity of expectation, E[X] = Zf;l E[X;] =
(,E[X;] > k. Since X;’s are i.i.d. random variables, the desired inequality lim, o Pr(X > k) =1 is
a consequence of standard concentration inequalities (such as Chebyshev’s inequality). ]

Lemma 3.2. Let r,1" be integers with r > 2 and 0 < 1’ < r and let s be a nonnegative integer. Let
Fy be a connected graph and let F € F(I, Fo,r) be of type s. Let Z be the heart of F (thus Z is a
stable set of size v’ in F).

For every positive integer n, let £, = L%j and let G, be an n-vertex graph obtained from F Ny, Z

by adding isolated vertices to make G, have n vertices. Let p : N — [0, 1] with lim,, oo n~ % /p(n) = 0.
Then lim,_,~ Pr(Gy(p) € D,) = 0.

12



Proof. By Lemma 3.1, lim,,_,o Pr(F' A, Z C G,,) = 1. We claim F' A, Z has a subgraph of minimum
degree at least r. Every vertex in V(F')\ Z has degree at least r in F'. So every vertex in V(F A, Z)\ Z
has degree at least r in F' A, Z. For each vertex in Z, if it has zero degree in F', it has zero degree in
F A, Z; if it has degree at least one in F', it has degree at least r in F' A, Z as each of its neighbors
has r copies in F' A, Z. So some component of F' A, Z has of minimum degree at least r. Therefore,
lim,, o, Pr(Gy(p) € D,) = 0. d

Recall that for every nonnegative integer ¢, we denote the edgeless graph on ¢ vertices by I;, where
Iy is the empty graph with no vertices. The proof of the following lemma is straightforward, so we
move it to the appendix (Section A.2).

Lemma 3.3. Let r be a positive integer and w an integer with 0 < w < r. Then I,_, V1'%

not r-choosable.

w1 18

Lemma 3.4. Let r be an integer with r > 2 and let w be an integer with r > w > 0. Let ¢ =
(w+ 1)r — (wgl). For every n € N with n > r, let G, be the n-vertex graph obtained from I._, V

Ln_u(]:__lw)JKw—l—l by adding isolated vertices to make G, have n vertices. Let p : N — [0, 1] be a function

with lim,, 0o n~Y%/p(n) = 0. Then the following hold.
1. limy oo Pr(Ip—y V1" K41 € Gr(p)) = 1.

2. limy, 00 Pr(Gp(p) € D,) = limy, ;00 Pr(Gr(p) € x%) = 0.
3. If r # w, then lim, o Pr(G,(p) € Xwi1) = 0.
4. If r is divisible by w + 1, then lim,_o Pr(G,(p) € R;) = 0.

Proof. Let Q = I,_y, V K41, and let Z be the subset of V(Q) corresponding to V(I,_,,). For every
n € Nwithn > r, let G, = Q /\Ln_u_w)J Z. So for every n € N, G, is the graph obtained from G,
w41

by adding isolated vertices to make G,, have n vertices. Note that the number of edges of @) incident
with at least one vertex in V(Q) — Z is (w + 1)(r —w) + (“3') = ¢.

Note that for any positive integer k, I_,VkKy+1 = QApZ. Hence by Lemma 3.1, lim,, oo Pr(QA,r
Z C Gn(p)) = limy o0 Pr(L—y V1" K11 € Gp(p)) = 1. Since I,—y V 7" K41 has minimum degree
at least r, lim, o Pr(Gy(p) € D,) = 0. By Lemma 3.3, I,_,, V r"Ky1 is not r-choosable, so
lim,, ;00 Pr(Gp(p) € X%) = 0.

If r # w, then I, V r" K41 is not properly (w + 1)-colorable, so lim,,_,o Pr(Gp(p) € xw+1) = 0.

If r is divisible by w + 1, then I,_,, V MLHKU,H is a r-regular subgraph of I,_, V r" K11, so
lim,, oo Pr(Gp(p) € R,) = 0. O

To define another sequence of graphs that are hard to be made (r — 1)-degenerate, we need the
following definition.

Definition 11. Let r be a positive integer with v > 4. In the graph I,_1 V K3, let Y be the stable set

of size r — 1 corresponding to V(I,_1), and let X be the three vertices in Ks. Let L be a connected

graph obtained from I._1 V K3 by deleting the edges of a matching of size three between X and Y .
For every positive integer t, let Ly = L N\ Y.

Note that L exists as r > 4. Also, L; has (r — 1) + 3t vertices and 3(r — 1)t edges.

Lemma 3.5. Let v be an integer with r > 4. For every n € N, let G,, be the n-vertex graph obtained
from L|(n—ry1)/3] by adding isolated vertices to make G, have n vertices. Let p : N — [0,1] be a

function such that lim, n_l/(S’"_S)/p(n) = 0. Then lim,_,o Pr(G,(p) € D,) = lim,, oo Pr(Gp(p) €
V4
X;) = 0.
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Proof. By Lemma 3.1, limy,_,oc Pr(L,~—1 € Gp(p)) = 1. Since L, -1 has minimum degree at least r,
lim,, o, Pr(Gy(p) € D,) = 0.

Now we show that L,,—1 is not r-choosable. Note that it implies that lim,, . Pr(G,(p) € x%) = 0.
We will construct a list of r colors for each vertex v, denoted as L,. Denote Y = {y1,y2, ..., yr—1}
For each ¢ with 1 < ¢ < r —1, define L,, = {ri+j: 0 < j <r —1}. Thus the color lists of y; and
y; are disjoint for any ¢ # j. Let C1,Cy,...,Cyr—1 be the r"~! copies of V(L) — Y in L,~—1. For each
i with 1 < i <7771 let S; be a set of size r — 1 such that |S; N Ly| =1 forevery 1 <j <r—1,
and Sy # Sy for distinct k, k" € [r"~1]. This is possible since there are 7"~! ways to pick exactly one
element from each of L,, for 1 < ¢ <7 — 1. For each i with 1 <14 < "1 and each vertex v in Cj,
define L, = {—1, -2} U(S; — Ly, ) where y, is the vertex in {y1, 92, ..., yr—1} such that v is not adjacent
in L,~—1 to y,. Note that each L, has size r. Then it is easy to see that L,~-1 is not colorable with
respect to (L, : v € V(Lr—1)). O

The following corollary provides an upper bound for threshold probabilities.

Corollary 3.6. Let r > 2 be an integer and let w be an integer with r > w > 0. Let G be a monotone
class of graphs. Then the following hold.

1. If there exists ng € N such that {Kypn—r : n > no} C G, then pg~ = O(n=1/7), pé"{ = O(n~Y")
and pg" = O(n=1m).

2. If there exists ng € N such that {I,_ VtKyt1 :t > no} C G, then the following hold.

(a) pEr = O(n="/9) and pgfé = O(n~Y7), where ¢ = (w + 1)r — (“F7).
(b) If r #w, then p§*" = O(n=29), where q = (w + 1)r — ().
(c) If r is divisible by w + 1, then pgr = O(n_l/q)7 where ¢ = (w + 1)r — (wgl)'

3. If r > 4 and there exists ng € N such that {L; : t > no} C G, then PG = O(nfl/(‘g’”*‘g)) and
L
p>g<r — O(n_l/(?’r_?’)).

4. Let r,r" be an integers with r > 2 and ' < r and let s be a nonnegative integer. Let Fy be a
connected graph and let F € F(I+, Fy,r) be with type s. Let Z be the heart of F. If there exists
no € N such that {F N\t Z : t > no} C G, then pQDT =O0(n~1%).

Proof. Statements 2, 3 and 4 of this corollary immediately follows from Lemmas 3.4, 3.5 and 3.2,
respectively. Statement 1 of this corollary following from Statement 2 by taking w = 0. 0

4 Neighbors of low degree vertices

In this section we prove Lemma 4.4, which gives structural information for graphs with no dense
shallow minors and is a generalization of the main lemma in the work of Ossona de Mendez, Oum,
and Wood [30], where they used the lemma to study defective coloring for a broader class of graphs.
We refer interested readers to [30] for details. Lemma 4.4 might be of independent interests beyond
this paper. We will state the motivation of this lemma in Section 5 when we are about to apply it.

The average degree of a graph G is 2“‘/?((5))" The mazimum average degree of a graph G is

maxpg 2||‘;E((HH))||, where the maximum is over all subgraphs H of G. The following lemma can be found

in [44, Lemma 18] or in the proof of [13, Theorem 1.1].
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Lemma 4.1 ([44, Lemma 18],[13]). Let r be a positive integer and let k be a positive real number. If
G is a graph of mazimum average degree at most k, then G contains at most (rfl)|V(G)| cliques of
stze r.

For every nonnegative integer £, we say that a graph G is an ¢-subdivision of a graph H if it can
be obtained from H by subdividing each edge of H exactly ¢ times. That is, G can be obtained from
H by replacing each edge of H by a path of length ¢ + 1, where those paths are pairwise internally
disjoint. For a set S of nonnegative integers, we say a graph G is an S-subdivision of H if for every
e € E(H), there exists s € S such that G can be obtained from H by subdividing each edge e of
H exactly s, times. Thus an /-subdivision is the same as an {¢}-subdivision. For every nonnegative
integer ¢, a graph G is a (< {)-subdivision of H if it is an ([¢] U {0})-subdivision of H.

The radius of a graph G is the minimum k& such that there exists a vertex v of G such that every
vertex of G has distance from v at most k. Let £ € ZU {oco}. We say that a graph G contains a graph
H as an (-shallow minorif H can be obtained from a subgraph G’ of G by contracting pairwise disjoint
connected subgraphs of G’ of radius at most £. In other words, every branch set of an ¢-shallow minor
is a connected subgraph of radius at most £. Note that G contains H as an oco-shallow minor if and
only if G contains H as a minor; G contains H as a O-shallow minor if and only if H is a subgraph of
G.

The next concept is important in our proof.

Definition 12. For a graph G, a subset Y of V(G), and an integer r, we say a subgraph H of G is
r-adherent to Y if V(H)NY =0 and |[Na(V(H))NY| > r.

The proof of the following lemma is inspired by the proof of [30, Lemma 2.2].

Lemma 4.2. For any r,t € N and positive real number k', there exists a real number o > 0 such that
for every £ € Z U {oo}, for every graph G, for every Y C V(G), and for every collection C of disjoint
connected subgraphs of G —Y , if each member of C is r-adherent to Y and of radius at most £, then
either

1. there exists a graph H of average degree greater than k' such that G contains a subgraph isomor-
phic to a [2¢ + 1]-subdivision of H,

2. G contains K, as an {-shallow minor, or
3. |C] < alY].

Proof. Let r,t € N and let k' be a positive real number. Define o = (¢t — 1)(751) +K'/2.

Let £ € Z U {0}, let G be a graph and Y C V(G). Let C be a collection of disjoint connected
subgraphs of G — Y such that each member of C is r-adherent to Y and of radius at most £.

Assume that for every graph H, if G contains some subgraph isomorphic to a [2¢ 4 1]-subdivision
of H, then the average degree of H is at most &’. Assume that G does not contain K, as an ¢-shallow
minor. We shall show that Statement 3 of this lemma holds.

Let G’ be the graph obtained from G by contracting each member of C into a vertex. Since each
member of C is a subgraph of G of radius at most ¢, G’ is an ¢-shallow minor of G. In addition,
Y C V(@) since each member of C is disjoint from Y. Let Z = V(G') — V(G). (That is, Z is the set
of the vertices of G’ obtained by contracting members of C.) Define G” to be the graph obtained from
G' — E(G'[Y]) by repeatedly picking a vertex v in Z that is adjacent in G’ to a pair of nonadjacent
vertices u, w in (G' — E(G'[Y]))[Y], deleting v, and adding an edge uw, until for any remaining vertex
in Z, its neighbors in Y form a clique.
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Let H = G"[Y]. So some subgraph H’ of G’ is isomorphic to a 1-subdivision of H. Together with
the fact that G contains H' as an ¢-shallow minor and V(H) =Y C V(G) — Z, we know G contains a
subgraph isomorphic to a [2¢ + 1]-subdivision of H. This implies that for every subgraph L of H, G
contains a subgraph isomorphic to a [2¢ + 1]-subdivision of L. So the average degree of any subgraph
of H is at most &’ by our assumption. Hence there are at most

(5 weni= (5 )i )

cliques of size r in H by Lemma 4.1.

Since G contains G’ as an (-shallow minor, G’ does not contain K, ; as a subgraph, for otherwise
G contains K,; as an f(-shallow minor. This implies that for each clique K in G"[Y] of size r,
Hz € ZNV(G") : K C Ngn(z)} < t—1. In addition, for every z € ZNV(G"), Ngv(2) NY is a
clique consisting of at least r vertices in H since every member of C is r-adherent to Y. So a double
counting argument applied to (1) implies

ZAV(E")| < (t - 1>(T’f1)m.

Furthermore, by the definition of G”, the vertices in Z but not in V(G”) are the ones being deleted
while adding one edge in between two vertices in Y. Thus |Z — V(G")| < |[E(G"[Y])| = |E(H)| <
K|Y|/2. So c| = 12| < (¢t — 1) (¥ )Y+ K|Y|/2=alY]. O

For any vertex x of a graph G and any (possibly negative) real number ¢, we denote by Née [x] the
set of all the vertices in G whose distance to x is at most ¢; in particular, NGSl[x] = Ng[z].

Definition 13. For a subset Y of V(G), v € V(G) =Y and integers k and r, we define a (v,Y,k,r)-
span (in G) to be a connected subgraph H of G —Y containing v such that |Y N Ng(V(H))| > r, and
for every vertex u of H, there exists a path in H from v to u of length at most k.

Note that if H is a (v,Y, k,r)-span in G, then H is r-adherent to Y, and V(H) C Nék[v] - Nék[v].
A (v,Y,k,r)-span H is minimal if no proper subgraph of H is a (v, Y, k, r)-span.

Lemma 4.3. Let G be a graph, Y C V(G) and k,r be integers. Then every minimal (v,Y, k,r)-span
is a subgraph of a union of at most r paths in G —Y where each path starts from v and is of length at
most k. In particular, every minimal (v,Y, k,r)-span contains at most kr + 1 vertices.

Proof. Let H be a minimal (v,Y, k,r)-span. Since H is a (v,Y,k,r)-span, |[Ng(V(H))NY| > r. So
there exists a subset S = {v1,v2,...,v5/} of V(H) with [S| < r such that [Y N Ng(S)| > r and
Y N Ng(vig1) — Ué-:l Ng(vj) # 0 for each ¢ with 0 < i < |S| — 1. Since H is a (v,Y, k,r)-span, for
every u € S, there exists a path P, in H C G —Y from v to u of length at most k. Hence (J,,cg Py is
a (v,Y,k,r)-span and is a subgraph of H. By the minimality of H, H = J,cg P.. Therefore, H is a
union of |S| < r paths in G — Y where each path starts from v and is of length at most k. Note that
[V(P,) — {v}| < k,s0|V(H)| <1+ rk. O

Now we are ready to state and prove Lemma 4.4.

Lemma 4.4. For any r,t € N, nonnegative integer £, positive real numbers k, k', and nonnegative real
number B, there exists a real number d such that for every graph G, either

1. the average degree of G is greater than k,

16



2. there exists a graph H of average degree greater than k' such that some subgraph of G is isomor-
phic to a [2¢ + 1]-subdivision of H,

3. G contains K, as an {-shallow minor, or
4. there exist X, Z C V(G) with Z C X and |Z| > p|V(G) — X| such that

(a) every vertex in X has degree at most d in G,
(b) for any distinct z,2' € Z, the distance in G[X] between z, 2" is at least { + 1,

(c) for every z € Z andu € X whose distance from z in G| X] is at most {, |[Ng(u)—X| <r—1,
and

(d) |NC,~(NG§[§}1[2]) — X[ <r—1 forevery z € Z.

Proof. Let r,t € N, £ be a nonnegative integer, k, k' be positive real numbers, and 3 be a nonnegative
real number. Let « be the one in Lemma 4.2 by taking r =r, t =t and k' = k'. Let v = S+ (¢r+1)a.
Define d = (1 + (1 + )"k

Let G be a graph. Assume that the average degree of GG is at most k, and assume that there
exists no graph H of average degree greater than k' such that some subgraph of G is isomorphic to a
[2¢ 4 1]-subdivision of H. Assume that G does not contain K, ; as an ¢-shallow minor.

For any ¥ C V(G) and v € V(G) — Y, we define the Y-correlation of v to be the sequence
(ap,a1,ag,...,ap—1), where a; = Y N Ng(NéiY[v})] for each ¢ with 0 < ¢ < ¢ — 1. Note that if some
entry of the Y-correlation of a vertex v is at least r, then there exists a (v, Y, ¢, r)-span. Observe that
the Y-correlation of v is an empty sequence when ¢ = 0.

Let Xy be the set of the vertices of G' of degree at most d, and let Yy = V(G) — Xy. We use the
following iterative procedure for each step ¢ > 0 to define the vertex partition V(G) = X; UY;. For
each i > 0, we define the following.

e Define C; to be a maximal collection of pairwise disjoint subgraphs of G[X;], where each member
of C; is a minimal (v,Y;, ¢, 7)-span for some vertex v € X; satisfying that if £ > 1, then |Y; N
<t-1
NG(Né—Yi D] = 7.

e D, = UHeCi V(H).
e Z; is a maximal subset of X; — D; such that

— for any two distinct vertices in Z;, their distance in G[X;] is at least £+ 1, and
— for every z € Z;, Né[lix_,-l—Di} [2] N Ng(D;) = 0.
o Xiy1 =Xi— (Z;UD;).
o Vi1 =Y,UZ UD;
Note that {X;,Y;} is a partition of V(G) for every i > 0, where X; or Y; is possibly empty.

Claim 4.4.1. For every nonnegative integer i and z € Z;,

o |Ng(N§[§ZHz]) - Xi| <r—1, and

e ifu is a vertex in X; such that the distance in G[X;] from z to u is at most £, then |[Ng(u)—X;| <
r—1.
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Proof of Claim 4.4.1: We first suppose N— [ | # N<ZX1 D. ][ z]. So there exists v' € N<[Z H z] —

Néfxil—Di} [z]. This means that there exists a path in G[X;] of length at most ¢ — 1 from z to v/
intersecting D;. Hence there exists v € X; such that there exists a path P, in G[X;] of length at most
¢ —1 from z to v intersecting D;. We may assume that v is chosen such that |V (P,)]| is as small as
possible. Hence P, is internally disjoint from D;. Since z € Z;, z & D;. So v € D; and P, contains

at least two vertices. Let v” be the neighbor of v in P,. Since P, is internally disjoint from D; and

z & Dy, it follows that v” € N<[€(1 Di][z] N Ng(v) C Né[l;(l D}[ z] N Ng(D;). However, since z € Z;, by
the definition of Z; Néfxl D, }[ z] N Ng(D;) = 0, a contradiction.

Hence

NS = NESL L) 2)
So Néﬁxﬂ 2] N Ng(D;) = 0. Since z & D, NS[Z ﬂ zlND; = 0.

Suppose |Ng( G<[li><ﬂ z]) — Xi| > r. Since {X;,Y;} is a partition of V(G), |Ng(NGS£Y1[ HhnY;| =
|Ne( éé{}[ z])NY;| > r. Therefore G| ée Yl[ = G[Néf);j[z]] is a (z,Y;, ¢, r)-span in G} it is disjoint
from members in C; since NG[X ][ z] N D; = (. Hence there exists a minimal (z,Y;,¢,r)-span H' in G
such that V(H') C Né&}[ z]. But V(H')Nn D; C Né[@(ﬂ z] N D; = (), contradicting the maximality of

C;.

Therefore, |Ng( <[€ ﬂ z])) = Xi| <r—1

Let u be a vertex in X; such that the distance in G[X;] from z to u is at most £. Suppose u € D;.
Since z ¢ D;, there exists a vertex v’ € X; N Ng(u) such that the distance in G[X;] from z to v’ is

at most £ — 1. So u’ € N5y [2] N Na(u) € N5 1210 Na(Di) = N&ix L[]0 Na(Di) by (2). But

z € Zj, 80 Nc[ﬁ(l pylzl N Na(Di) = 0, a contradiction.

Hence u ¢ D;. If |Ng(u) — X;| > r, then the graph consisting of the vertex w is a minimal
(u,Y;,0,7)-span (and hence a minimal (u, Y;, ¢, 7)-span), so u is contained in D; by the maximality of
Ci, a contradiction. So |[Ng(u) — X;| <r—1. 0

If there exists a nonnegative integer i* such that |Z;«| > 8|V (G) — X;+|, then by defining X = X«
and Z = Z;+, we know that |Z| > B|V(G) — X|, and every vertex in X C X has degree at most d in
G; statements 4(b)-4(d) follow from the definition of Z;« and Claim 4.4.1, so Statement 4 holds.

So we may assume that |Z;| < 5|V (G) — X;| = 5|Y;] for every nonnegative integer i.

Since X; 1 C X;, we have for any v € X;11 and any 0 < j < /¢ —1,

<Jj <
NG[Xi+1][ v © NG[X][ vl. 3)
Note that for every v € X; 1, if there exists an integer j with 0 < j < ¢ — 1 such that N;[JX }[v] =
Né[X ][ v], then it is easy to see that for every u € GS[JX }[ v], the distance between u and v in G[X;11]
is the same as the distance between u and v in G[X ] by 1nduct10n on the distance between v and v

in G[X;+1], and hence for every integer j/ with 0 < j' < j, N~ = }[ v] =

GXis G[Xi][ vl

Claim 4.4.2. Let i be a nonnegative integer, and let v be a vertex in X;11. Denote the Yiy1-correlation
of v by (ag, a1, ...,ap—1), and denote the Y;-correlation ofv by (bo, b1, ...,be—1). If there exists an integer

k < .
k < ¢ —1 such that Né[Xi+1][ v] € NG[X][ v], and NG[X ][ v] = N@[]Xi][v] for every 0 < j < k, then
(ag,a1,...,ax—1) is strictly greater than (b, b1, ..., bg_ 1) in the lexicographic order.
Proof of Claim 4.4.2: Since N5 }[ v] C N5E[v], k> 1.

Gl Xy G[X:)
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Since X;11 C X;, Y; C Y;11. By the condition of this claim, Ng( é[JX][ v]) = NG(NG[X +1}[v])

for every integer j with 0 < j < k —1. So for every j with 0 < j < k-1, Y; ﬂNg(N [X][ v]) C
Yiy1 N N@(Ng[X_H][v]), and hence a; > b;.

<£ef u be an arbitrary vertex in NG[X ][ v| - N5 [IE{ +1][ v]. By the condition of this claim, Né[’;]l [v] =
NG—[XZ-H}[U]‘ So ) ) L
< <k-1 -1

u e Né[xi} [v] = NG[X,-][NE[X} [v]] = NG[X ][ G[X z+1][UH' (4)

Hence the distance between w and v in G[X;+1 U {u}] is at most k. Since u ¢ é[@( +1}M’ u €
Xi — XrL'Jrl == }/;'Jrl — Y; Together with ( ) u € YL+1 N NG(N<k ! [U]) — Y;

<k—-1 <k-1 o Hlik—l <k-1
Since Ng( QLX) [v]) = Ng( G_[Xi+1}[v])’ we have Y; N Ng( GLX] [v]) € Yiy1 N Ng( GLX +1][ v]).

Recall that ax_1 = |Yiy1 N NG(NCS?[’ZL}[UM and b1 = |Y; N Ng(Ng[I;(]l[ v])|. Since u € Y;41 N
Ng(NE-

Glx +1][ v]) =Yy, ag—1 > bg_1. Therefore, (ag, a1, ...,ax—1) > (bo, b1, ..., bk—1). O

Claim 4.4.3. Let i be a nonnegative integer, and let v be a vertex in X;y1. Denote the Y;i1-
correlation ofv by (ag,ai,...,ap—1), and denote the Yj-correlation of v by (by,b1,...,be—1). If £ > 1 and
NG[JX }[v] G[X ][ v] for every integer j with 0 < j < {—1, then (ag,a,...,ar—1) is strictly greater
than (bo, bi,...,be_1) in the lexicographic order.

Proof of Claim 4.4.3: Since Y1 2 Y}, and for every integer j with 0 < j < /¢ — 1, NG[X +1][ v] =

NG—[X][ v], we have a; > b; for every j with 0 < j </ —1.
Since v € X;11, v € Z; U D; by the definition of X;,1. Assume that there exists v’ € Y11 —
Y; = X; — X411 such that the distance in G[ } between v and v’ is £ for some 0 < ¢ < /, then

V' e <Y;+1 N Ng( éfix_jﬂ[ ])> (Y N Na(Ng [ ] v ])), so agr—1 > by_;1. Recall that a; > b; for every

Jjwith0<j</¢-1,so (ag,a1,...,ap—1) > (bg, b1, ...,bp—1), and hence the claim follows.
Hence we may assume that there is no v’ € ;11 —Y; = X; — X, 11 such that the distance in G[X}]

between v and v is at most £. Equivalently, Né&l][v] NY;11 —Y; = 0. Since D; U Z; =Yy, — Y,

Ggé(‘][v} N (D; U Z;) = 0. Therefore any vertex in X; whose distance to v in G[X;] is at most ¢
is not in D; U Z;. In other words, for any j < ¢, we have Né[jX][v] = N [ —(DiUZi )][ v]. Thus
<0-1 _ NSt
vl

NG[XZ,+1 vl = Ngix,—(p,uz; )}[ v] = NG[&I D}[ v]. Since v € X1, v & Z;. Since G[X][ v|N(D;UZ;) =0,

by the maximality of Z;, N3 [l;(l D][ v] N Ng(D;) # 0. So there exists = € Ni&l Di][ v] N Ng(D;) =

Né&iﬂ[v] N Ng(D;). Hence there exists y € D; N Ng(x). Since y € Ng(z), y € NG(NG[@(L][ v]).

Sincey € D;, y € Yiy1—Y;. So (Yiz1—Y;)NNg( <[Z 1 [v]) # 0. Therefore, aj« > bj« for some j* with
0 < j* <{—1. Recall that a; > b; for every j with 0 < j < {¢—1. So (ap,ai,....ap—1) > (by, b1, ..., be—_1).

O

Claim 4.4.4. Let i be a nonnegative integer, and let v be a vertex in X;11. Denote the Yiy1-correlation
of v by (ag,ai,...,ap—1), and denote the Yj-correlation of v by (b, b1, ...,be—1). If there exists k with
0 <k <{—1 such that by > r and b; < r for every 0 < j < k — 1, then (ao, a1, ...,ax—1) is strictly
greater than (bg, b1, ...,bx—1) in the lexicographic order.

Proof of Claim 4.4.4: If there exists an integer j* with 0 < 5% < k such that Né[j;_ﬂ][u] C NSj*.} [v],

alx;
then by Claim 4.4.2, (ao, ajy, ..., ax—1) is strictly greater than (bg, by, ..., bx— 1) So by (3), we may assume
that Né[JXiH][U} NG[X][ v] for every j with 0 < j < k. In particular, N [ 1][ v] =Nz [k ][ v].
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Since ¥; C Yis1, for any j with 0 < j < k — 1, Na(Ngly [0]) N Yi = Na(Ngly, [v]) NY; C
Ng(Né[inH][v]) NYiy1. So aj > bj for every j with 0 < j <k —1.

Since by, > r, there exists a minimal (v, Y;, k,r)-span @ in G[X;] with V(Q) C NGS[IE(][ v]. Since
v € X;y1 and v € V(Q), we have @ ¢ C;. By the maximality of C;, there exists a member M of
Ci intersecting Q. Since v € X;41, v € V(M). So 0 # V(M)NnV(Q) C V(M)N N<k [ ] — {v}.
Hence there exists an integer k&’ with 1 < k¥’ < k such that V(M) N Né[’;;i} [v] — Né[lfxz]l[ ] 75 (). Recall

that Né[jXHl][v] = Né[de [v] for every j with 0 < j < k, s0 0 # V(M) N Né&i} [v] — Né&i—}l[v] =

V(M) NN o] = NS 0] € VM) N0 NG(NG ! [0]). Together with the fact that V(M) C

D; C Y41 — Y, we have ) # Ng( ;(;(—1][ v]) N Y — (NG(N<[’“ T NY;). Hence ag—y > b1,
Therefore, (ag,ay,...,ax_1) is strictly greater than (bg, by, ...,bk_1). O

Claim 4.4.5. X C Y(TH)Z.

Proof of Claim 4.4.5: We first assume £ = 0. Then for every two distinct vertices in Xy — Dy, their
distance in G[Xj] is at least 1 = £+ 1. And for every z € Xy — Dy, Né[‘;(l b ][ 2] = NGS[;(IO—DO} [z] = 0.
So Zy = X9 — Dy. Hence ZgU Dy = Xjy. So Xg C Y, = }/(H—l)o = }/(r+1)

Hence we may assume ¢ > 1. Let v € Xp. We shall show that there exists a nonnegative integer
i, such that v € Y;, and show i, < (r + 1)*.

For each nonnegative integer 4, if v is in X;, then let a(®) = (aé ), ag ), .. agl)l) be the Yj-correlation
of v. By Claims 4.4.2 and 4.4.3 and (3), for every nonnegative integer i, if v € X;;1, then a( 1 > ¢
in the lexicographic order. So if v € X;,1, then one entry in a() will increase its value by at least one.
By Claim 4.4.4, if v € X;y1 and there exists j with 0 < j < £ — 1 such that the entry agi) > r while

a(,) < rforall 0 <j' < j, then a§l+1) > ag-l;) for some j' < j.

Therefore, there exists a nonnegative integer 4, with 4, < r - (r 4+ 1)*~! such that either v € Y;, or
ag”) > r. Note that if v € Y;, , then a( v > r, 80 |[Ng(v)NY;,| > r. So when v € Y; , the graph consists
of the vertex v is a (v,Y;,,0, r)—span so v is contained in some member of C;, by the maximality of
Ci,, and hence v € Y, 41 C Y, 1ye. Therefore, Xo C Y, ;). U

Recall that we assume |Z;| < §|Y;| for every nonnegative integer i. By Lemma 4.2, |C;| < a|Y;]| for
every nonnegative integer i. For every nonnegative integer ¢, since each member T of C; is a minimal
(v,Y;, ¢,7)-span, it contains at most ¢r + 1 vertices by Lemma 4.3. So for every nonnegative integer i,

Vi =Yl =12+ > [V(T)
TeC;

< |Zil +1Ci| - (br +1) < (B +a - (fr +1))[Yi] = ~]Yil.

Hence |Yi;1| < (1 + 7)|Y;| for every nonnegative integer i. Therefore, |Y;| < (1 + ~)!|Ypy| for every
nonnegative i. By Claim 4.4.5, | Xo| < |V, 41y < (1+ )"V [Yp]. Since V(G) = Xo U Y,

Yo| > V(G)|.

Therefore, 3, v dega(v) = D ey, dega(v) > d|Yo| = WW( )| = k|V(G)|, which implies
that the average degree of G is greater than k, a contradiction. This proves the lemma. O

We remark that the main lemma in the work of Ossona de Mendez, Oum, and Wood [30, Lemma
2.2] is implied by the case (¢, 8) = (0,0) of Lemma 4.4 (up to the constant d).
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5 Existence of good collections

We prove Lemmas 5.1 and 5.4, which will provide the correct value ¢ for Lemma 2.2. Recall the
definitions of good signatures in Definitions 9 and 10.

Lemma 5.1. For every positive integer r and graph H, there exists a constant ¢ = ¢(r, H) > 0 such
that for every H-minor free graph G, there exists a (c,r,r)-good signature collection for G.

Proof. Let r be a positive integer and let H be a graph. By [28], there exists a real number k£ such
that every graph of average degree at least k contains H as a minor. Define ¢ = (f)

Let G be an H-minor free graph. Since G has no H-minor, the average degree of G is less than k.
So there exists a vertex z* of G of degree less than k. Let Z = {z*}. Then this lemma immediately
follows from Lemma 2.3 by taking a =k, t =1 and £ = 1. O

Recall that as shown in Lemma 2.2, we want the value ¢ to be as large as possible. Lemma 5.1
provides such a value g and will be used in the proof of our main results. But it is not strong enough to
prove our other results, and in fact it uses almost no structural information for H-minor free graphs.
We shall provide a better value for ¢ by looking into the structure of H-minor free graphs. This is the
purpose of Lemma 5.4, and the rest of this section is dedicated to a proof of it.

We first sketch the ideas of the proof of Lemma 5.4. Recall that by Lemma 2.3, to obtain a good
signature collection, it suffices to find a set Z of vertices of bounded maximum degree such that every
subgraph with minimum degree at least r containing a particular vertex in Z must contain many
vertices in Z. Lemma 4.4 already provides a preliminary form of such Z: it shows that either G
contains a certain graph as a minor (Statements 1-3), or there exists a set Z of vertices contained in
another set X of vertices with bounded maximum degree such that if we visit vertices by going from
any vertex z € Z along paths with bounded length in G[X], then the total number of neighbors outside
X of those vertices we visited is small (Statement 4). If we can show that the total number of neighbors
is 0, then every subgraph with large minimum degree containing z must contain many vertices in Z,
so we are done. However, it is too good to be true in general. So we shall bootstrap Lemma 4.4
to obtain Lemma 5.2 to show that either we can ensure every subgraph with large minimum degree
containing z contains many vertices in Z (Statement 4(b) in Lemma 5.2), or we obtain something
similar so that we can adapt the proof of Lemma 2.3 to obtain a good signature collection (Statement
4(c)ii in Lemma 5.2), or there exists an obstruction that looks like the graphs that give the upper
bound of the thresholds (Statement 4(c)i in Lemma 5.2). Then in Lemmas 5.3 and 5.4, we show how
to adapt the proof of Lemma 2.3 to obtain a desired good signature collection.

Before we proof Lemma 5.2, we recall that for graphs G and H and a nonnegative integer r,
F(G, H,r) is the set consisting of the graphs that can be obtained from a disjoint union of G and H
by adding edges between V(G) and V (H) such that every vertex in V' (H) has degree at least r. For a
graph W in F(G, H,r), the type of W is the number of edges of W incident with V(H), and the heart
of W is V(G).

Lemma 5.2. For any r,t,t' € N, w € Z with r > w > 0, nonnegative integer sg and positive real
numbers k, k', there exists an integer d such that for every graph G, either

1. the average degree of G is greater than k,

2. there exists a graph H of average degree greater than k' such that some subgraph of G is isomor-
phic to a [4so + 2w + 5|-subdivision of H,

3. G contains Ky_y414 as a (2sg + w + 2)-shallow minor, or
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4. there exists X C V(G) such that

(a) every vertex in X has degree at most d in G,

(b) there exists v* € X such that for every subgraph R of G of minimum degree at least r
containing v*, there exists a path in G[X NV (R)] of length w starting at v*, and

(c) either X =V (G), or there exists a nonnegative integer s with s < sg such that either

1. there exists a connected graph Fy such that G contains F' Ay I as a subgraph for some
F € F(IL,—w, Fo,r) of type s, where I is the heart of F, or

1. there exists x* € X such that for every subgraph R of G of minimum degree at least r
containing x*, there exists a connected subgraph F of R[X NV (R)| containing x* such
that the number of edges in R incident with V (F') is at least so + 1.

Proof. Let r,t,t' € N, w € Z with r > w > 0, s9 € Z with sg > 0, and k, k¥’ be positive real numbers.
s, 1 / /

Let 8 = (so+1)2-20% ). (r—w+1)(t = 1+r—w) (% + (7)) ¥ 2(’”*10)(80“)) ¢/ 2(r=w)(s0+1)  Define

d to be the integer mentioned in Lemma 4.4 by taking (r, ¢, ¢, k, k', 3) = (r—w+1,t,2s0+w+2,k, k', 5).

Let G be a graph. Suppose that Statements 1-3 of this lemma do not hold. So by Lemma 4.4,
there exist X, Z C V(G) with Z C X and |Z| > B|V(G) — X| such that

(i) every vertex in X has degree at most d in G,
(ii) for any distinct pair of vertices in Z, the distance in G[X| between them is at least 2so +w + 3,

(iii) for every z € Z and u € X whose distance from z in G[X] is at most 2so +w + 2, |[Ng(u) — X| <
r —w, and

(iv) ]Ng(NGS[%??erH[z]) — X| <r—wforevery z € Z.

We shall prove that Statement 4 of this lemma holds. Statement 4(a) immediately follows from
(1).
We first prove Statement 4(b). Let v* be any vertex in Z. Suppose to the contrary that there
exists a subgraph R of G of minimum degree at least r containing v* such that the longest path P in
R[X NV (R)] starting at v* has length at most w—1. For every vertex v € V(P), |[Ngr(v)NX -V (P)| >
INR ()|~ | Na(v) - X |~ INa(@)V(P)| = [Na(v)| - [Na(v)— X |~ (V(P)|~1) = r—(r—w)—(w—1) = 1
where the last inequality follows from (iii) by taking (z,u) in (iii) to be (v*,v). So P is not a longest
path in R starting at v* since if v is the other end of P, then we can extend P by concatenating a
vertex in Nr(v) N X — V(P). This leads to a contradiction. Since R[X NV (R)] C G[X NV (R)],
Statement 4(b) is proved.

Now we prove Statement 4(c). We may assume that X # V(G), for otherwise we are done. Assume
4(c)ii does not hold. We shall show 4(c)i holds.

For every z € Z and every subgraph R of G' of minimum degree at least r containing z, define sg ,
to be the number of edges of R incident with the vertices in the component of R[V (R)N X] containing
z. For every z € Z, define s/, = ming sg ., where the minimum is taken over all subgraphs R of G of
minimum degree at least r containing z. Note that for every z € Z, s/, > r as the minimum is taken
over all subgraphs of minimum degree at least r. If there exists z € Z such that s, > sy + 1, then
Statement 4(c)ii holds by taking z* = z.

So we may assume that s, < s for every z € Z. Define s to be an integer with 0 < s < sy such
that [{z € Z : s, = s}| is maximum. Let Zs = {z € Z : s/, = s}. In particular,

s

1
Zs| > ——\|Z| > —— - X]|.
20> — 121> S5 Iv(e) - X )
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If there is a vertex z € Zg such that for every subgraph R of G of minimum degree at least r
containing z with sp ., = s, = s, the connected component Fg . of R[V(R)N X] containing z contains
at least so + 2 vertices, then for every such R, the number of edges in R incident with V(Fg ) is at
least so+1 > s+ 1 = sgr . +1, a contradiction. So for every z € Z;, there exists a subgraph R, of G of
minimum degree at least r containing z with sp_ . = s such that the component F, of R,[V(R,) N X]
containing z satisfies that

[V(F,)| < so+ 1. (6)

s 1
Since there are at most (sp + 1) - 2(*%™) non-isomorphic labelled graphs on at most sy 4+ 1 vertices,
there exist a connected (labelled) graph F on at most so + 1 vertices and Z, C Z, with

|Zs] B
. > 50+1)

|Zy| > ;
(so+1)- 2(*%") (s0+1)%- 2(",

V(@) - X]|

such that F' is isomorphic to each (labelled) F, for every z € Z., where the we use (5) for the second
inequality.
For every z € Z., since F is connected and contains at most sg + 1 vertices,
V(F.) € NGy l2l- (7)
By (iv), for every z € Z., |Ng(NGS[S§_} [z]) — X| <7 —w. So there exist an integer p with 0 <p <r—w
and a set Z¥ C Z! with

2> 2L s V(@) - X| (®)
r—w+17 (5o +1)2-20% ) (r —w 1)
> 5 >t —1+r—w

(30+1)2'2(502+1) (r—w+1)

such that |Ng(V(F,)) — X| = p for every z € Z}.
A quick remark is that, by (ii), for distinct vertices z1, zo in Z., N, é[s}g] [21] and N, é
Together with (7), we have that

S0

X [29] are disjoint.

V(E,)NV(F,) =10. 9)

We first assume that p = 0. Then for every z € Z7, F, is of minimum degree at least r since R is
of minimum degree at least r and Ng(V(F,)) C X. Since |Z}| > t' + r — w, the graphs F, for z € Z*
form at least r — w + ¢’ disjoint copies of F' in G. We just showed that F' is of minimum degree at
least r. Let F’ be a disjoint union of F' and r — w isolated vertices. Then F’ € F(I,_,, F,r) and is of
type s. Since G contains r — w + t' disjoint copies of F', we know G contains F’ Ay I where I is the
heart of I/, as we can take t’ disjoint copies of F' and one vertex in each of other r — w copies of F.
So Statement 4(c)i holds.

So we may assume that p > 1. Recall that by the definition of Z, |Ng(V (F;)) — X| = p for every
z € 7.
Claim 5.2.1. If there is a subset S C V(G) — X such that S equals Ng(V(F;)) — X for at least
t' . 2P0t D) wertices z € Z*, then Statement 4(c)i holds.

Proof of Claim 5.2.1: For every z € Z}, since |[Ng(V (F;)) — X| = p, and each of the copies F} are
isomorphic (as a labelled graph), there are at most 2IV(F2)Ip < 2(s0+1)p pogsibilities for how vertices in
F, are connected in G to the p vertices in the set Ng(V(F;)) — X by (6) and the fact that there are
|V (F.)|p potential egdes between vertices in F, and Ng(V(F,)) — X.
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Notice that each vertex in F, has degree at least r in G[Ng[V (F,)]]. By a pigeonhole argument, if
S is a subset of V(G) — X such that S equals Ng(V (F.)) — X for at least ' - 2P(50+1) vertices z € Z¥,
then there are at least ¢’ vertices z € Z* such that the graphs G[SUV (F,)] — E[S], denoted by F_, are
isomorphic to a graph F’ as a labelled graph. Let Fy be F, for one of these t' vertices z € Z*. Then
F' € F(Ip, Fy,r) and the union of F, among these ¢’ vertices in Z7 is a subgraph G’ of G isomorphic
to F' Ay I, where [ is the stable set corresponding to V(I,). Let G” be the union of G’ and r —w —p
vertices in the remaining |Z}| —t' > r —w vertices in Z¥. Then G” is isomorphic to F” Ay I for some
F" € F(I,_y, Fy,r), where I" is the union of I and the new r — w — p vertices. Therefore Statement
4(c)i holds. O

Claim 5.2.2. If Statement 4(c)i does not hold, then

Nav(m) - X s 23 < (5 + () ) 02 @) - X1

Proof of Claim 5.2.2: By (9), V(F,) NV (F.) = 0 for distinct vertices z1, 22 in Z*. Starting from
GlU.ez: V(F:) U (V(G) = X)] = E(G[V(G) — X]), we obtain a graph H' by repeatedly deleting all
the vertices in V(F}) for some z € ZF where some pair of distinct vertices y,y" in Ng(V(F)) — X are
non-adjacent in the current graph, and adding the edge yy’. We continue this process until for every
remaining vertex 2’ in Z*, Ng(V(F,)) — X is a clique.

Let H = H'[V(G) — X]. Since p > 1 and V(F.) C N53[#] by (9) for every 2 € Z; (which
implies any two vertices in F, can be connected in F, by a path of length at most 2sg), we know
GlU.ez: (Na(V(F:)) — X)UV(F%))] contains a [2sg + 1]-subdivision of H. It implies that G contains
a [2sp + 1]-subdivision of any subgraph of H. Since Statement 2 of this lemma does not hold, the
average degree of any subgraph of H is at most k’.

For each vertex z € Z7, either V(F,) has been deleted thus corresponding to a unique edge in H,
or V(F,) survives in H', in which case Ng(V(F,)) — X becomes a clique of size |[Ng(V(F,)) — X| =p
in H', and thus also a clique of size p in H since Ng(V(F,)) — X C V(G) — X. There are at
most |E(H)| vertices in Z! of the first kind. Since the maximum average degree of H is at most &/,
()] < HE = BIV(G) - X].

For the vertices in Z’ of the second kind, note that Ng(V (F,)) — X is a clique of size p in H. Let
¢ be the number of vertices in Z* of the second kind. By Claim 5.2.1, each S C V(G) — X is the
neighborhood of at most ¢ - 2P(50+1) vertices z € 7z of the second kind. Since each z € Z7 gives a clique
of size p in H and by Lemma 4.1, the number of cliques of size p in H is at most (pk_ll) V(G) - X| <

(Uj//%) |V(G)— X|. Combining these two facts, we have ¢ < (Uj//%) -t/ 2P0+t )|V (@) — X|. Therefore,

NaV(E) - X ez < ) +e< (54 (1) 2 o) - x).

O

By Claim 5.2.2, the number of distinct sets of the form Ng(V (F;)) — X for some z € Z7 is at most
(5 + (o) -t 2p<so+1>) IV(G) — X|. However, by (8), | 2| > o V(@) - X
(so+1)2-2\ 2 J.(r—w+1)

Therefore there is a subset S C V(G) — X with |S| = p < r — w such that there are at least

so’il / (k/ + (Lk//ZJ) -t 2”(50“)) > ¢/ . 2P(50+]) vertices z in ZF satisfying S =
(so+1)2-2( 2 )-(r7w+1)
Ng(F,) — X. Then Statement 4(c)i holds by Claim 5.2.1. This completes the proof. O

We show how to adapt the proof of Lemma 2.3 to obtain a desired good signature collection by
using Lemma 5.2 in Lemmas 5.3 and 5.4.
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Lemma 5.3. For any r,t,t' € N, w € Z with r > w > 0, nonnegative integer sg and positive real
numbers k, k', there exist integers c,d such that for every graph G, either

1. the average degree of G is greater than k,

2. there exists a graph H of average degree greater than k' such that some subgraph of G is isomor-
phic to a [4so + 2w + 5]-subdivision of H,

3. G contains Ky _y414 as a (2sg + w + 2)-shallow minor, or

4. there exists a vertex v € V(G) and a collection C* of ((w + 1)r — (wgl))—element subsets of
E(G) with |C*| < ¢ such that for every subgraph R of G of minimum degree at least r containing
v*, E(R) contains some member of C*, and either

(a) every vertex of G is of degree at most d, and there exists a vertex x* € V(G) and a collection
C of (r;rl)-element subsets of E(G) with |C| < ¢ such that for every subgraph R of G of
minimum degree at least r containing x*, E(R') contains some member of C, or

(b) there ezists a nonnegative integer s with s < so such that either

i. there exists a connected graph Fy such that G contains F' Ay I as a subgraph for some
F € F(I,—y, Fo,r) of type s, where I is the heart of F, or

ii. there exists a vertex x* € V(G) and a collection C of (so + 1)-element subsets of E(G)
with |C| < ¢ such that for every subgraph R’ of G of minimum degree at least r con-
taining x*, E(R') contains some member of C.

Proof. Let r,t,t' € N, w € Z with r > w > 0, sg be a nonnegative integer, and k, %’ be posi-
tive real numbers. Let d be the number d mentioned in Lemma 5.2 by taking (r,t,t',w, sg, k, k') =

(rt,¢',w, s0,k, &'). Define ¢ = ()" - (4(r + 1)d)r+1* 4 (FE0FBE0T) psotsyarors,
Let G be a graph. Assume that Statements 1-3 of this lemma do not hold. By Lemma 5.2, there

exists X C V(G) such that
(i) every vertex in X has degree at most d in G,

(ii) there exists v* € X such that for every subgraph R of G' of minimum degree at least r containing
v*, there exists a path Qg in G[X NV (R)] of length w starting at v*, and

(iii) either X = V(G), or there exists an integer s with 0 < s < sg such that either

(C1) there exists a connected graph Fy such that G contains F' Ay I as a subgraph for some
F € F(I,_y, Fy,r) of type s, where I is the heart of F', or

(C2) there exists * € X such that for every subgraph R of G of minimum degree at least r
containing z*, there exists a connected subgraph F' of R[X NV (R)] containing z* such that
the number of edges in R incident with V(F') is at least so + 1.

We shall show Statement 4 of this lemma holds. For every v € X, let C, be the collection of all
r-element subsets of E(G) such that each of the r edges is incident with v. Since every vertex in X
has degree at most d in G, |Cy| < (f) for every v € X.

For every subgraph @ in G[X], let

Co={ |J Tv:(MecC:vev@)}
vev(Q)
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In other words, each member of Cg is a union of |V(Q)| sets where each of them consists of r edges
incident with a vertex of @) and no two distinct sets are corresponding to the same vertex of Q). For
every subgraph @ in G[X], since |Cq| < ],cy () [Cul, we have

Col < <f) IV(Q)\‘ 10)

Claim 5.3.1. Let u € X and q be a nonnegative integer. If C is the set consisting of all the members
of Cq for all connected subgraphs @ in G[X] containing u satisfying that |V(Q)| = ¢ and every

vertex v € V(Q) has degree at least r in G, then every member of C has size at least qr — (g), and

el < ()" (4gd)”".

Proof of Claim 5.3.1: Since every vertex of () has degree at least r in G, every member of C

has size at least gr — (g) Since every vertex in X has degree at most d in G, for every ¢ with

0 < ¢ < g, there are at most d? < d9 paths in G[X] of length ¢’ starting at u. So |NG§q[u]| < qd?+1.
Since every connected subgraph @) in G[X] containing u with |V (Q)| = ¢ satisfies V(Q) C Néq[u],
there are at most (‘NGS(;[““) (5 < (4¢d)?" connected subgraphs @ in G[X] containing u with
[V(Q)| = ¢q. So together with (10), |C| < (f)q -{@ : Q is a connected subgraph in G[X] containing u
with [V(Q)] = q}| < ()" - (4ga)7". O

Define Cy to be the union of Cg,, over all subgraphs R of G of minimum degree at least r containing

v*, where v* and Qg are defined in (ii). By Claim 5.3.1, every member of Cy has size at least

(w+1)r — (wgl) and |Co| < (f)wJrl - (4(w + 1)d)@tD* < ¢. By (ii), for every subgraph R’ of G of
minimum degree at least r containing v*, E(R’) contains some member of Cy.

For every S € Cy, since |S| > (w+1)r— (w;rl), there exists a subset f*(5) of S of size (w+1)r— (w;rl).
Let C* = {f*(S) : S € Cp}. So every member of C* has size (w + 1)r — (“’;1), IC*| < |Co| < ¢, and for
every subgraph of G of minimum degree at least r containing v*, its edge-set contains some member
of C*.

Therefore, to prove Statement 4 of this lemma, it suffices to prove Statements 4(a) or 4(b) holds.
We first assume that X = V(G). Then every vertex of G is of degree at most d by (i). If every vertex of
G has degree less than r, then there exists no subgraph of G of minimum degree at least r, so Statement
4(a) holds by choosing C = ) and choosing z* to be any vertex of G. Hence we may assume that there
exists a vertex v of G of degree at least r. For every subgraph R of G of minimum degree at least r
containing v, there exists a star Tr on r 4+ 1 vertices centered at v contained in R. Note that every
vertex in such Tx has degree at least r in GG since R has minimum degree at least r. Define C; to be
the union of Cr,, over all subgraphs R of G' of minimum degree at least r containing v. By Claim 5.3.1,
every member of C; has size at least (r + 1)r — (T;rl) = (T;rl) and |Cq] < (;‘f)rJrl A+ D) < ¢
For every subgraph R’ of G of minimum degree at least r containing v, since V(Tx/) C V(R'), E(R')
contains some member of C;. Hence Statement 4(a) holds and we are done.

So we may assume that X # V(G). Hence by (iii), there exists a nonnegative integer s with s < s
such that either (C1) or (C2) holds. We may also assume that Statement 4(b)(i) does not hold, for
otherwise we are done. In particular, (C2) holds by (iii).

Let C = {E(Q) : Q is a subgraph of G obtained from a connected subgraph @' of G[X] containing z*
with |E(Q’)] < so+1 by adding edges of G incident with V' (Q') such that |E(Q)| = so+1}. Note that
for every connected subgraph Q' of G[X| with z* € V(Q') and |E(Q")| < so+ 1, V(Q') C Ng[s)‘grz[az*]

by the connectedness. Since every vertex in X has degree at most d in G, |[V(Q')| < \Né[s)gfﬂ [z¥]] <
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Sso+2
2

<s0+2; « |IN
(so + 3)d®* 2. Thus the number of such connected graphs Q' is at most oWNapxy 1"l 2(
<sp+27, « s
9UNGx) 171 < 2(s0+3)2d*0% g4 the number of subgraphs Q of G obtained from a connected

subgraphs @’ of G[X] containing z* with |E(Q")| < sg + 1 by adding edges of G incident with V(Q')
such that |E(Q)| = so + 1 is at most (d%(ﬁ/)l) multiplying by the number of @', which is at most

(d'(SO;FOi)fllSO”) - 2(s043)2d*0™ < . Hence |C| < ¢. In addition, every member of C has size so + 1.

By (C2), for every subgraph R of G of minimum degree at least r containing z*, there exists a
connected subgraph Fy, of R[X NV (R)] containing z* whose number of edges in R incident to vertices
in Fj, is at least so + 1, so there exists a connected subgraph Fg of R obtained from a connected
subgraph FJ; of F}, containing z* with |E(Fj)| < so + 1 by adding edges of R incident with V(F})
such that |E(Fr)| = so + 1. Note that E(Fr) € C. Hence E(R) contains E(Fgr) € C. Therefore
Statement 4(b)(ii) holds. O

Now we are ready to prove Lemma 5.4.

Lemma 5.4. For any r,t,t' € N, integer w with v > w > 0, and nonnegative integer so, there exists
an integer ¢ such that for every graph G, either

1. G contains Ky_ i1 V Iy as a minor, or

2. there exist a (¢, (w+ 1)r — (w;rl),r)—good signature collection C for G and a nonnegative integer

s with s < sg such that either

(a) there exists a connected graph Fy such that G contains F Ay I as a subgraph for some
F e F(I,—w, Fo,7) of type s, where I is the heart of F, or

(b) there ezists a (¢, min{sg + 1, (T—gl)},r)—good signature collection for G.

Proof. Let r,t,t’ € N and w be an integer with » > w > 0. Let sy be a nonnegative integer. Let
k be a real number such that every graph with average degree at least k contains K,_,41 V I; as
a minor. Note that such a number k exists since we can take k to be any value larger than the
supreme of maximum average degree in all K,_,14-minor free graphs, and the supreme exists by
[40]. Define ¢ and d to be the numbers ¢ and d mentioned in Lemma 5.3 by taking (r,¢,t', w, so, k, k') =
(r,t+ (T_1’2J+1),t’7w730, k. k).

Let G be a graph. We shall prove this lemma by induction on |[V(G)|. This lemma holds when
|V (G)| = 1 since there exists no subgraph of G of minimum degree at least r and hence Statement 2
holds. Now we assume that this lemma holds for all graphs with fewer vertices than G.

We may assume that G does not contain K,_,41VI; as a minor, for otherwise we are done. Since G
does not contain K,_,+1VI; as a minor, every subgraph of G has average degree less than k. Similarly,
there does not exist a graph H of average degree greater than k such that some subgraph H' of G is a
[450 + 2w + 5]-subdivision of H, for otherwise H' (and hence G) contains a subdivision of a subgraph of
H that contains K, _,,+1V I as a minor, a contradiction. In addition, since Kr_wH’H(T?;jH) contains

K, _w41 V I as a minor, G does not contain K (r-wtt) as a (2sp + w + 2)-shallow minor.
2

r—w+1,t+

Hence, applying Lemma 5.3 by taking (r,¢, ¢, w, so, k, k') = (r,t + (T_B”H),t’,w,so,k,k), there
exists * € V(G) and a collection Cy+ of g-element subsets of E(G) with |Cy+| < ¢ such that for every
subgraph R of G of minimum degree at least r containing x*, E(R) contains some member of Cy«,
where ¢ is defined as follows:

")

e if every vertex of GG is of degree at most d, then ¢ = (
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e otherwise, if there exists a connected graph Fy such that G contains F' Ay I as a subgraph for
some F' € F(I,_, Fo,7) of type s for some integer s with 0 < s < s, where I is the heart of F,
then ¢ = (w+ 1)r — (w;rl);

e otherwise, ¢ = max{(w + 1)r — (“31), min{so + 1, ("5 }}.

Since w is an integer with 0 < w <r, (w+ 1)r — (w;rl) < (”2“1).

Let G’ = G — z*. Note that G’ does not contain K, 11 V I; as a minor. So by the induction
hypothesis, there exists a collection C’ of ¢’-element subsets of E(G’) with |C'| < ¢|[V(G)| = ¢(|V(G)|—
1) such that for every subgraph R of G’ of minimum degree at least r, E(R) contains some member
of C’, where

e if there exists a connected graph Fy such that G’ contains F Ay I as a subgraph for some
F € F(I,—, Fo,7) of type s for some integer s with 0 < s < sg, where [ is the heart of F', then
¢ =(w+1)r— (w;rl)), and

e otherwise, ¢’ = max{((w + 1)r — (*3')), min{so + 1, ("}")}}.

Note that if there exists a connected graph Fj such that G’ contains F' Ay I as a subgraph for some
F € F(I;—w, Fo,r) of type s, where I is the heart of F, then so does G. So ¢’ < ¢. Hence for
every S € C,+, there exists a subset f(S) of S of size ¢’ such that [{f(S) : S € Cs+}| < ¢, and for
every subgraph R of G' of minimum degree at least r containing z*, F(R) contains some member of
{f(S):8€Cyp}.

Define C = {f(S) : S € C,+} UC'. So C is a collection of ¢’-element subsets of E(G) with size at
most |Cy+| + |C'] < ¢|[V(G)]. Let R be a subgraph of G of minimum degree at least r. If R contains
x*, then F(R) contains some member of {f(S): S € C;+} C C. If R does not contain x*, then R is a
subgraph of G’ of minimum degree at least r, so E(R) contains some member of C' C C. Therefore,
Statement 2 holds for G. This proves this lemma. O

6 Proof of main theorems

We prove Theorems 1.4, 1.6 and Corollary 1.2 in this section. We first prove the following simple
lemma.

Lemma 6.1. Let r be a positive integer. Let H be a graph that is not a subgraph of K, V Iy for any
positive integer t. Then {K,s:s>r} C M(H).

Proof. For every integer s with s > r, every minor of K,  is a subgraph of K, V I;. Hence, if there is
an integer s such that K, s contains H as a minor, then H is a subgraph of K, V I, a contradiction.
Hence K, ¢ does not contain H as a minor for every s > r. ]

Now we combine Lemmas 2.2, 5.1 and 5.4 to determine or find a lower bound for the threshold for
degeneracy. It is an essential step toward proving our main results in Section 1.2.

Lemma 6.2. Let r > 2 be an integer. Let H be a graph. Then p}\)/’l'(H) = Q(nil/‘”’), where qpr s
defined as follows.

1. If H is not a subgraph of K.V I; for any positive integer t, then qg = r.

2. Otherwise let w be the largest integer with 1 < w < r such that H is a subgraph of K,_,11V Iy
for some positive integer t.
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(a) If H is not a subgraph of K,_,VtK 41 for any positive integert, then qg = (w+1)r— (w;—l)'

(b) Otherwise, qg = max{min{s + 1, (r;rl)}, (w4 1)r — (w;rl)}, where s is the largest integer
with 0 < 5 < (r;“l) such that for every integer s’ with 0 < s’ < s, every connected graph
Fy and every graph F € F(L,_y, Fo,7) of type ', H is a minor of F Ny I for some positive
integer t, where I is the heart of F.

Furthermore, pixz/?(H) = O(n~Y) and pi‘ft(H) = O(n~Ya1) in Statements 1 and 2(a).

Proof. We first assume that H is not a subgraph of K, V I; for any positive integer ¢. By Lemma 5.1,
there exists a real number ¢ (only depending on r and H) such that for every H-minor free graph G,
there exists and a collection C of r-element subsets of E(G) with |C| < ¢|V(G)| such that for every
subgraph of G of minimum degree at least r, its edge-set contains some member of C. So the threshold
pf/;(H) = Q(n~Y") by Lemma 2.2. In addition, by Lemma 6.1, M(H) contains {K,5 : s > r}. So
pfq(H) = O(n~Y") and pj‘ét(H) = O(n~Y") by Corollary 3.6. Thus pf/’l“(H) = O(n~Y") and pﬁ(H) =
O(n~1/7) by Proposition 2.1. This proves Statement 1.

Now we may assume that H is a subgraph of K, V I; for some positive integer t. So there exists
the largest integer w with 1 < w < r such that H is a subgraph of K,_,4+1 V I; for some positive
integer ¢. Hence there exists an integer ¢ty > r such that H is a subgraph of K,_,,+1 V I;,. Since
KT_wH’tH_S_(PgH) contains K,_,4+1 V I, as a minor, every H-minor free graph does not contain
Kriwﬂ’tH%rﬂ;H) as a minor and hence does not contain K,_+1 V ItHJr(rﬂ;H) as a minor.

Let ¢; be the number ¢ mentioned in Lemma 5.4 by taking (r,¢,t',w, sg) = (r,ty + (Tﬂgﬂ), 1,w,
(T-gl)). Since every H-minor free graph does not contain K,_,4+1 V ItH+(T"§+1) as a minor, Lemma
5.4 implies that for every H-minor free graph G, there exists a collection of subsets of E(G) which is

a good-(c1,Cq of (w+1)r — (wgl)),r) signature. So pﬁ(H) = Q(nil/((wﬂ)“(wzﬂ))) by Lemma 2.2.

Hence by Proposition 2.1, pié(H) = Q(n_l/((wﬂ)r_(w;l))) by Lemma 2.2.

Now we assume that H is not a subgraph of K,_,, VtK,11 for any positive integer ¢. Note that for
every positive integer s with s > r —w, every minor of I,_,, V sKy4+1 is a subgraph of K, _,, V sKy41.
So for every positive integer t with t > r — w, I, V t K1 does not contain H as a minor. That is,
{l_yVsKyy1:s>r—w} C M(H). By Corollary 3.6, p}\)/?(H) = O(n~Y91) and pﬁ(H) = O(n~Yan),
This proves Statement 2(a).

Hence we may assume that H is a subgraph of K,_,, V tK,1 for some positive integer t. Note
that it implies that H is a subgraph of K,_,, V tK, 41 for every sufficiently large positive integer ¢.

We say that a triple (a, Fy, F') is a standard triple if a is a nonnegative integer, Fj is a connected
graph, and F' is a member of F(I,_,, Fy,r) of type a. Let s be the largest integer with 0 < s < (“;1)
such that for every integer s’ with 0 < s’ < s and for every standard triple (', Fy, F), H is a minor of
F N I for some positive integer ¢, where I is the heart of F.. The number s is well-defined (i.e., s > 0)
since there is no graph F' in F(I,_y, Fy, r) of type 0.

This definition implies that for every integer s’ with 0 < s’ < s and standard triple (s', Fy, F'), there
exists an integer ty g p such that H is a minor of F' A, I for every integer ¢t with ¢t >ty ), where I
is the heart of F'. In addition, for every integer s’ with 0 < s’ < s and standard triple (s', Fy, F'), since
Fy is connected, we know |V (Fp)| < |E(Fp)| +1 < s +1 < ("1') + 1. So there are only finitely many
different standard triple (s, Fy, F') with 0 < s’ < s. We define ¢t* to be the maximum ¢y g, p among
all integers s’ with 0 < s’ < s and standard triples (s, Fy, F)). So H is a minor of F' Ay I, where I is
the heart of F.

Applying Lemma 5.4 by taking (r,t,t',w,s0) = (r,tg + (r_gjﬂ),t*,w,s), there exists a number
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ca such that for every K,_,41 V ItH+(r_w+1)—minor free graph G, there exists an integer sg with
2
0 < sg < s such that either

(i) there exists a connected graph Fj such that G contains F' Ay~ I as a subgraph for some F €
F(Ir—w, Fo,7) of type sg, where I is the heart of F', or

(ii) there exists a collection C of subsets of E(G) which is a good-(cz, min{s+1, (Térl) },7) signature.

Let G be an H-minor free graph. Suppose that (i) holds for G. Then there exists a connected
graph Fj such that G contains F' Ay« I as a subgraph for some F' € F(I,_y, Fy,r) of type sg < s,
where [ is the heart of F. By the definition of ¢*, H is a minor of F' Ay I, so G contains H as a
minor, contradiction. Hence (ii) holds for G. Therefore, there exists a collection Cg o of subsets of
E(G) which is a good-(c2, min{s + 1, (Tgl)},r) signature. Hence pﬁ(H) = Q(n_l/min{sﬂv(rgl)}) by
Lemma 2.2 and Statement 2(b) holds. This proves the lemma. O

Note that the value gy and the conditions stated in Lemma 6.2 is less precise than the ones stated
in results in Section 1.2. We shall improve them in Lemmas 6.5 and 6.6. In order to do so, we need to
understand the subgraphs of K,_1 V tKs, as they appear in Statement 2(a) in Lemma 6.2. Lemmas
6.3 and 6.4 are dedicated to this purpose, and their proofs are included in the appendix (Section A.3).

Lemma 6.3. Let r be a positive integer with r > 4. Let H be a graph of minimum degree at least r
such that H is a subgraph of K,_1V tKy for some positive integer t. Let t* be the minimum such that
H is a subgraph of K,—1 V t*Ky. Then either H is not a minor of Ly (defined in Definition 11) for
any positive integer t, or 2t* = 3q for some positive integer q.

Lemma 6.4. Let r be a positive integer with r > 2. Let H be a graph of minimum degree at least r
such that H is a subgraph of K,_1 V tKy for some positive integer t. Then either

1. H is not a minor of K._o V tK3 for any positive integer t, or
2. r >4 and H is not a minor of L; for any positive integer t, or
3. re{2,3} and H = K,4;.

Now we are ready to improve Lemma 6.2 by using more precise descriptions. Lemmas 6.5 and 6.6
are essentially equivalent to our main results stated in Section 1.2. We will prove how to derive the
main results in Section 1.2 from these two lemmas after they are proved.

Lemma 6.5. Let r be a positive integer with v > 2. Let H be a graph of minimum degree at least r.
Then p}\)/}"(H) = O(n~Y91), where qy is defined as follows.

1. If H is not a subgraph of K, V I; for any positive integer t, then qp = r.

2. If H is a subgraph of K, V I; for some positive integer t, and H is not a subgraph of K,_1 VtKy
for any positive integer t, then qg = 2r — 1.

3. If H is a subgraph of K, V Iy and is a subgraph of K._1 V tKs for some positive integer t, and
H # K, 11, then qg = s+ 1, where s is the largest integer with 0 < s < (H;) such that for every
integer s' with 0 < s’ < s, every connected graph Fy and every graph F € F(I,_1, Fo,r) of type
s', H is a minor of F Ny I for some positive integer t, where I is the heart of F. Furthermore,
2r—1<s+1< ("3,

4. If H=K,11 andr <3, then qg = oo; if H = K,11 and r > 4, then qig = 3r — 3.
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£
Moreover, piijl(H) = O(n~Y1) for Statements 1, 2 and 4.

Proof. Statement 1 immediately follows from Statement 1 of Lemma 6.2.

So we may assume that H is a subgraph of K, V I; for some positive integer ¢t. Since H has
minimum degree at least r, H is not a subgraph of K,V I; for any positive integer t. So 1 equals the
largest integer w with 1 < w < r such that H is a subgraph of K,_,11 V I; for some positive integer
t. Let w=1.

If H is not a subgraph of K,_1 VtKy = K,_,, V tKy41 for any positive integer ¢, then pﬁ(H) =

O(n~1/1) and pXﬁ
2 of this lemma holds.

Hence we may assume that H is a subgraph of K,_; V tKy for some positive integer t.

Now we assume that H # K,y and prove Statement 3 of this lemma. By Lemma 6.2, pf/;( =
Q(n~Yar), where qg = max{min{s + 1, (T;rl)},Zr — 1} and s is the largest integer with 0 < s <
(T;“l) such that for every integer s’ with 0 < s’ < s, every connected graph Fy and every graph
F € F(I,—-1, Fy,r) of type s, H is a minor of F' Ay I for some positive integer ¢, where I is the heart
of F'. For every positive integer ¢, define F} to be the graph that is the disjoint union of I,._; and ¢
copies of K,11. Clearly, for every positive integer ¢, F; = F Ay I for some F € F(I,_1, K,11,7) of type
(r;“l). Suppose that H is a minor of F} for some positive integer ¢. Since the minimum degree of H
is at least r, H is a disjoint union of copies of K,;;. On the other hand, since H is a subgraph of
K,V I; for some positive integer ¢, one can delete at most r vertices to make H edgeless. Therefore H
is one copy of K,y1. That is, H = K, 1, a contradiction. So H is not a minor of F} for some positive
integer t. In particular, s < (Tgl) — 1. Hence, by the maximality of s, there exists a connected graph
Fy and a graph F™* € F(I,_1, Fy,r) of type s+1 < (Tgl) such that H is not a minor of F* A, I for any
positive integer ¢, where I is the heart of F*. Therefore, {F* At I : t € N} C M(H). By Statement
4 of Corollary 3.6, pf/’t“(H) = O(n~ YD), In addition, since F* € F(I,_1, F§,r), |[V(F§)| > 2. Note
that for any two vertices in F{j, there are at least r + (r — 1) = 2r — 1 edges of F™* incident with them.
So s+1 > 2r — 1. Hence max{min{s+1, ("}")},2r — 1} = s+ 1 and ply; 5, = Qn~Y+D) and hence

pﬁ(H) = ©(n~Y(*+1), This proves Statement 3.

Now we assume that H = K1 and prove Statement 4.

So H is a subgraph of K, V I; and K,_; V tKy for some positive integer t. Recall that w = 1.
Note that for every nonnegative integer s’, connected graph Fy and graph F' € F(I,_y, F1,7) of
type s, if |[V(Fy)| > 3, then s’ > 3r — 3 since for any S C V(F;) with |S| = 3, there are at least
3r — (g’) = 3r — 3 edges of F’ incident with S. So if F} is a connected graph and F’ is a member
of F(Ir—y, F1,7) of type at most 3r — 4, then |V (F1)| < 2, so |V(F1)| = 2 since w = 1, and hence
F' = I,_1 V Ky. Hence for every nonnegative integer s’ with 0 < s’ < 3r — 4, connected graph
Fy and graph F' € F(I,_y, Fi,7r) of type s’, H is a minor of F' A\; I for some positive integer ¢,
where I is the heart of F’. Therefore, by Statement 2(b) in Lemma 6.2, p}a(H) = Q(n~Y9), where
¢ > max{min{3r — 4 + 1, ("}")},2r — 1} = max{3r — 3,2r — 1} = 3r — 3, since r > 2.

If r = 2, then every H-minor free graph is a forest and does not contain any subgraph of minimum
degree at least two, thus G itself (which is also G(p) where p is the constant function p = 1) is already
1-degenerate, so p/?/’l“(H) = 0O(1). If r = 3, then H = Ky, and by [10], every K -minor free graph
contains a vertex of degree at most two, so no subgraph of any H-minor free graph has minimum

= ©(n~1/91), where g = 2r—1 by Statement 2(a) in Lemma 6.2. So Statement

(H)

£
degree at least » = 3, and hence p}\)/’l"(H) = O(1). Recall that pf\f‘(H) = O(1) when plj\);(H) = 0O(1) by
Proposition 2.1.
Hence we may assume that » > 4. Since K,y = K,_1 V Ks, L; is K,1-minor free by Lemma

6.3. Hence pf/;(H) = O(n~YGr=3) and pi‘éw) = O(n~Y/Br=3)) by Statement 3 of Corollary 3.6. This
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completes the proof. O

Lemma 6.6. Let r > 2 be an integer. Let H be a graph with 6(H) > r. If H # KT+1 and H
is a subgraph of K,_ 1 V tKs and a subgraph of K, V Iy for some positive integer t, then pM( H) =

@(n_l/(?” 3)) andp = @(n‘l/(?”_?’)).

M(H )
Proof. Let t* be the minimum positive integer such that H is a subgraph of K,_;1 V t*Ks. Since
0(H) > r, H can be obtained from K,_; V t*Kj by deleting a set S of edges contained in K,_;. Let
s be the largest integer with 0 < s < (Tgl) such that for every integer s’ with 0 < s’ < s, every
connected graph Fy and every graph F € F(I,_1, Fy,r) of type s, H is a minor of F' A; I for some
positive integer ¢, where I is the heart of /. We shall prove that s = 3r — 4.

Suppose to the contrary that s < 3r—5. Sincer > 2, 3r—5 < (TJQFI) —1. So by the maximality of s,
there exist an integer s’ with 0 < s’ < 3r—5+1, a connected graph Fy and a graph F € F(I,_1, Fo,7)
of type s’ such that H is not a minor of F' A; I for any positive integer ¢, where I is the heart of F.
If |V (Fo)| > 3, then for any Z C V(Fp) with |Z| = 3, there exist at least |Z|r — ('g') =3r—3>¢
edges of F' incident with Z C V(Fp), a contradiction. So |V (Fp)| < 2. Hence Fy = K; or Ks. Since
the heart of F' hassize r —1, Fy = K. So F = I,_1V K5. Since H is a subgraph of K,_1 VtKy which
is a minor of F' Ay I where I is the heart of F for sufficiently large ¢', we have H is a minor of F' Ay [
for some sufficiently large positive integer t/, where I is the heart of F'. This is a contradiction.

So s > 3r —4. By Lemma 6.4, either H is not a minor of K,_o V tK3 for any positive integer ¢, or
r >4 and H is not a minor of L; of any positive integer t. For every positive integer ¢, let L} be the
graph obtained from I,_o V tK3 by adding an isolated vertex. Since H has no isolated vertex, if H
is not a minor of K, o V tK3 for any positive integer ¢, then H is not a minor of L} for any positive
integer . Hence either r > 4 and H is not a minor of L; for any positive integer ¢, or H is not a minor
of Lj for any positive integer ¢.

Note that for every positive integer ¢, Ly = F Ay I for some F € F(I,_1, Ks,r) of type 3r — 3,
where I is the heart of F, and L, = F' Ay I’ for some F' € F(I,_1,Ks,r) of type 3r — 3, where I’ is
the heart of F’. So s < 3r — 4

Therefore, s = 3r — 4. By Statement 3 of Lemma 6.5, pf/"l'(H) = O(n Y6ty = @(n~1/Br=3)),

'l e <
Hence pf\f((H) = Q(n~1/Br=3)). Recall that either H is not a minor of K, oV tK3 for any positive
4
integer ¢, or r > 4 and H is not a minor of L; of any positive integer t. So pjfjl(H) = O(n_l/(g’”_?’)) by

Statements 2(a) and 3 of Corollary 3.6. Therefore p = O(n V/Br=3), O

M) =

Now we prove a lower bound for s, (H), which is part of Theorem 1.6. Recall that s,(H) is defined
in Definition 8.

Lemma 6.7. Let r be a positive integer. Let H be a graph with T(H) > 2. Then s,(H) > (T"QH) —
(T(H)*l)Z(T(H)*Q) 1 =(r—7(H)+2)r — (T*T(f)+2) 1

Proof. Let c=71(H). Let w= (r —c+2)r — (’”7?2) — 1. Note that w = (’”51) - % -1

Suppose to the contrary that s,.(H) < w. So there exist an integer s’ with 0 < s’ < w, a connected
graph Fy and a graph F € F(I._1, Fy,r) of type s’ such that H is not a minor of F'A;I for any positive
integer t, where [ is the heart of F. Since every vertex in Fy has degree in F' at least r, and every edge
in I is incident with some vertex in Fp, we have |V(Fo)|-r < 3 cy (g, degp(v) = [E(F)|+ |E(Fp)| <
28’ < 2(TJ£1), so |[V(Fy)| < r+ 1. Since every vertex in Fj has degree in F at least r, |V(F)| > r +1,
so |[V(Fo)|=|V(F)|—(c—=1)>r+1—(c—=1)=r+2—c. Hence r+2 —c < |V(Fp)| <.
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For every i € [c— 1], let A; = {v € V(Fp) : degg,(v) = r —i}. Since every vertex in Fp has
degree in F' at least r, we know that for every ¢, every vertex in A; is incident with at least ¢ edges
in BE(F) — E(Fy). Since |V(F) = V(Fy)| = ¢ —1, U] A; = V(Fo) And note that if A; # (), then
r—i<|V(Fy)|—1,s0i>r+1—|V(E)|. So V(Fy) =i UZ 1|V ()| A

Hence

c—1

§ = [B(F)| > |B(R)| + 3 ilA] = fzr—z|A|+Z|Ar

i=1
7“—1—1
= Z’AH 21—1)|A1-|
r—i—l 14 .
=LV g - 1)lA
=1
T—l—]_ 1 c—1
- VE)+5 D> =1l
i=r+1—|V(Fp)|
c—1
r+ 1 — |V (Fo)]
VR +—5—= Y 4l
i=r+1—|V(Fp)|
2r+1— |V (Fp)]
Since r +2 — ¢ < |V(Fy)| <,
y Z27~+1—2W(F0)|V(FO)| N (2T+1—(r+22— ) (r+2—c)
(r=1+¢)(r+2-c) r’+r—(c-1(c=2) (r+1\ (c—1)(c-2)
_ _ — S A AT
9 2 2 2
a contradiction. -

Now we are ready to prove Theorems 1.4 and 1.6 and Corollary 1.2. We first show a simple
connection between vertex-cover and subgraphs of K V I; for some integers s, t.

Lemma 6.8. Let r,w,t be nonnegative integers such that r > 1 and r > w > 0. Then the following
two statements are equivalent:

1. H is a subgraph of K,_y+1 V Iy for some positive integer t but not a subgraph of K,_,, V I} for
any positive integer t;

2. 7(H)=r—w+1.

Proof. Let s be a nonnegative integer. Note that if a graph H is a subgraph of K, V I} for some
integer k, then 7(H) < s. On the other hand, if 7(H) < s, then H is a subgraph of K, V Ij for any
sufficiently large integer k by embedding the vertices in a minimum vertex-cover into K and the rest
of the |V (H)|—7(H) vertices to I;. Therefore H is a subgraph of K, _,, 11V I; for some positive integer
t is equivalent with 7(H) <7 —w+ 1. And H is not a subgraph of K,_,, V I; for any positive integer
t is equivalent with 7(H) > r — w. O
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Proof of Theorem 1.6: Statement 1 follows from Lemma 6.7, so it suffices to show Statement 2.
Since 2 < 7(H) < r, there exists w with r —1 > w > 1 such that 7(H) = r — w + 1. By Lemma
6.8, w is the largest integer with » — 1 > w > 1 such that H is a subgraph of K,_,1 V I; for some
positive integer ¢. Note that w = r — 7(H) + 1. Since H € H,, H is a subgraph of K, _,, V t*Ky 1
for some positive integer t*. By Statement 2(b) of Lemma 6.2, pji/l(H) = Q(n‘l/QH), where gy =

max{min{s + 1, (Tgl)}, (w+1)r— (“’;1)}, where s is the largest integer with 0 < s < (T'gl) such that
for every integer s’ with 0 < s’ < s, every connected graph Fy and every graph F € F(I,_y, Fo,7)
of type s', H is a minor of F' Ay I for some positive integer ¢, where I is the heart of F'. Note that
w=r—7(H)+1,50s = s,(H). Hence max{min{s+1, ("3}, (w+1)r—(“3")} = min{s,(H)+1, ("1")}
by Statement 1 of this theorem. O

Proof of Theorem 1.4: If 7(H) > r+1, then H is not a subgraph of K, V I; for any positive integer
t by Lemma 6.8, so pfj(H) = O(n~Y") and pﬁl(H) = O(n~ /") by Statement 1 of Lemma 6.2. So
Statement 1 of Theorem 1.4 holds.

Now we assume that 1 < 7(H) < r and H is not a subgraph of K g)_1 V tK, o ;) for any
positive integer ¢. Since 1 < 7(H) < r, there exists w with » > w > 1 such that 7(H) =r —w + 1. So
H is a subgraph of K,_,,11 V I; for some positive integer ¢ but is not a subgraph of K,_,, V I} for any
positive integer ¢ by Lemma 6.8. Since H is not a subgraph of K (g1 VIK, o_r(f) = Kr—w VIKyt1

l
for any positive integer t, p/D\;(H) = O(n~") and pijl(H) = O(n~Y1), where qy = (w+1)r — (w;rl),

by Statement 2(a) of Lemma 6.2. Hence Statement 2 of Theorem 1.4 holds.
Now we assume 7(H) < r and 6(H) > r. Then H is a subgraph of K,V I; for some positive integer
t. If H is not a subgraph of K,_1 V tKy for any positive integer ¢, then p/DV?(H) = @(nil/@"*l)) and

pijl(H) = O(n~Y/(r=1)) by Statement 2 of Lemma 6.5. Hence Statement 3 of Theorem 1.4 holds.

Now we assume 7(H) < r, 6(H) > r, and H is a subgraph of K,_; VtK»s for some positive integer t.
So H is a subgraph of K, V I; and a subgraph of K,_1V tKy for some positive integer t. If H # K, 1,

then pﬁ(H) = O(n1/Gr=3)) and pﬁl(H) = O(n~/G=3)) by Lemma 6.6. If H = K, 1 and 7 > 4, then

p/’i/l’lgH) = O(n~Y/G=3)) and pj‘é’l

4 of Theorem 1.4 holds.
Furthermore, if 7(H) = 0, then H is edgeless, so every graph on more than |V (H)| vertices contains

H as a minor, and hence p;%l( o = ©(1). If H consists of K s and isolated vertices for some s with

() = O(n~Y/Br=3)) by Statement 4 of Lemma 6.5. Hence Statement

1 < s < r, then every H-minor free graph on more than |V (H)| vertices has maximum degree at
most s — 1 < r — 1 and hence is (r — 1)-degenerate, so P&(H) =0(1). If H= K, for r < 3, then

'
P/?/{(H) = O(1) by Statement 4 of Lemma 6.5. Recall that p)/ijl(H) = O(1) whenever plj\)/?(H) =0(1) by
Proposition 2.1. This proves Theorem 1.4. ]

Now we prove Corollary 1.2. Note that Corollary 1.1 is contained in the planar case of Corollary
1.2.

Proof of Corollary 1.2: Let ¥ be a surface other than S?. Let g be the Euler genus of ¥. Let G
be the class of graphs embeddable in 3. Euler’s formula implies that every graph in G is %ﬂ—
degenerate, so it is 7Jr1f‘/+T4g—choosable. (Note that it was also proved by Heawood [21].) So the
thresholds for G and for each of D,, x} and x, are ©(1) when r > @.

And Euler’s formula implies that K3 2413 € G. So by Proposition 1.3, the pgT is at least pﬁ(Kg 2ors) =

Q(n=Ya1), where gy > min{s,(K324+3) + 1, (r;rl)} > (TJ;) — 1 by Theorem 1.6 (for » > 3) and The-

i
orem 1.4 (for r = 2). By Proposition 2.1, Q(n~'/9#) is also a lower bound for pé’“ and pg".
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A result of Bohme, Mohar, and Stiebitz [4] implies that every graph embeddable in the Klein
bottle is 6-choosable. So the thresholds for % and x, are ©(1) when r = 6 and ¥ is the Klein bottle.
In addition, I,_,, V tKy41 is planar for every positive integer ¢, when » = 3 and w = 1. Hence by
Statement 2 of Corollary 3.6, p§3 and pég are both O(n_l/ %). Therefore, the thresholds for G and
for each of D3 and x4 are both ©(n~'/%). And the threshold for being 3-colorable is O(n~1/) by
Statement 4 of Corollary 3.6 since K4 € F(ly, K4,3) with empty heart and K4 A () is planar for any
integer t. Moreover, Ky, is planar for any integer ¢, so Statement 1 of Corollary 3.6 implies that
the thresholds for Dy and x4 are both O(nil/ 2). This completes the proof for the case for graphs
embeddable in 3.

Now we consider the class G of graphs with Colin de Verdiere parameter u < k, for some fixed
integer k > 2. It is known [23] that for every positive integer s and ¢ > max{s, 3}, u(Kss) = s+ 1.
So Kj k42 € G. Note that 7(K}, x12) = k. By Propositions 1.3 and 2.1, pﬁ(Kk ei2) is a lower bound
for the threshold for D,,xj,x" and for G. By Theorem 14, if r < k — 1, then the threshold for
D, and G is at least pfj(Kk wrs) = Q(n_l/r); if r = k, then since K}, ;42 has minimum degree at
least k = r, and Ky 49 is not a subgraph of K,_; V tKy for any positive integer ¢, we know the
pgr > pﬁ( = Q(n~YC=D) And if r < k — 1, then u(K,;) = r+ 1 < k for every sufficiently

£
large integer ¢, so pg" = O(n=") and pgT = O(n~'/") by Statement 1 of Corollary 3.6. Note that for
every integer t, Ky V tKy can be obtained from a union of ¢ disjoint copies of K1 by identifying
a clique on k — 1 vertices, so pu(Kx—1 V tK2) < k by [23]. Hence pu(lx—1 VtK2) < u(Kp—1 VtKs) < k.
'
So if r = k, Statement 2 of Corollary 3.6 implies that pg" = O(n=1/@ =1y and Py = O(n=1/C@r=1)),

Moreover, it is known [23] that u(tK,11) = r for any positive integer ¢, so py" = O(nfl/(ﬁl)) by
Lemma 3.1. This completes the proof for the case for the graphs with Colin de Verdiére parameter at
most k.

Now we assume G is the class of planar graphs. By the Four Color Theorem, every planar graph

K kt2)

is 4-colorable, so p)g“ = O(1) for r > 4. Since every planar graph is 5-choosable [43], péT = 0(1) for

r > 5. And Euler’s formula implies that every planar graph is 5-degenerate, so pgr = 0O(1) for r > 6.
When r > 4, 7(K3,) =3 <r and K3, is not a subgraph of Ky VtK,_1 = K (r, )-1 VK, 10 r(K;,)
for any positive integer ¢, so pgf" >pg" > 103\)/’[“(163 )= Q(n_l/((r_l)r_(rgl)) by Statement 2 of Theorem
1.4. Note that (r — 1)r — (’;1) = (r —1)(r +2)/2. And the icosahedron is a 5-regular planar graph
with 12 vertices and 30 edges. Note that any union of disjoint copies of the icosahedron is still planar.
So Statement 4 of Corollary 3.6 implies that p55 = O(nil/ 30). Similarly, the octahedron is a 4-regular
planar graph with 12 edges. So pg“ = O(n~1/12). Moreover, there exists a planar non-4-choosable

graph with 75 vertices and 219 edges [19], so péﬁ = O(n~Y/?19) by Lemma 3.1. And the case r < 3
follows from the case for the graphs with Colin de Verdiere parameter at most 3. This completes the
proof for the planar case.

Now we assume that G is the class of linkless embeddable graphs. Every linkless embeddable
graph is Ke-minor free [36], so it is 5-colorable [35]. So pg® = ©(1). And K44 ¢ G [37]. Note that
7(Ky,4) =4 <5 and Ky is not a subgraph of K3V tK3 = K. (, ,y-1 V tKs12 (K, ) for any positive

Kia) = Q(n~1/12) by Statement 2 of Theorem 1.4. And the icosahedron
is a 5-regular planar graph with 12 vertices and 30 edges. So the graph obtained by adding a new
vertex adjacent to the disjoint union of any number of copies of icosahedron is linkless embeddable.
Note that such graphs are F'/A,V (I7) for integers ¢, where F' is in F(I1, Fy, 6) with type 30+12 and Fy is
the icosahedron. So Statement 4 of Corollary 3.6 implies that pg5 = O(n_l/ 42). Similarly, since there
exists a planar non-4-choosable graph with 75 vertices and 219 edges, we can obtain a non-5-choosable

£
integer t. So p>g<5 > pES > P?j(
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Kg-minor free graph by first taking five disjoint copies of that graph and then adding a new vertex
adjacent to all other vertices. So there exists a non-5-choosable apex graph with 5- (219 4 75) = 1470

edges, so pég = O(n_l/ 1470y © And the case r < 4 follows from the case for the graphs with Colin de
Verdiere parameter at most 4. This completes the proof of the linkless embeddable case.

Finally, let G be the class of outerplanar graphs. It is well-known that every outerplanar graph is
2-degenerate and hence is 3-choosable and 3-colorable. So pgr = p)g‘" = péﬁ = 0(1) for every r > 3.
The case r = 2 follows from the r = k = 2 case of the class of graphs with Colin de Verdiere parameter
u < k. This completes the proof of the corollary. O

7 Concluding remarks

In this paper, we initiate a systematic study of threshold probabilities for monotone properties in
the random model G(p), where G belongs to a given proper minor-closed family. Minor-closed families
are natural classes of sparse graphs, and results about threshold probability on sparse graph classes
in the literature seem rare.

Theorems 1.4 and 1.6 address the properties D, (being (r — 1)-degenerate) and x% (being r-
choosable). Those results immediately provide lower bound for the thresholds for the properties R,
(non-existence of r-regular subgraphs) and y, (being r-colorable) by Proposition 2.1. We do not put
any effort on the results for the properties R, and yx, in this paper; but for some minor-closed families
M(H), the machinery developed in this paper easily provides matching upper bounds, as described
in the following two theorems whose proofs are simple and left in the appendix.

Theorem 7.1. Let r > 2 be an integer and H a graph. Then pﬁ‘(H) i @(n—l/qH), where qg is defined
as follows.

1. If T(H) >r+1, then qu = 7.

2. If 1 <7(H) <, ris divisible by r+2—7(H) and H is not a subgraph of K. (gy_1VtK, o +(m)

for any positive integer t, then qu = (r +2 — 7(H))r — (T+2;T(H)),

3. If 1 < 7(H) < r, ris even, H has minimum degree at least v and H is not a subgraph of
K,_1 VtKy for any positive integer t, then qg = 2r — 1.

Furthermore, if either H = K,41 and r < 3, or H = K1, for some s <r , then p}if(H) =0(1).
Theorem 7.2. Let r > 2 be an integer and let H be a graph. Then the following hold.

1. If 1 < 7(H) <2 and H is not a subgraph of K1 V tK, for any positive integer t, then pﬁg(m =
@(n—Q/(r(r-‘rl)))'

2. If either H = K,41 and r < 3, or H has at most one component on more than two vertices
and every component of H is an isolated vertex or a star of maximum degree at most r, then

pXAfl(H) =0(1).

As we mentioned above, we do not try to strengthen results for pﬁr( H) and pi‘&l (H) in this paper.
We leave it for future research.

. . Rr Xr
Question 7.1. For any integer r > 2 and graph H, what are PA(m) and Pam) ? And more generally,

what are pgr and pg" for any given proper minor-closed family?
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The threshold studied in this paper is also called the crude threshold. A function p* : N — [0, 1] is

an (upper) sharp threshold for a graph class G and a monotone property P if the following hold.

1. for every sequence (G;)ien of graphs with G; € G and |V(G;)| — oo and any € > 0 , the random

subgraphs G;((1 — €)p(n;)) are in P a.a.s. where n; = |[V(G;)|;

2. there is some sequence (G});en of graphs with G; € G and |V (G;)| — oo such that for any € > 0,

old

the random subgraphs G;((1 + €)p(n;)) are not in P a.a.s. where n; = |V (G;)].

Friedgut [14] provides a necessary and sufficient condition to check whether there is a sharp thresh-
for a general class of random models. However it is not an easy task to apply to our model. The

next natural question is:

Question 7.2. What are the sharp thresholds for properties D, XwamRr for minor-closed families?

It is also interesting to study other global properties, where some natural algorithms are NP-hard

even on some proper minor-closed families, such as the set of planar graphs.
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A Appendix

A.1 Degeneracy function and extremal function

Proposition A.1. For every integer r with r > 2 and every connected graph H, pfj(H) =0(1) if and
only if r —1 > dj;.

Proof. Since dg(n) is non-decreasing in n, we know r — 1 > dj,; if and only if r — 1 > dg(n) for every
n € N. Hence it suffices to prove that /?/{(H) = 0O(1) if and only if r — 1 > dy(n) for every n € N.

If r —1 > dg(n) for every n € N then every graph G € M(H) on sufficiently many vertices is
already (r — 1)-degenerate and thus the threshold probability is ©(1).

Now we show that pg’“ = O(1) implies that r — 1 > dg(n) for every n € N. For every graph
G € M(H), let p(G) be the supremum of all p such that the random subgraph G(p) is (r — 1)-
degenerate with probability at least 0.9. Note that such p(G) exists since degeneracy is a monotone
property. For every n € N, let p(n) be the minimum of p(G) among all graphs G € M(H) on n
vertices. Note that there are only finite number of graphs on n vertices. Since adding isolated vertices
to any G € M(H) results in a G’ € M(H) on more vertices, and p(G) = p(G’), the function p is
non-increasing. Hence lim,,_,~, p(n) exists.

Let p* = lim;, o0 p(n). We claim that p* =1 or p* = 0. Suppose to the contrary that 0 < p* < 1.
Let p’ be any real number with 0 < p’ < p*. Let G € M(H) be a graph such that p(G) < 1, and
let a be the probability that G(p’) is (r — 1)-degenerate. Thus 0.9 < a. Since p(G) < 1, G is not
(r — 1)-degenerate, a < 1 — p’e(G). In particular, 0 < a < 1. For every k € N, let Gj, be a union of k
disjoint copies of G. Thus when k > [log,(1/2)], the probability that at least one copy of Gi(p') is
not (r — 1)-degenerate is 1 —aF > 1 —al°%(1/2)1 > 0.5 > 0.1. So p(Gy) < p/ for every k > [log,(1/2)].
That is, p(|]V(Gg)|) < p’ for every k > [log,(1/2)]. Hence (p(ny) : k > [log,(1/2)]) is a subsequence
of (p(n) : n € N), where ny = |V(Gg)|, such that p(ng) < p’ for every k > [log,(1/2)]. Therefore,
p* < p, a contradiction.

Suppose p%(H) = ©O(1) and p* = 0. Let ¢(n) = min{p(n)+ 1,1} for every n € N. Since g(n) > p(n)
for every n € N, there exist G1, Ga, ... such that |V(Gy)| = n and Pr(Gy(q) € D,) < 0.9 for every
n € N. Hence lim,,_, o @ < p* =0, but lim,,_,o Pr(G,(q) € D,) # 1, contradicting p;’ij(H) =0(1).
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Therefore, if p;~ = ©(1), then p* = 1. Thus p(n) = 1 for all n € N since p(n) is non-increasing

in n. Suppose that there exists G € M(H) such that G is not (r — 1)-degenerate. Let w = (0.2)%/7".
Then Pr(G(w) € D;) =1 —Pr(G(w) € D,) <1 —Pr(Gw) = G) =1 —wB@ <1-u" <09. So
p(G) < w and hence p(]V(G)|) < 1, a contradiction.

Therefore every graph in M(H) is (r — 1)-degenerate, which is equivalent to r — 1 > dg(n) for
every n € N. O

Proposition A.2. Let H be a graph. Then f; < dp < 2ff.

Proof. By the definition of dg, every H-minor free graph G is dg (|V (G)|)-degenerate, so G contains a
vertex of degree at most dp(|V(G)|). Hence every H-minor free graph on n vertices contains at most
>y du(i) edges by induction. Since dp is non-decreasing, every H-minor free graph on n vertices
contains at most > ., dg(i) < dg(n)n edges. That is, fg(n) < dg(n)n for every n € N. Hence

f;[ = SUPpeN fHT(n) S SUPpeN dH(n) =d".

By the definition of f};, |E(G)|/|V(H)| < fj; for every H-minor free graph G. So every H-minor
free graph G contains a vertex of degree at most 2|E(G)|/|V(G)| < 2f};. Hence every H-minor free
graph is 2f};-degenerate. That is, dg(n) < 2f}; for every n € N. Therefore, d* = sup,cnydpu(n) <
2% O

A.2 Proof of Lemma 3.3

Proof of Lemma 3.3: Denote the vertices in V' (I,_,) by v1,v2, ..., 0p—y. For each ¢ with 1 < i <
r —w, define a list of 7 colors Ly, = {ri+j:0<j <r—1}. Thus L,, N L,, =0 for 1 <i < j <r—w.
And for each vertex v in V(Ir—y V7" Y Kyi1) — {v1,02, ..., Up—y }, we define L, to be a set of size r
that is a union of {—1, -2, ..., —w} and a set S, with |S, N L,,| =1 for every 1 <i < r —w, such that
for every distinct vertices z,y € V(Ir—y V1" Y Kyi1) — {v1,v2, ..., Vr—y}, Ly = Ly if and only if z,y
are in the same component of (I,_,, V r" " Ky11) — {v1,v2, ..., p—y }. This is possible since there are
r components and there are r ways to pick precisely one element from each size-r list L,, for
1< <r—w.

Suppose to the contrary that I._,, Vr w+1 18 7-choosable. Then there exists a function f such
that f(v) € Ly for every v € I, V7" " K11, and f(x) # f(y) for every adjacent vertices z,y. By
construction, there exists a component C' of ([, V r" " Kyy1) — {v; : 1 < i < r —w} such that
Ly —{f(v;) : 1 <i<r—w}={-1,-2,..,—w} for every v € V(C). Since |V(C)| = w+ 1 and

r—w r—w

rT—w

Ly —{f(v;):1<i<r—w}={-1,-2,....,—w} for every v € V(C), there exist two distinct vertices
x,y of C such that f(z) = f(y). Since C is isomorphic to K, 1, x is adjacent to y, a contradiction.
Therefore, I._ V """ K41 is not r-choosable. ]

A.3 Proof of Lemmas 6.3 and 6.4

We need the following auxiliary lemma.

Lemma A.3. Let r be a positive integer with r > 2. Let H be a graph of minimum degree at least r
such that H is a subgraph of K,_1V tKy for some positive integer t. Let t* be the minimum such that
H is a subgraph of K,._1Vt*Ky. Then either H is not a minor of K,_oV tKs for any positive integer
t, or 2t* = 3q — 1 for some positive integer q.

Proof. We may assume that there exists an H-minor « in K,_9 V tKj3 for some positive integer ¢, for
otherwise we are done. Let Y be the vertex-set V(K,_2) in K,_o V tK3s.
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Since §(H) > r and H is a subgraph of K,_1 Vt*Ky, H = (K,_1 Vt*K3) — S, where S is a set of
edges of K, Vt*Ky in E(K,_1). Hence I,_1 Vt*Ko C H C K,_1 Vt*Ky. We call each vertex of H
in V(K,_1) an inner vertez, and call each vertex of H in V(t*K3) an outer vertex.

Claim A.3.1. Let Ay be a branch set of a disjoint from Y. Let X be the vertex-set of the component
of (Ky—o VtK3) —Y intersecting A1. Then the following hold.

1. A; consists of one vertex.
2. X is a union of three branch sets of a.

3. Every vertex in'Y belongs to a branch set, and different vertices of Y belong to different branch
sets of a.

4. either A1 is a branch set corresponding to an inner vertex, or t* = 1.

Proof of Claim A.3.1 Since §(H) > r, Ay is adjacent in K,_o V tK3 to at least r other branch sets
of a. Since A; is disjoint from Y, |A;| = 1. Hence every vertex in Y U (X — A;) belongs to a branch
set, and different vertices in Y U (X — A;) belong to different branch sets. So Statements 1-3 hold.

Assume that A; is a branch set corresponding to an outer vertex. Since every outer vertex is
adjacent to all inner vertices, each branch set corresponding to an inner vertex either intersects Y or
is contained in X. Since there are r — 1 inner vertices and |Y'| = r — 2, there exists an inner vertex
whose branch set is contained in X, so every branch set corresponding to an outer vertex intersects
Y U X. Hence there are at most | X UY'| — 2t* = r+1 — 2¢* branch sets corresponding to inner vertices
adjacent to Ay. Sor+1—2t* > r — 1. That is, t* = 1. So Statement 4 holds. [J

Since |Y|=r —2and |[V(H)| =r — 1+ 2t* > r — 2, there exists a vertex v of H such that the
branch vertex corresponding to v in « is disjoint from Y. Hence there exist a positive integer ¢ and
components C1, Ca, ..., Cy of (K, _2VtK3)—Y such that those C; are the components of (K, _oVtK3)—Y
containing some branch sets disjoint from Y. We may assume that t* # 1, for otherwise 2t* =3 — 1
and we are done. So by Claim A.3.1, for each i € [¢], V(C;) is the union of three branch sets of «
corresponding to inner vertices. So the number of inner vertices whose branch sets are disjoint from
Y is 3q.

Since each outer vertex is adjacent to all inner vertices, each branch set corresponding to an outer
vertex intersects Y and hence contains exactly one vertex in Y (by Claim A.3.1). Hence by Claim
A.3.1, there are exactly |Y| — 2t* = r — 2 — 2t* branch sets corresponding to inner vertices intersecting
Y. Therefore, the number of inner vertices is 3¢+ — 2 — 2t*. In addition, the number of inner vertices
is [V(I,—1)| =r — 1. Hence 2t* = 3¢ — 1. This proves the lemma. O

Proof of Lemma 6.3: Let us recall the definition of L;. Let Y be the stable set of size » — 1 in
I,_1 V K3 corresponding to V(I,_1), and let X = V(I,_1 V K3) — Y. Let L be a connected graph
obtained from [I,_; V K3 by deleting the edges of a matching of size three between X and Y. Denote
Y ={y1,y2,...,yr—1}. For every positive integer ¢, L, is the graph obtained from a union of disjoint ¢
copies of L by for each ¢ with 1 < ¢ <r — 1, identifying the y; in each copy of L into a new vertex y;".

We may assume that there exists an H-minor « in L;, for otherwise we are done. Since 6(H) > r
and H is a subgraph of K, Vt*Ky, I,_1 Vt*Koy C H C K, Vt*Ky. We call each vertex of H in
V(K,—1) an inner vertez, and call each vertex of H in V (t*K>) an outer verte.

Claim A.3.2. Let A; be a branch set of a disjoint from Y. Let Z be the vertex-set of the component
of Ly — Y intersecting A1. Then the following hold.
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o A consists of one vertex.
e 7 is a union of three branch sets of «.

o FEuvery verter in Y belongs to a branch set, and different vertices of Y belong to different branch
sets of a.

o Ay is a branch set corresponding to an inner vertex.

Proof of Claim A.3.2: Since §(H) > r, A; is adjacent in L; to at least r other branch sets of a. So
1 <Al <2

Suppose |A1| = 2. Then |[Y U (Z — A;)| = r. So each vertex in Y U (Z — A;) is contained in a
branch set of «, and different vertices in Y U (Z — A;) are contained in different branch sets. So some
branch set of « consists of the single vertex u in Z — A;. Since u is nonadjacent in L; to some vertex
in Y, the branch set consisting of u is adjacent to at most (|[Y| —1) + 1 = r — 1 branch sets of «,
contradicting 6(H) > r.

So |A1| = 1 and Statement 1 holds. Let z; be the vertex in A;. By symmetry, we may assume
that y; is the vertex in Y nonadjacent to x1 in L;. Since A1 NY = () and §(H) > r, each vertex in
(Y —{y1})U(Z—A,) is contained in a branch set of «, and different vertices in (Y —{y1})U(Z—A4;) are
contained in different branch sets of .. This implies that there exist two different branch sets As, As
of a other than A; such that AoNZ # () # A3NZ, and one of Ay, As is disjoint from Y. By symmetry,
we may assume that Ay is disjoint from Y. So |A2| = 1. Let xo be the vertex in Ay. By symmetry,
we may assume that yo is the vertex in Y nonadjacent to xo in L;. Since 6(H) > r, each vertex in
(Y —{y2}) U (Z — Ay) is contained in a branch set of «, and different vertices in (Y — {y2}) U (Z — A2)
are contained in different branch sets of . This implies that y; & As. So As consists of one vertex,
say x3, in Z. Hence Z is a union of three branch sets Ay, Ao, A3 of «, where each of A; consists of one
vertex. So Statement 2 holds.

By symmetry, let y3 be the vertex in Y nonadjacent to z3 in L. Since §(H) > r, each vertex in
(Y —{y3})U(Z — Aj3) is contained in a branch set of «, and different vertices in (Y — {y3}) U (Z — A3)
are contained in different branch sets of a. So y; and yo are contained in different branch sets. Hence
each vertex of Y is contained in a branch set of « other than A;, As, A3, and different vertices of Y
are contained in different branch sets of «. This proves Statement 3.

Suppose that A is the branch set of « corresponding to an outer vertex vy of H. Let v] be the
outer vertex of H adjacent to v1 in H. Since the neighbors of v are v} and the r — 1 inner vertices, y1
is contained in the branch set of a corresponding to an outer vertex other than v]. Suppose some of
Ao, As, say Ag, is the branch set of « corresponding to an outer vertex vy of H. Then 5 is contained in
the branch set of o corresponding to an outer vertex. So there are at most (|Y|—2)+(|Z|-2) <r—2
branch sets corresponding to an inner vertex intersecting (Y — {y1}) U Z. Since there are r — 1 inner
vertices, Ay is nonadjacent to some branch vertex corresponding to an inner vertex, a contradiction. So
each of Ao, As is the branch set corresponding to an inner vertex. Hence every branch set corresponding
to an outer vertex other than v; intersects Y. So there are at most |Y'|— (2¢t* —1) < r—2t* branch sets
corresponding to an inner vertex intersecting Y. Since A; is adjacent to r—1 branch sets corresponding
to inner vertices, r — 2t* + 2 =r — 2t* + (|Z| — 1) > r — 1, we know t* = 1. So v; and v} are the only
outer vertices. But y; is contained in the branch set of a corresponding to an outer vertex other than
v}, a contradiction. Statement 4 is thus proved. OJ

Since |Y| =r —1 and |V(H)| = r — 1+ 2t* > r — 1, there exists a vertex v of H such that the
branch set corresponding to v in « is disjoint from Y. Hence there exist a positive integer ¢ and
components C1,Cy, ...,Cy of Ly —Y such that those C; are the components of L; —Y containing some
branch sets disjoint from Y. By Claim A.3.2, for each i € [g], V(C;) is the union of three branch sets
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of o corresponding to inner vertices. So the number of inner vertices whose branch sets are disjoint
from Y is 3q.

Since each outer vertex is adjacent to all inner vertices, each branch set corresponding to an outer
vertex intersects Y and hence contains exactly one vertex in Y (by Claim A.3.2). Hence by Claim
A.3.2, there are exactly |Y'|—2t* = r—1—2¢* branch sets corresponding to an inner vertex intersecting
Y.

Therefore, the number of inner vertices is 3¢+ —1—2t*. In addition, the number of inner vertices
is |V (I,—1)| = r — 1. Hence 2t* = 3¢. This proves the lemma. O

Proof of Lemma 6.4: When r > 4, Statements 1 or 2 hold by Lemmas A.3 and 6.3. So we may
assume that r € {2,3}. We may assume that H is a minor of K,_5 V tK3 for some positive integer
t, for otherwise we are done. Note that for any positive integer ¢, every minor of K, o V tK3 is a
subgraph of K,._5 VtK3. So H is a subgraph of K,_o V tKj3 for some positive integer t.

When r = 2, H is a subgraph of K,_; VtKy = K; V tKs and a subgraph of tK3 for some positive
integer t, so H = K3 = K, since §(H) > 2. So we may assume r = 3. Hence H is a subgraph of
K5V tKy and a subgraph of K VtK3 for some positive integer ¢. Since 6(H) > 3 and H is a subgraph
of K5 V tKy for some positive integer ¢, there exists a positive integer ¢* such that H = Ko V t* K5 or
H =1, Vt*Ks. In particular, H is 2-connected. Since H is a subgraph of K V tK3 for some positive
integer t and 0(H) > 3, either H = K4 or H has a cut-vertex. So H = K. This proves the lemma. [

A.4 Results on being r-colorable, having no r-regular subgraphs

Proof of Theorem 7.1: Statement 1 holds by Statement 1 of Corollary 3.6, Lemma 6.1, Proposition
2.1 and Statement 1 in Theorem 1.4. Now we can assume 1 < 7(H) < r. So there exists an integer w
with 1 <w <r such that 7(H) =r —w+ 1.

We first prove Statement 2. So r is divisible by w + 1 and H is not a subgraph of K,_,, V tK,11
for any positive integer ¢t. Since every minor of I,_,, V t K11 is a subgraph of K, _,, VtKyi1, {Ir—w V
sKy+1 08 > so} € M(H) for some sufficiently large sp. Hence Statement 2 of this theorem follows
from Statement 2 of Corollary 3.6, Statement 2 of Theorem 1.4 and Proposition 2.1.

Now we prove Statement 3. Note that for any positive integer ¢, every minor of I,_; V tK>s is a
subgraph of K,_; VtKs. Hence {I,_1VsKs:s€ N} C M(H). And K,11 = K,_1VKa,s0 H# K,41.
Hence Statement 3 of this theorem follows from Statement 2(c) of Corollary 3.6 by taking w = 1,
Statement 3 of Theorem 1.4 and Proposition 2.1.

If either H = K,41 and r < 3, or H = K; ¢ for some s < r, then every graph in M(H) is
(r — 1)-degenerate and hence pz\%{(H) = p/’ij(H) = 0O(1). O

Proof of Theorem 7.2: We first prove Statement 1. If 7(H) = 1, then H is a disjoint union of
a star and isolated vertices, so H is a subgraph of K; V tK, for some positive integer ¢, a con-
tradiction. So 7(H) = 2. Hence Statement 2 in Theorem 1.4 and Proposition 2.1 implies that
pﬁ(H) = Q(n~Y0+D)) - Since every minor of K; V tK, is a subgraph of K V tK,, we know
{l VsK, :s € N} C M(H). By Statement 2(b) of Corollary 3.6 by taking w = r — 1, we know
pﬁfl(H) = O(n=2/C0+1)) This proves Statement 1.

Statement 2 follows from the last sentence of Theorem 1.4 and Proposition 2.1. O
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